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Series Preface

Our goal in creating the Frontiers in Neuroscience series is to present the insights
of experts on emerging fields and theoretical concepts that are, or will be, at the
vanguard of neuroscience. Books in the series cover topics ranging from genetics,
ion channels, apoptosis, electrodes, neural ensemble recordings in behaving animals,
and even robotics. The series also covers new and exciting multidisciplinary areas
of brain research, such as computational neuroscience and neuro-engineering, and
describes breakthroughs in classical fields such as behavioral neuroscience. We want
these books to be the books every neuroscientist will use to get acquainted with new
ideas and frontiers in brain research. These books can be given to graduate students
and postdoctoral fellows when they are looking for guidance to start a new line of
research.

Each book is edited by an expert and consists of chapters written by the leaders
in a particular field. Books are richly illustrated and contain comprehensive bibli-
ographies. Chapters provide substantial background material relevant to the partic-
ular subject. We hope that as the volumes become available, the effort put in by us,
the publisher, the book editors, and individual authors will contribute to the further
development of brain research. The extent to which we achieve this goal will be
determined by the utility of these books.
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Preface

Studies of brain aging have certainly (dare we say it) come of age. The past two to
three decades produced a striking increase in experimental investigations of the
neurobiological basis of brain aging and of aging-related changes in neural and
cognitive function. The public’s interest in experimental gerontology has grown as
the public has become more “gray,” with both average age and life expectancy
increasing in most developed countries. Driving the specific interest in the aging
nervous system is the recognition that increased longevity has little appeal for most
unless it is accompanied by maintenance of cognitive abilities. Indeed, if one
searches the popular press or the Internet for information on aging, or for products
that are purported to slow the aging process or limit its effects, one concludes that
maintaining brain function may be the most important concern of older individuals.
In recent years, neuroscientists with a variety of training and experimental
approaches have joined established investigators of brain aging in developing
increasingly powerful and quantitative methods. New animal model systems have
been developed and old ones have become better characterized and standardized. In
addition, advances in brain imaging techniques now permit investigations in aging
humans with amazing resolution and sophistication, and also provide a bridge
between human and animal studies. The (necessary and important) descriptive stud-
ies that dominated the field in earlier times increasingly are supplemented by more
hypothesis-driven research, resulting in sophisticated investigations and models of
the mechanisms of brain aging.

This volume provides an overview — an admittedly selective overview — of
current research on brain aging. In presenting the most important and novel inves-
tigations in their areas of expertise, the contributors were asked to discuss not only
data and mechanisms, but also the models and methods that are important in their
work. The chapters do not include detailed experimental protocols, but each contains
extensive references and highlights experimental concerns that are magnified or
unique in studies of the aging brain. Readers will observe that many contributors
note common challenges. Aging, some say, is not for wimps, and neither are aging
studies. Investigating what happens to the brain in the latter part of the lifespan
brings with it unique difficulties. For example, simply obtaining healthy individuals
with known life histories at appropriate ages can be challenging (aging may be one
of few areas of biomedical research in which good human subjects are arguably
easier to obtain than appropriate experimental animals). It is critical to differentiate
effects of aging from effects of aging-related disease; and even in the absence of
ongoing disease, pathophysiological or developmental processes that occurred years
or decades earlier may profoundly affect how an individual ages. This volume neither

xiii
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addresses all the critical experimental questions about the aging brain nor does it
provide solutions to all the challenges inherent in such studies, but it should leave
the reader with a broad and reasonably deep understanding of both recent progress
and the future in this important field.

At this point I would like to express my sincere thanks to the many contributors
to these chapters and to this volume. I have enjoyed excellent and friendly support
from CRC Press staff, particularly David Fausel and Barbara Norwitz. Thanks to
Series Editors Sidney Simon and Miguel Nicolelis for the invitation to undertake
this project. Finally, I would like to thank Jesse Lichstein for her help in getting this
book together for publication.
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I.  INTRODUCTION: CHANGES IN COGNITIVE
FUNCTION IN HUMAN AGING

As people age, they change in a myriad of ways — both biological and psychological.
Some of these changes may be for the better, and others are not. This book primarily
concerns the normally aging brain, the neuroanatomical and neurophysiological
changes that occur with age, and the mechanisms that account for them. It is not
primarily about the behavioral or cognitive concomitants of those changes. Never-
theless, there is ample evidence that alterations in brain structure and function are
intimately tied to alterations in cognitive function. The complexity of both the neural
and cognitive functions, however, makes exact mapping between brain and behavior
extraordinarily difficult, and so these relations remain largely speculative, although
ultimately testable. Establishing such links between brain and cognition is the prin-
cipal goal of cognitive neuroscience.

The purpose of this chapter is to outline the changes in cognition that occur in
normal human aging, in an effort to provide a backdrop against which neural changes
can be interpreted (for review, see [1]). Although the relationship between brain and
cognition is a dynamic one and may change across the lifespan, changes in these
two domains will ultimately be related, and mechanisms underlying the changes
will be discovered. Understanding age-related cognitive change will help focus and
constrain neurobiological theories of aging in much the same way as theories of
cognitive aging will be adapted to take account of new findings about the aging brain.

Just as age-related changes in brain structure and function are not uniform across
the whole brain or across individuals, age-related changes in cognition are not
uniform across all cognitive domains or across all older individuals. The basic
cognitive functions most affected by age are attention and memory. Neither of these
are unitary functions, however, and evidence suggests that some aspects of attention
and memory hold up well with age while others show significant declines. Perception
(although considered by many to be a precognitive function) also shows significant
age-related declines attributable mainly to declining sensory capacities. Deficits at
these early processing stages could affect cognitive functions later in the processing
stream. Higher-level cognitive functions such as language processing and decision
making may also be affected by age. These tasks naturally rely on more basic
cognitive functions and will generally show deficits to the extent that those funda-
mental processes are impaired. Moreover, complex cognitive tasks may also depend
on a set of executive functions, which manage and coordinate the various components
of the tasks. Considerable evidence points to impairment of executive function as a
key contributor to age-related declines in a range of cognitive tasks. Finally, although
these cognitive functions will be reviewed separately below, it is abundantly clear
that they overlap and interact in interesting and complex ways.

Although the overall picture might seem to be one of cognitive decline, enormous
variability exists across individuals. Many older people out-perform young people,
at least on some cognitive tasks, and others of the same age do at least as well as
the young [2]. A question of great interest to aging researchers is what accounts for
this variability. This chapter highlights the cognitive domains that show the greatest
declines with age and are also the most variable. Areas of cognitive strength in
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normal aging are also discussed, because these may be recruited to compensate for
areas of weakness. Theories of cognitive aging that have developed within each
cognitive domain are outlined and brain regions hypothesized to underlie these
functions are noted.

The next chapter section reviews some of the evidence for age-related impair-
ments in basic cognitive functions, focusing primarily on attention and memory, and
also discusses briefly the attentional and memory processes that show relative pres-
ervation with age.

II. BASIC COGNITIVE FUNCTIONS
A. ATTENTION

Attention is a basic but complex cognitive process that has multiple sub-processes
specialized for different aspects of attentional processing. Some form of attention
is involved in virtually all other cognitive domains, except when task performance
has become habitual or automatic. Declines in attention can therefore have broad-
reaching effects on one’s ability to function adequately and efficiently in everyday
life. The construct of attention defies simple definition, however, and it has been
partitioned in a variety of ways by different researchers and theorists. The divisions
used here are those that have been investigated most extensively in normal aging
(for a comprehensive review of attention and aging, see [3]).

1. Selective Attention

Selective attention refers to the ability to attend to some stimuli while disregarding
others that are irrelevant to the task at hand. For example, in visual search tasks,
people are asked to search a visual display for a target letter that is surrounded by
other nontarget letters. The task can be made more difficult by increasing the
similarity of targets and distractors (e.g., search for an F in a background of Es), or
by increasing the number of relevant or irrelevant features that are part of the search
criteria. In another task — the Stroop task — people are asked to name the color
of ink in which an incongruent color word is printed, (e.g., the word “red” printed
in green). Here, the word information tends to interfere with color naming, causing
errors and an increase in response times. To perform well in these kinds of tasks,
people have to select the relevant stimulus or dimensions for processing and ignore
the irrelevant ones. Although findings are not entirely consistent across studies and
may differ across tasks, in general older adults appear to be slower than younger
adults in responding to the targets, but are not differentially affected by distraction
[3, 4]. Thus, deficits found in many of these tasks can be largely attributed to a
general slowing of information processing in older adults rather than to selective
attention deficits per se.

2. Divided Attention and Attention Switching

Divided attention has usually been associated with significant age-related declines
in performance, particularly when tasks are complex. Divided attention tasks require
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the processing of two or more sources of information or the performance of two or
more tasks at the same time. For example, people may have to monitor stimuli at
two different spatial locations, or they may be asked to make semantic judgments
about visually presented words while simultaneously monitoring for the occurrence
of an auditorily presented digit [5]. The cost of dividing attention is assessed by
comparing performance under dual task conditions to performance when the tasks
are performed separately. Results suggest that older adults are more affected by the
division of attention than young adults, particularly when the attentional demands
of the two tasks are high. In addition, older adults seem less able to allocate resources
appropriately when instructions are given to vary task priority [6]. These findings
cannot be completely accounted for by a general slowing of information processing,
but instead are usually explained in terms of declining processing resources associ-
ated with normal aging. Such limited resources are over-extended in older adults
when attention must be divided between two or more sources. Similarly, the per-
formance of older adults is slowed to a greater degree than that of young adults
when attention must be switched from one task to another, requiring a change of
mental set [4].

There is evidence that age deficits in divided attention and attention switching
can be reduced by practice or extended training [7] and by aerobic exercise [8]. The
exact mechanism of such improvements, however, is unclear. In the case of task-
specific training, it is possible that some aspects of the tasks become automatic with
practice, thus requiring fewer attentional resources. Alternatively, participants may
develop strategies with extensive training that reduce the attentional demands of the
tasks. It has been hypothesized that cardiovascular fitness may improve the efficiency
of neural processes or may provide increased metabolic resources for task perform-
ance. Interestingly, the enhancement effects of aerobic exercise appear to be greatest
on tasks involving executive control of attention [9], which depend largely on
prefrontal cortex.

3. Sustained Attention

Sustained attention refers to the ability to maintain concentration on a task over an
extended period of time. Typically, vigilance tasks are used to measure sustained
attention, in which people must monitor the environment for a relatively infrequent
signal, such as a blip on a radar screen. In general, older adults are not impaired on
vigilance tasks.

4. Attention: Summary and Implications

Older adults show significant impairments on attentional tasks that require dividing
or switching of attention among multiple inputs or tasks. They show relative pres-
ervation of performance on tasks that require selection of relevant stimuli; and
although they are slower than young adults, they are not differentially impaired by
distraction. They also are able to maintain concentration for an extended period of
time. The tasks on which older adults show impairments tend to be those that require
flexible control of attention, a cognitive function associated with the frontal lobes.
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Importantly, these types of tasks appear to be amenable to training and show benefits
of cardiovascular fitness.

Attentional deficits can have a significant impact on an older person’s ability to
function adequately and independently in everyday life. One important aspect of
daily functioning affected by attentional problems is driving, an activity that, for
many older people, is essential to independence. Driving requires a constant switch-
ing of attention in response to environmental contingencies. Attention must be
divided between driving, monitoring the environment, and sorting out relevant from
irrelevant stimuli in a cluttered visual array. Research has shown that divided atten-
tion impairments are significantly associated with increased automobile accidents
in older adults [3, 10]. Given the previously noted findings of the effects of practice,
extended training on driving simulators under divided attention conditions may be
an important remedial activity for older people.

B. WORKING MEMORY

Working memory is a multidimensional cognitive construct that has been hypothe-
sized as the fundamental source of age-related deficits in a variety of cognitive tasks,
including long-term memory, language, problem solving, and decision making. In
fact, the majority of theories of cognitive aging seem to implicate working memory.
Although there are several models of working memory, all agree that it is a limited
capacity system that involves the active manipulation of information that is currently
being maintained in focal attention (for reviews, see [11-13]). Short-term or primary
memory, on the other hand, involves the simple maintenance of information over a
short period of time. For example, one might maintain a phone number in short-
term memory by simple rehearsal of the number. Older adults show minimal or no
deficits in short-term memory and can typically hold about 7 + 2 digits in mind as
long as the digits are being rehearsed. Repeating the numbers backwards, however,
requires an active reorganization or manipulation of the information held in short-
term memory. This task thus requires working memory and shows impairments with
age. In some sense, working memory is really a divided attention task — the contents
of short-term memory must be maintained while simultaneously being manipulated
or processed for some other purpose. Given the previously discussed findings of
divided attention deficits with increased age, it is not surprising that older adults are
impaired in working memory.

In the original working memory model of Baddeley and Hitch [14], the manip-
ulation of information in short-term memory was handled by a central executive,
and deficits in working memory were viewed as deficits in executive control, a
function attributed primarily to prefrontal cortex. Recent neuroimaging research [15]
has confirmed a role for dorsolateral prefrontal cortex (PFC) in the manipulation
and updating of information in working memory, with left PFC involved more in
verbal tasks and right PFC in visuospatial tasks. In recent years, however, the role
of the central executive has been expanded to cover a range of executive control
functions other than those associated strictly with working memory. These are
elaborated in a later chapter section.
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Although there is a general consensus that working memory is impaired in older
adults, there is disagreement concerning the mechanisms involved, and much of the
research has focused on testing a variety of theories. The next subsection outlines
the main theories of working memory.

1. Theories of Working Memory

Three theories of cognitive aging have been articulated within the context of working
memory deficits, although they may apply more broadly across other cognitive
domains: (1) one theory proposes a reduction of attentional resources, (2) one focuses
on reduced speed of information processing, and (3) one ascribes problems to a
failure of inhibitory control (for review, see [16]).

a. Attentional Resources

Theories of age-related decline in working memory generally assume some reduction
in processing resources. Craik and colleagues [17, 18] have suggested that the
resource limitation is attentional and reflects a reduction in mental energy. Tasks
with high attentional demands show impairments, whereas tasks requiring little or
no attention (i.e., that are relatively automatic) are largely intact. Working memory
tasks by their very nature involve divided attention and are therefore more likely to
strain the limited resources of older adults. This theory is intuitively appealing, but
it seems more descriptive than explanatory. The construct of attentional resources
is poorly defined; and although neurophysiological correlates such as arousal
or neural efficiency have been suggested [3], they have not been demonstrated
empirically.

b. Speed of Information Processing

Salthouse [19] has suggested that speed of processing might be considered a
resource, and that age-related deficits in working memory and other cognitive tasks
can be explained in terms of a general slowing of information processing. There is
little disagreement that older adults are slower than younger adults and that slowing
of fundamental cognitive processes may have detrimental effects on more complex
tasks. Debate has focused, instead, on whether a generalized slowing can account
for the bulk of the empirical findings or whether more process-specific components
are also needed. Salthouse [20, 21] has demonstrated in numerous studies that
slowing of information processing can account for a large proportion of the age-
related variance in a variety of cognitive tasks, including working and long-term
memory, and has argued that speed of processing is a cognitive primitive. Other
investigators [22], however, have suggested that speed of processing and working
memory provide independent contributions to higher-level cognition, and that work-
ing memory deficits must therefore be accounted for in terms of something other
than speed. Finally, at some level, slowed processing, like attentional resources, is
more a descriptor of aging cognition than an explanation for cognitive deficits and
says nothing about what causes slowing with age. Here too, therefore, discovery of
neurophysiological correlates may help to clarify mechanisms.
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C. Inhibitory Control

Hasher, Zacks, and May [23, 24] proposed that a lack of inhibitory control might
account for cognitive deficits associated with aging. Specifically, failure to suppress
irrelevant information in working memory may effectively reduce its capacity, deny-
ing access to relevant information. For example, working memory span tasks involve
the successive presentation across trials of increasingly long strings of digits or
words. Age deficits could be attributable to the failure to delete from working
memory digits or words from prior trials, thus reducing the “working space” for
new stimuli [25]. Although considerable data suggest that older adults experience
more interference from irrelevant information under some conditions [26], findings
are mixed and other data fail to support an inhibitory deficit account [3]. It may be
that there are different kinds of inhibition or that age-related effects are task- or
paradigm-specific.

2. Working Memory: Summary and Implications

Older adults exhibit significant deficits in tasks that involve active manipulation, re-
organization, or integration of the contents of working memory. Although the mech-
anisms underlying these age-related deficits are as yet poorly understood, the effects
of such deficits are very likely far-reaching. Many complex everyday tasks such as
decision-making, problem-solving, and the planning of goal-directed behaviors
require the integration and reorganization of information from a variety of sources.
It seems likely that attention, speed of information processing, and the ability to
inhibit irrelevant information are all important functions for effective performance
of these higher-level cognitive tasks. Whether these functions might be subsumed
under a domain-general executive controller that is impaired by normal aging —
something akin to the central executive in Baddeley’s model of working memory
— or whether there may be multiple control processes that are independently affected
by aging, is currently an issue under investigation. The brain regions that are active
during working memory tasks are also beginning to be identified in a variety of
functional neuroimaging studies. Results suggest that different areas are activated
in young and old adults, particularly within the prefrontal cortex, indicating
that younger and older adults are performing these tasks differently [12]. An
understanding of age-related neurophysiological changes may help to account for
these differences.

C. LoONG-TERM MEMORY

The cognitive domain that has probably received the most attention in normal aging
is memory (for reviews, see [13, 27]). Many older adults complain of increased
memory lapses as they age, and a major focus of research has been to try to
distinguish memory declines attributable to normal aging from those that are indic-
ative of pathological aging, particularly Alzheimer’s disease. Like attention, memory
is not a unitary construct; some kinds of memory remain relatively intact with age
while others show significant declines. Long-term memory, unlike short-term and
working memory, requires retrieval of information that is no longer present or being
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maintained in an active state. This information could have occurred a few minutes
ago or been acquired many years ago. The next subsections review age-related
changes in various kinds of long-term memory.

1. Episodic Memory

Episodic memory refers to memory for personally experienced events that occurred
in a particular place and at a particular time. This kind of memory allows one to
think back through subjective time — what Tulving calls mental time travel [28] —
and it usually evokes an “I remember” response. Episodic memory may be distinctly
human; it is the most advanced form of memory and is ontogenetically the latest to
develop. It also seems the most susceptible to brain damage and the most affected
by normal aging.

The episodic memory problems experienced by older adults may involve defi-
cient encoding, storage, or retrieval processes. At the input stage, older adults may
encode new information less meaningfully or with less elaboration, so that memory
traces are less distinctive, more similar to others in the memory system, and thereby
more difficult to retrieve [29]. Alternatively, older people may attend to focal or
salient information but fail to take account of peripheral detail, or they may fail to
integrate contextual aspects of an experience with central content — what is some-
times referred to as a source memory problem [30]. Many of the common everyday
memory lapses reported by normal older adults, such as forgetting where they parked
their cars, likely involve poor encoding. These kinds of memory failures have
generally been attributed to reduced use of effortful encoding strategies, which
depend particularly on prefrontal brain regions. Another possibility is that noticing
and integrating the various aspects of an experience involve divided attention and
require working memory.

Older adults may also experience problems at the level of storage or consolida-
tion. This aspect of episodic memory critically depends on medial temporal lobe
structures, particularly the hippocampus. Consolidation is thought to involve the
binding of various aspects of experience into a composite memory trace. What may
be particularly critical for episodic memory and impaired in older adults is the extent
to which an event is bound to its spatial and temporal context.

Finally, considerable evidence points to retrieval as a source of episodic memory
problems in aging. Although it is clear that retrieval is at least partly dependent on
encoding (i.e., well-encoded information is easier to retrieve), there are also effortful
retrieval processes that appear to be impaired by aging. Older adults tend to show
deficits on tests of free recall, to a somewhat lesser degree in cued recall, but
minimally in recognition memory. Craik [18] has argued that the requirement to
self-initiate strategic search processes in recall taxes the limited resources of older
people. To the extent that environmental support can be provided at retrieval as well
as at encoding (by providing good cues or using recognition tests, for example), the
resource demands of encoding and retrieval are reduced and age differences are
minimal. Similarly, Jennings and Jacoby [31] have demonstrated that recollection,
which requires effortful retrieval of episodic detail, is impaired with age, whereas
the more automatic judgments of familiarity are intact. Evidence from functional
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neuroimaging and neuropsychological studies suggests that these more strategic
retrieval processes depend on the prefrontal cortex, as well as the hippocampus [32,
33].

2. Semantic Memory

Semantic memory refers to one’s store of general knowledge about the world,
including factual information such as “George Washington was the first president
of the United States” and knowledge of words and concepts. Such information is
not tied to the space or time of learning, and its retrieval is generally prefaced with
“I know.” Normally aging older adults do not have significant impairments in
semantic memory. In fact, their knowledge of the world often exceeds that of young
people. In addition, although access to information may be somewhat slower (par-
ticularly for words and names), the organization of the knowledge system seems
unchanged with age (for review, see [34]). Semantic memories are believed to be
stored in a variety of regions in posterior neocortex.

3. Autobiographical Memory

Autobiographical memory involves memory for one’s personal past and includes
memories that are both episodic and semantic in nature. The bulk of the evidence
suggests that recent memories are easiest to retrieve, those from early childhood are
most difficult to retrieve, and there is a monotonic decrease in retention from the
present to the most remote past, with one exception. Events that occurred between
the ages of 15 and 25 are recalled at a higher rate — what is referred to as the
reminiscence bump — a finding that has usually been attributed to the greater
salience or emotionality of the memories during this time period. This general pattern
holds across all ages, suggesting that autobiographical memory is largely preserved
with age (for review, see [35]). More detailed analyses of the nature of the autobio-
graphical information retrieved, however, has suggested that although memory for
personal semantics is intact in old age, memory for specific episodic or contextual
details about one’s personal past may be impaired. In a recent study, Levine et al.
[36] observed that although older adults reported the gist of autobiographical event
memories as well as young people, they reported fewer details. There may be
exceptions to this finding, however. Recent studies of flashbulb memory have dem-
onstrated that older adults remember as much as young adults about the details and
circumstances surrounding highly emotional public events such as the death of
Princess Diana or the 9/11 attack on the World Trade Center in New York City [37,
38].

4. Procedural Memory

Procedural memory refers to knowledge of skills and procedures such as riding a
bicycle, playing the piano, or reading a book. These highly skilled activities are
acquired more slowly than episodic memories through extensive practice. Once
acquired, procedural memories are expressed rather automatically in performance
and are not amenable to description (i.e., it is not easy to say “how” one reads).
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When talking about procedural memory or knowledge, one is likely to say, “I know
how to.” In general, older adults show normal acquisition of procedural skills in
both motor and cognitive domains and retain them across the lifespan. With high
levels of expertise, there is often little slowing of skilled performance with age (at
least until the very oldest ages), although some individual components of the skill
may decline. So, for example, although the finger movements of a skilled typist slow
down with age, overall typing speed is maintained because other aspects of the skill
adjust (e.g., scanning further ahead in the text to be typed) [39]. Procedural memory
depends on several brain regions, including the basal ganglia and the cerebellum.

5. Implicit Memory

Implicit memory refers to a change in behavior that occurs as a result of prior
experience, although one has no conscious or explicit recollection of that prior
experience. For example, laboratory experiments have shown that it is easier to
identify a degraded stimulus (e.g., from a brief exposure or partial information) if
the stimulus was seen previously, even if one does not remember the prior occur-
rence. This “priming” probably occurs ubiquitously in everyday life and appears
relatively intact in normal aging, although there are some inconsistencies in the
literature (for review, see [40]). The most extensively studied form of implicit
memory is perceptual priming, which occurs in response to a perceptual cue. Per-
ceptual priming is modality specific and depends on sensory processing areas of the
brain (e.g., in the visual domain, priming involves extra-striate regions of the visual
cortex). Conceptual priming, which requires semantic processing and is observed in
response to a conceptual cue, is also preserved in many older adults, and has been
associated with left frontal and left temporal cortical regions.

6. Prospective Memory

Much of what we have to remember in everyday life involves prospective memory
— remembering to do things in the future, such as keep appointments, return a book
to the library, or pay bills on time (for review, see [41]). Older adults do quite well
on these daily tasks, using a variety of external aids such as calendars and appoint-
ment books to remind themselves of these activities. Certain habitual tasks such as
taking medications at the appropriate times each day, however, may create difficulties
for older people. For these tasks, there often are no salient reminders or cues in the
environment, and so the tasks require the kinds of self-initiated activities that seem
to be particularly problematic for older adults. Prospective memory may also rely
on some aspect of working memory to maintain future intentions over time and
likely also involves divided attention, both functions that show age-related deficits.
Prospective memory and episodic memory tend not to be correlated and probably
depend on different regions of the prefrontal cortex.

7. Long-Term Memory: Summary and Implications

Aging principally affects episodic memory, namely memory for specific events or
experiences that occurred in the past. Although many older adults believe that their
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memories for remote events are better than their memories for recent events, it is
likely that older memories have become more semantic or gistlike, retaining the
general core information but lacking details, particularly spatial and temporal con-
text. These older memories have often joined the realm of things that we now “know.”
More problematic for older adults is remembering context or source information:
where or when something was heard or read, or even whether something actually
happened or was just thought about, what has been called “reality monitoring” [42].
Encoding and retrieval of these kinds of specific or peripheral details about a prior
event may be particularly demanding of attentional resources, and good cues for the
retrieval of such information may often be lacking. Although semantic memory is
largely preserved in old age, the fact that what is retrieved from semantic memory
is general knowledge, not specific detail, may contribute to the absence of age
differences. The exception to this pattern might be the retrieval of a person’s name
or a specific word for a specific context, both of which show deficits in normal
aging. The specificity of the information to be retrieved may therefore be a critical
determinant of age differences [43]. There is some suggestion that age-related deficits
in memory may be reduced for emotionally arousing events or materials [38], and
so emotional or personal investment in an experience may be an important variable
in episodic memory in older adults. High levels of emotion or stress, however,
generally have negative effects on memory.

D. PERCEPTION

Most people view perception as a set of processes that occurs prior to cognition.
However, the boundaries between perception and cognition are unclear, and much
evidence suggests that these domains are interactive with top-down cognitive pro-
cesses affecting perception and perceptual processing having a clear impact on
cognition. Evidence indicates that perceptual function is reduced in most older adults
and is not always correctable by external aids (for review, see [44]). This suggests,
at the very least, that researchers should pay careful attention to and control for
sensory and perceptual deficits when conducting cognitive experiments. Evidence
from a range of large-scale aging studies has demonstrated that a significant pro-
portion of the age-related variance in several cognitive tasks can be accounted for
by hearing and vision loss and that once these sensory differences are statistically
controlled, there are no longer age differences in cognitive functioning [45]. Baltes
and Lindenberger [45] proposed that overall neural degeneration may account for
both sensory and cognitive deficits — what has been called the common cause
hypothesis. Alternative explanations have also been proposed, however. For example,
Schneider and Pichora-Fuller [44] suggested that perception and cognition are part
of a highly integrated system and draw on a common pool of attentional resources.
When parts of this system are stressed, such as when auditory or visual acuity are
compromised and are essential to a task, other parts of the system will be negatively
affected.

Declining sensory and perceptual abilities have important implications for the
everyday lives of older adults. Hearing loss can isolate older people, preventing them
from engaging in conversation and other social interactions. Visual impairments can
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limit mobility and interact with attentional deficits to make driving a particularly
hazardous activity. As older people develop strategies to compensate for declining
sensory abilities, the ways in which they perform other cognitive tasks may also be
altered and may be less efficient. Retraining and practice on these tasks may help
the adjustment and improve performance.

IIl. HIGHER-LEVEL COGNITIVE FUNCTIONS
A. SPEECH AND LANGUAGE

Speech and language processing are largely intact in older adults under normal
conditions, although processing time may be somewhat slower than in young adults.
In fact, there is evidence that discourse skills actually improve with age. Older people
often tell well-structured elaborate narratives that are judged by others to be more
interesting than those told by young [46]. They usually have more extensive vocab-
ularies; and although they exhibit the occasional word-finding difficulty, older adults
are easily able to provide circumlocutions to mask the problem. They are skilled
conversationalists and appear to have few difficulties in processing ongoing speech.
As noted above, however, some older adults have hearing loss and so, in conversa-
tional settings, may be required to interpret a weak or distorted acoustic signal. Even
under these conditions, older people seem able to maintain good levels of compre-
hension by effectively using context to interpret the message [47]. Nevertheless, this
compensatory top-down processing may have negative consequences for other cog-
nitive operations and may be at least partly responsible for reducing the functional
capacity of working memory. The converse relation has also been proposed, however,
namely that the well-documented reduced working memory capacity in older adults
limits the comprehension of syntactically complex text. The fact that comprehension
of text is often measured by recall, a cognitive function known to be impaired in
aging, complicates still further the interpretation of comprehension deficits. Older
adults also experience problems with comprehension when individual words are
presented at a very rapid rate, but they show sharply reduced impairments when
such words form meaningful sentences. Here also, older people seem able to engage
intact top-down processes to bolster deficiencies in bottom-up processing. They thus
appear to retain good language skills well into older age. Deficits that occur under
difficult processing conditions seem primarily attributable to sensory loss or working
memory limitations, not to impairments in basic language capacities per se (for a
comprehensive review, see [48]).

B. DEecisioN MAKING

Relatively little research has been done on the effects of aging on decision-making.
Most of the work has highlighted the potential impact of attentional and working
memory limitations on the ability to make decisions, but also has incorporated ideas
involving motivation, relevance, emotional investment, and prior knowledge as
important moderators of those effects, particularly in real-life contexts. Decision-
making seems to be a domain that makes clear demands on processing resources,
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but in everyday life those demands may be reduced by life-relevant knowledge or
expertise in the problem-solving domain. For example, research has shown that when
making decisions about healthcare alternatives, buying a car, or buying insurance,
older adults often come to the same kinds of decisions as younger adults but reach
their conclusions in a different way. They tend to rely more on prior knowledge
about the problem domain and less on new information, whereas young people, who
likely have less knowledge about these issues, tend to sample and evaluate more
current information and consider more alternatives before making their decisions
(for review, see [49]).

Older adults, again possibly because of working memory limitations, tend to
rely on expert opinion to a greater degree than young adults. Although this strategy
may work reasonably well when the expert is well-qualified (e.g., a physician for
medical decisions), it may leave older people susceptible to things such as investment
scams. Poor decision-making may also be a result of episodic memory decline,
particularly the loss of memory for details or source. For example, remembering
that “Stock ABC is a good investment,” without remembering where one heard such
information, could lead to a bad decision.

C. Executive CONTROL

In the past decade, there has been an increasing focus on executive control as a
primary contributor to cognitive decline with age. Executive control is a multi-
component construct that consists of a range of different processes that are involved
in the planning, organization, coordination, implementation, and evaluation of many
of our nonroutine activities. This so-called central executive [14, 50] plays a key
role in virtually all aspects of cognition, allocating attentional resources among
stimuli or tasks, inhibiting distracting or irrelevant information in working memory,
formulating strategies for encoding and retrieval, and directing all manner of prob-
lem-solving, decision-making, and other goal-directed activities. Executive control
is particularly important for novel tasks for which a set of habitual processes is not
readily available. Executive function depends critically on prefrontal cortex, which
exerts its broad-reaching controlling influence via extensive reciprocal connections
with posterior cortical regions. A parsimonious explanation of cognitive aging
ascribes a causal role to executive control deficits — what has been called the frontal
lobe hypothesis of aging [51]. In support of this hypothesis, both structural and
functional neuroimaging studies have revealed a preferential decline in older adults
in volume and function of prefrontal brain regions [52].

IV. INTER-INDIVIDUAL VARIABILITY IN COGNITIVE
FUNCTION

Although there are clear generalities and common principles that can be demon-
strated in cognitive aging, what is perhaps most compelling about age-related cog-
nitive change is its variability. Cognitive decline is not inevitable. Some older adults
retain excellent cognitive function well into their 70s and 80s and perform as well
or better than younger adults. Others, although within the normal range, show signs
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of decline by age 60. In addition, decline is not uniform across cognitive domains.
For example, some older adults have excellent episodic memory function but
impaired executive function, and vice versa [53]. So, although there are clear inter-
actions among cognitive domains, it seems evident that they also have some degree
of independence and may be more or less susceptible to aging in different individuals.
What accounts for this variability is of considerable interest to researchers and to
the increasing numbers of older people who want to ensure that their cognitive
functioning remains intact well into their later years.

Inter-individual variability is likely attributable to a range of factors and mech-
anisms — biological, psychological, health-related, environmental, and lifestyle.
One possibility is that variability is related to differential internal compensatory
mechanisms. A number of recent functional neuroimaging studies have found dif-
ferent patterns of brain activation in older and younger adults while performing
identical memory or working memory tasks. One such pattern involves greater
bilateral activation in older adults for tasks that activate only unilateral brain regions
in young adults [54, 55]. This increased activation has been observed particularly
in a sub-group of high-functioning older people [56], and has been interpreted by
many as compensatory activity, representing perhaps some reorganization of the
aging brain. Others have suggested, however, that bilateral activation represents
inefficient or less selective cognitive processing in older adults [57]. Another pos-
sibility is that such changes relate to declining sensory and perceptual abilities [44],
which older people compensate for in a variety of different ways (for discussion,
see [58]).

Lifestyle variables have also been the focus of much recent research on factors
related to differential cognitive aging. Active lifestyles are generally associated with
better outcomes, and aerobic exercise in particular has been shown to produce
substantial benefits to cognitive function, particularly on those tasks requiring exec-
utive control [9]. Performance on these same kinds of non-automatic tasks is also
particularly sensitive to circadian rhythms. For example, older people perform better
at their peak time of day, usually in the morning, on tasks requiring inhibitory control
[24]. Interestingly, stimulants such as caffeine have been found to reduce the time-
of-day effects on strategic memory tasks, by enhancing performance during non-
peak times of day [59].

V.  SUMMARY

Age-related changes in cognitive function vary considerably across individuals and
across cognitive domains, with some cognitive functions appearing more susceptible
than others to the effects of aging. Much of the basic research in cognitive aging
has focused on attention and memory, and indeed it may be that deficits in these
fundamental processes can account for much of the variance observed in higher-
level cognitive processes. The mapping of cognitive processes onto neural structures
constitutes a relatively recent research enterprise driven largely by advances in
neuroimaging technology (see Chapter 12, this volume). Early work in this area
focused on establishing brain regions associated with different kinds of cognitive
performance and revealed that normally aging older adults often appear to activate
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different brain structures than young people when performing cognitive tasks. The
reasons for these differences are a matter of considerable debate. Ultimately, the
understanding of age-related changes in cognition will require a parallel understand-
ing of the age-related changes in the brain and the underlying mechanisms respon-
sible for those changes. This volume explores the current state of research on the
aging brain, providing some initial hypotheses concerning how changes in the
nervous system may be related to the kinds of age-related cognitive changes that
are outlined in this chapter.
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I. INTRODUCTION

It is now well known that one generally experiences relatively mild changes in
cognitive abilities with age, particularly with abilities such as short-term memory,
executive functions, and confrontation naming [1]. However, a select group of these
“successfully” aged individuals evidence virtually no change in their cognitive
abilities with age, even into the eleventh decade of life [2]. Such individuals have
often been referred to as examples of “pristine” successful aging. At the other end
of the continuum, a large percentage of people are known to develop marked
cognitive decline with age, characterized by a dementia state, with a majority of
those developing Alzheimer’s disease (AD). These individuals fall into the category
of “unsuccessful” aging. In recent years, however, clinical researchers have charac-
terized a group as individuals who, with advancing age, show a moderate impairment
in one or more cognitive domains that affects the ability to carry out activities of
daily living but does not reach the threshold of a dementia state. This category,
classified by many as “mild cognitive impairment” (MCI), reasonably can be
regarded as a second general category of “unsuccessful” aging. Although many
consider MCI as the earliest stage of Alzheimer’s disease, evidence suggests that
MCI represents a separate static and chronic state of normal aging. The etiology of
MCI is unknown, but stroke and heart disease risk factors, genetics, and education
have all been raised as possible contributors.

While nongenetically altered laboratory animals do not evidence the brain
changes seen in AD [3], they have reliably demonstrated age-related changes in
cognitive function. Evidence from a wide range of studies in rodents, dogs, and non-
human primates have shown as a group that aged subjects are significantly impaired
relative to young controls on cognitive tasks that assess functions such as working
memory, declarative memory, and executive function: the same functions that evi-
dence impairment in human aging [4—16]. However, on close inspection of the data,
the degree of impairment within the aged group is anything but uniform and, in fact,
is often dichotomous. While the overall group effect yields an impairment in the
given function, it is clear that individuals within the aged group evidence only mild
or, in some cases, no impairment on the task while others demonstrate severe
impairment.

The finding of individual differences, emphasized in the rodent literature (see
[17]), has not been addressed previously in studies of nonhuman primates. This is
due in part to the small number of studies in aging primates as well as the relatively
small sample sizes of aged groups available within studies. This chapter presents
data that we have collected over the past 15 years as part of an ongoing study using
the rhesus monkey as a model of normal human aging. During this period, more
than 125 rhesus monkeys ranging in age from 5 to 31 years of age have been assessed
on multiple tests of recognition memory and executive function. In this chapter we
present the data from these animals and discuss their varying levels of impairments
and how this relates to clinical findings in human studies.
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1. NONHUMAN PRIMATES AS SUITABLE ANIMAL
MODELS OF AGING

Several hypotheses have been advanced to account for the neural bases that underlie
the cognitive decline that occurs in normal, disease-free aging, but the processes
underlying such decline are still not well understood. This is in large part due to
our inability to concurrently collect behavioral, physiological, and pathological data
within a short interval of time in human studies. Additional limitations are encoun-
tered by problems related to inadequate preservation of tissue, as well as the usual
problems of control over extraneous variables. Given these limitations, it is essential
to use a suitable animal model of normal human aging to address some of these
questions. In a recent symposium on aging and Alzheimer’s disease, a number of
investigators reiterated the value of non-human primates as an animal model of
human aging (Assessing Cognition for Emerging Therapeutics in AD, Johns Hopkins
School of Medicine, September 2004). Rhesus monkeys have a rich and well-studied
behavioral repertoire that is well suited for these types of investigations of normal
aging, as they do not develop Alzheimer’s disease. In addition, with this animal
model, not only is it possible to collect a wide range of behavioral, morphological,
biochemical, and molecular data within a short period of time, but opportunities are
also provided for the exploration of treatment modes and interventions to arrest or
reverse age-related cognitive decline.

lll. COGNITIVE ASSESSMENT OF THE AGED
NONHUMAN PRIMATE

As discussed above, monkeys have a rich behavioral repertoire that lends itself
suitably to translational studies of human cognition. Indeed, several behavioral tasks
developed in the human neuropsychological domain have now been successfully
adapted to the nonhuman primate. In some instances, tasks developed for non-human
primate studies have been incorporated into both research and clinical test batteries
for human studies. This has occurred primarily in the domains of memory, executive
function, and attention. The following subsections outline each of these domains as
they relate to nonhuman primates.

A. MEMORY

Perhaps the best-characterized change that occurs in normal aging is a decline in
short-term memory function. The literature on memory dysfunction in human aging
is voluminous and several reviews and books have been devoted to the subject (e.g.,
[18-21]). They show that changes in memory begin as early at the fifth decade of
life, that is, middle age. This is supported by recent data from our long-standing
study of normal aging in the rhesus monkey that indicates that memory changes
also occur in early middle age in the monkey. Another characteristic of memory
function that is impaired in normal human aging is the recall of information. The
impairment in recall is greater than that observed in recognition memory, and this
relationship appears to be independent of the type of stimulus material used [22-25].
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Rabinowitz [26] reported a threefold impairment in recall relative to recognition
even under conditions of cueing. Of interest, the rate of forgetting, often accelerated
in many neurodegenerative disorders, does not appear to change with age [27, 28].
However, there is some evidence that older individuals show some degradation in
recall when memory is assessed over very long delay intervals [29]. Deficits on tasks
with increasing delays imposed between stimulus presentation and response trials
have also been observed in aged monkeys. Using a delayed response procedure,
several investigators [14, 30-33] have shown reduced memory by monkeys 18 years
of age or older relative to young adult monkeys. Further, the degree of impairment
appears related to the length of delay.

Since the seminal studies by Bartus and colleagues [14], evidence has accumu-
lated from several laboratories demonstrating impairment in recognition memory in
aged monkeys [4, 10, 11, 33-39]. A related series of studies has suggested that
spatial memory appears adversely affected by the aging process, whereas object
recognition is only mildly affected [4, 10, 11, 33—40]. In another study, we extended
this finding by administering a spatial and a non-spatial form of the delayed recog-
nition span test, a test of memory span, to groups of young adult and early senescent
rhesus monkeys. The results of this study showed that aged animals were more
impaired on the spatial than on the nonspatial stimulus conditions [35].

B. Executive FuNCTION

While there exists an impressive literature on age-related decline in memory with
normal aging and age-related disease, the number of studies aimed at the assessment
of executive function is more limited. Executive function is the term applied to such
abilities as set-shifting, abstraction, and response suppression. Set-shifting refers to
the capacity to keep track or correctly identify correct response-reward associations
in the face of frequently changing contingencies. Abstraction refers to the capacity
to identify a common element among stimuli that differ along several dimensions.
Response inhibition refers to the ability to suppress previous response patterns to
permit testing of new ones. Deficits in executive function have been attributed for
the most part to dorsolateral prefrontal dysfunction [41-43].

In nonhuman primates, studies of frontal lobe function, the area of the cortex
involved in mediating executive function and working memory, date back to the
1930s with Jacobsen’s classical studies of the delayed response task in the chim-
panzee [44]. Over the past 50 years, several investigators have confirmed and
extended these early findings in a variety of species, including the monkey [45-49],
and have demonstrated impairments on a variety of tasks with damage in various
areas of the frontal lobe [47, 50-52].

More recently, in an attempt to closely approximate clinical studies of normal
human aging with our nonhuman primate model, we have adapted a well-established
human test of executive function, the Wisconsin Card Sorting Test (WCST) [53, 54]
for use with nonhuman primates. Similar efforts to develop tests for monkeys that
use the conceptual framework of those used with humans have been advanced by
other laboratories. Dias and colleagues [55] assessed attentional set-shifting in pri-
mates with frontal lobe lesions as part of their CANTAB program software for testing
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both humans and monkeys. Our test, the Conceptual Set Shifting Task (CSST), more
closely resembles the human WCST by using the color and shape stimuli and
learning criteria of the WCST and requires the monkey to establish a pattern of
responding to a concept based on a reward contingency, maintain responding to that
concept for a period of time, and then shift to a different concept as the reward
contingency changes [5, 56]. It thus assesses both abstraction and set-shifting in a
way exactly analogous to the WCST. Moreover, the CSST has been shown to be
sensitive to damage to the dorsolateral prefrontal cortex [43].

In normal aged humans, a variety of studies have reported impairments on tasks
of executive function [1, 57-63], including specific age-related deficits in abstraction
[64, 65] and set-shifting [63]. Caution in interpreting some of these results has been
raised by some investigators [66] who suggest that deficits in abstraction may be
exacerbated by tasks that make heavy demands on memory and attention. This
concern was addressed in a later study that revealed impairments on tasks of abstrac-
tion and set shifting that had low memory and attentional demands in optimally
healthy aged subjects [63].

IV. STUDIES ON SPECIFIC TASKS OF MEMORY AND
EXECUTIVE FUNCTION

The behavioral tasks used in our studies were derived from two sources. The first
source was a battery of learning, memory, and cognitive flexibility tasks that have
been used as “benchmark” tests of function in monkeys with selective limbic system
and frontal cortical lesions. Some of these tasks were subsequently adapted for use
with normal aged humans and to patients with Alzheimer’s disease, frontal lobe
dementia, and a variety of amnestic disorders [67, 68]. The second source of tests
came from those used in standard human neuropsychological testing that have been
modified for use with monkeys such as the CSST [69]. Together this battery of tasks
offers the advantage that (1) it can be administered and performed by aged human
and nonhuman primates alike; (2) the tasks are carefully controlled and allow
analyses of performance patterns that can differentiate among subjects, both human
and monkey, with different neuropathologies; and (3) there exists an accumulated
wealth of information on structure-function relationships from human and animal
studies assessing and carefully characterizing the effects of specific brain damage
using these tasks.

In our cohort, animals range in age from 5 to 31 years of age. Based on an
extensive survival study at Yerkes Regional Primate Research Center, which suggests
a 1:3 ratio between monkey and human years of age, we have characterized young
monkeys as 5 to 10 years of age, middle-aged monkeys as 13 to 19 years of age,
early-aged monkeys as 20 to 24 years of age, and advanced-aged monkeys as >25
years of age.

A. DEerINITION OF COGNITIVE IMPAIRMENT

Within this group of animals, we developed a cognitive impairment index (CII) as
a measure of cognitive function in aging. This measure provides a convenient index
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for ranking and comparing individual animals. The CII was derived based on the
principal components analysis [4], which indicated that overall impairments were
predicted by a weighted average of each subject’s scores on the DNMS, the DNMS-
2 minute delay, and DRST-spatial (see test descriptions below). To simplify this, the
scores on each of the three tasks for each individual were converted to a z-score
relative to the mean performance of young adults (the baseline reference group).
The CII was then computed as a simple average of the three standardized scores,
with positive numbers indicating increasing impairments in z-units from the mean
of the baseline reference group of young adult monkeys.

With this index, we established a cutoff for mild impairment as a CII that is 1.0
to 2.0 standard deviations above the mean for young adult monkeys. Thus, monkeys
with a CII 1.0 to 2.0 SD above the mean of the young animals are considered to be
mildly impaired, whereas monkeys with CIIs of 2.0 SDs or more above the mean
of the young are considered severely impaired. Monkeys with CIIs below 1.0 are
considered in the nonimpaired range. Based on these criteria for levels of impairment,
we determine that animals in the normal range of performance and in the mild
impairment range are equivalent to what has been termed “successful aging” in the
human literature. Similarly, animals that fall into the severely impaired range are
equivalent to “unsuccessful aging,” as observed in human clinical studies.

Within our cohort of animals, based on the CII measurement, 4.55% of animals
in the 13- to 19-year-old age group were mildly impaired and 22.7% were severely
impaired. In the 20- to 24-year-old age range, 20.69% of the animals were mildly
impaired and 20.69% of the animals were severely impaired. Finally, 19.35% of the
animals in the 25- to 31-year-old age range were mildly impaired while 32.3% were
severely impaired (Table 2.1). Overall, the percent of animals in the mild impairment
range remained relatively stable through middle age and advanced age but the percent
of animals in the severely impaired range (unsuccessful aging) increased by almost
15% from middle age and advanced age. As expected, the overall number of animals
demonstrating significant cognitive impairment increased with age but there were
still a considerable number of animals with mild or no cognitive impairment (Figure
2.1).

While the CII is an important measure of cognitive function, we thought it was
important to also look at animals’ performance on individual tests of memory and
executive function. Using the same criterion as with the CII for level of impairment
(mild impairment = 1.0-2.0 SD from the mean of the young on each test; and severe
impairment equal to or greater than 2.0 SD from the mean of the young on each
test), we determined the percent of animals that fall within the normal, mildly
impaired, and severely impaired range on each individual test in our study. The
results are outlined in the subsections below.

B. DEeLAYED NONMATCHING TO SAMPLE (DNMS)
1. Overview of DNMS

The DNMS task is a benchmark recognition memory task that assesses the subject’s
ability to identify a novel stimulus from a familiar stimulus following a specific



Successful vs. Unsuccessful Aging in the Rhesus Monkey 27

TABLE 2.1
Cognitive Impairment Index
o]
13-19 Year Olds (n =22)

0-1.0 SD from Mean 16 (72.7%)

1.0-2.0 SD from Mean 1 (4.55%)

2.0+ SD from Mean 5 (22.7%)
Cll

20-24 Year Olds (n =29)

0-1.0 SD from Mean 17 (58.6%)
1.0-2.0 SD from Mean 6 (20.69%)
2.0+ SD from Mean 6 (20.69%)

Cll
25-31 Year Olds (n =31)

0-1.0 SD from Mean 15 (48.4%)
1.0-2.0 SD from Mean 6 (19.35%)
2.0+ SD from Mean 10 (32.3%)

Cognitive Impairment Index: Percent of Animals in the
Normal, Mild Impairment and Unsuccessful Ranges

807 Hl 13-19 year olds (n=22)
70- [ 20-24 year olds (n=29)
[0 25-31 year olds (n=31)
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Percent of Animals
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104

0-

0-1.0 1.0-2.0 2.0+
SDs from the Mean

FIGURE 2.1 Cognitive impairment index: percent of animals in the normal, mild impairment,
and unsuccessful ranges.

delay interval. Although originally developed for assessment of memory in animals,
it also has been used with human subjects. Various forms of this task have been used
to assess memory function in monkeys following specific lesions of the forebrain,
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including transection of the fornix [70-72], limited or combined lesions of the
hippocampus and amygdala [71-75], or medial dorsal thalamus [76].

This task is administered in three phases. First, in the acquisition phase, the
animal must learn the rule of the task to reach criterion. After criterion is reached,
a delay component is added where the animal must remember the stimulus over an
increasing delay. Finally, in surgical animal models, there is the postoperative re-
learning phase of the DNMS where the animal must reestablish a level of learning
criterion after a surgical procedure. Depending on the experimental paradigm, def-
icits on the acquisition or post-operative re-learning phase of the DNMS task have
been reported following damage to the hippocampus [71, 74, 77, 78], and to a greater
extent in monkeys with combined damage to the amygdala and hippocampus [73,
74]. More recently, impairments have been found following damage to extrahippoc-
ampal regions, including rhinal cortex, entorhinal cortex, perirhinal cortex, and
adjacent parahippocampal cortices [79—84], regions that are critical components of
temporal lobe neuronal circuitry linking the hippocampus and amygdala with the
rest of the forebrain. In humans, the DNMS task also has been shown to be sensitive
to selected temporal lobe damage [85] and to a variety amnestic disorders [86], as
well as to Alzheimer’s disease and normal aging [67].

In aged monkeys, results from studies in several laboratories have shown an
impairment in the acquisition and delay phases of the DNMS task [4, 10, 33, 36,
37, 39, 40]. The findings appear to be quite consistent across these studies and show
that, as a group, aged monkeys are mildly impaired on the acquisition and delay
conditions of the DNMS task. Another consistent finding is variability in the per-
formance of aged animals. Whereas some aged monkeys evidence impairment,
others perform the task as proficiently as young adults [36, 37, 39].

2. Successful vs. Unsuccessful Aging in Performance on
DNMS

This pattern of variability in performance on the DNMS task by aged animals is
confirmed in the data from our cohort (see Table 2.2). On the acquisition phase,
none of the animals in the 13- to 19-year-old age group fell within the mild impair-
ment range (1.0-2.0 SD from the mean) while 21.7% of the animals in this group
were in the severe impairment range (greater than 2.0 SD from the mean of the
young). Whereas in the 20- to 24-year-old age range, 13.8% and 27.6% of the animals
were 1.0-2.0 SD and greater than 2.0 SD, respectively, from the mean of the young.
Finally, in the 25- to 31-year-old age range, 9.68% of the animals were mildly
impaired and 35.48% were severely impaired. A similar pattern of impairments was
observed in the delay components of the DNMS (Table 2.2). It has been suggested
that the degree of impairment on the DNMS may be related to the extent of limbic
system dysfunction [37, 39]. Consistent with this notion is the suggestion that the
nature of the deficit on DNMS in impaired aged monkeys is due to a disproportionate
sensitivity to proactive interference [14, 15]. It is of interest that, when aged monkeys
were tested on a version of the DNMS task that contains an extensive degree of
interference (i.e., using the same pair of objects throughout the task), their perform-
ance declined precipitously to a level comparable to that of their performance on
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TABLE 2.2
Delayed Nonmatching to Sample
Errors 2 min Delays 10 min Delays
13-19 Year Olds (n =23) (n =23) n=19)
0-1.0 SD from Mean 18 (78.3%) 19 (82.6%) 13 (68.4%)
1.0-2.0 SD from Mean 0 (0%) 0 (0%) 1 (5.26%)
2.0+ SD from Mean 5 (21.7%) 4 (17.39%) 5 (26.32%)
Errors 2 min Delays 10 min Delays
20-24 Year Olds (n =29) (n =29) (n =27)
0-1.0 SD from Mean 17 (58.6%) 22 (75.9%) 16 (59.3%)
1.0-2.0 SD from Mean 4 (13.8%) 2 (6.90%) 3 (11.1%)
2.0+ SD from Mean 8 (27.6%) 5 (17.24%) 8 (29.6%)
Errors 2 min Delays 10 min Delays
25-31 Year Olds (n =31) (n = 30) (n =15)
0-1.0 SD from Mean 17 (54.8%) 24 (80.0%) 10 (66.7%)
1.0-2.0 SD from Mean 3 (9.68%) 3 (10%) 1 (6.67%)
2.0+ SD from Mean 11 (35.48%) 3 (10%) 4 (26.67%)

the delayed response task [87]. Whether this simply reflects an increase in task
difficulty or a shift in the underlying locus of neuronal circuitry is unclear.

C. DeLAYED RecoGNITION SPAN Task (DRST)

1. Overview of DRST

This task is a short-term memory test that was designed to investigate recognition
memory in monkeys following bilateral removal of the hippocampus [88]. It requires
the subject to identify, trial-by-trial, a new stimulus among an increasing array of
serially presented, familiar stimuli. The task is administered using different classes
of stimulus material, spatial vs. nonspatial (color, pattern, objects), to characterize
possible material-specific recognition memory impairments. An expanded form of
this task has been used in the same manner to assess recognition in a variety of
neurological patient populations including those of Alzheimer’s disease [67, 89],
Huntington’s disease or Korsakoff’s disease [68], and Parkinson’s disease [90]. In
normal aged human subjects, recognition span memory is impaired in several stim-
ulus classes, including spatial position and visual patterns [68, 91].

2. Successful vs. Unsuccessful Aging in Performance on
DRST

In our study, this task is administered using two different classes of stimulus material:
spatial location or object shape. This allows us to characterize any recognition
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memory deficits that may occur as a general impairment or one that is material
specific.

a. Delayed Recognition Span Test: Spatial

Unlike the pattern of number of animals considered impaired with increasing age
on learning the DNMS basic task, few animals were impaired (1.0-2.0 or greater
than 2 Standard Deviations from the mean of the young monkeys) on DRST task.
In fact, none of the animals in the 13- to 19-year-old range were impaired, and only
6.89% of animals in the 20- to 24-year-old age range fell within the mild impairment
range. None of the animals in this age range were classified as severely impaired.
Similarly, 6.45 % and 3.22% of animals in the 25- to 31-year-old range were mildly
and severely impaired, respectively, on the spatial DRST (see Table 2.3).

b. Delayed Recognition Span Test: Object

An almost identical pattern was observed on the object DRST. The performance of
a very small number of animals was in the mild and severe impairment ranges (see
Table 2.3).

D. CONCEPTUAL SET SHIFTING TAsk
1. Overview of Conceptual Set-Shifting

Executive function is one of the first cognitive abilities to be compromised in aging
and age-related disease [5, 6, 67] and is considered a primary function of the
prefrontal cortices [47, 92-94]. As summarized above, we developed a task suitable

TABLE 2.3
Delayed Recognition Span Test
Object Spatial
13-19 Year Olds (n = 20) (n =23)
0-1.0 SD from Mean 18 (90.0%) 23 (100%)
1.0-2.0 SD from Mean 1 (5.0%) 0 (0%)
2.0+ SD from Mean 1 (5.0%) 0 (0%)
Object Spatial
20-24 Year Olds (n = 26) (n =29)

0-1.0 SD from Mean 21 (80.77%) 27 (93.10%)
1.0-2.0 SD from Mean 5 (19.23%) 2 (6.89%)

2.0+ SD from Mean 0 (0%) 0 (0%)
Object Spatial
25-31 Year Olds n=16) n=31)

0-1.0 SD from Mean 13 (81.3%) 28 (90.32%)
1.0-2.0 SD from Mean 3 (18.75%) 2 (6.45%)
2.0+ SD from Mean 0 (0%) 1 (3.22%)
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for testing monkeys based on the principles of the standard frontal lobe set-shifting
task used in humans, the Wisconsin Card Sorting Test (WCST) [53, 54]. Our test,
the Conceptual Set Shifting Task (CSST), uses a subset of the same stimuli as the
WCST to assess abstraction, establishment, maintenance, and shifting of sets and
perseveration in a manner that parallels that used in human clinical studies.

2. Successful vs. Unsuccessful Aging in Performance on
CSST

Of the 128 animals in our group, 66 were tested on the CSST. Performance on the
CSST appears to be affected early in aging and may become the most compromised
with advanced age. In contrast to tests of memory where the performance of a few
subjects reached the severe impairment range, a large number of animals were in
the mild and severe impairment range on the CSST. In fact, on various measures of
performance on the CSST, 12 middle-aged animals were mildly impaired and
between 25 and 41% were severely impaired. In contrast, in the aged animals, O to
32% of the animals were mildly impaired and 0 to 36% were severely impaired
(Table 2.4). These findings would suggest that executive system functions may be
among the most sensitive domains affected with advancing age.

E. SUMMARY OF BEHAVIORAL FINDINGS

Based on the performance of these 128 monkeys on two tests of recognition memory,
one test of executive function and a composite score of cognitive function, we have

TABLE 2.4
Conceptual Set-Shifting Task
Int Lrn Shift PE
13-19 Year Olds (h=16) (=17) (1=17)

0-1.0 SD from Mean 10 (62.5%) 8 (47.1%) 9 (53.0%)
1.0-2.0 SD from Mean 2 (12.5%) 2 (11.7%) 2 (11.7%)

2.0+ SD from Mean 4(250%) T(412%) 6 (353%)
Int Lrn Shift PE
20-24 Year Olds (n=19) (n=19) n=19)

0-1.0 SD from Mean 14 (73.7%) 10 (52.6%) 10 (52.6%)
1.0-2.0 SD from Mean 2 (10.6%) 6 31.6%) 2 (10.5%)

2.0+ SD from Mean 3 (15.8%) 3 (15.8%) 7 (36.8%)
Int Lrn Shift PE
25-31 Year Olds n =10) n=10) n=10)
0-1.0 SD from Mean 6 (60%) 8 (80.0%) 9 (90.0%)
1.0-2.0 SD from Mean 0 (0%) 2 (20%) 0 (0%)

2.0+ SD from Mean 4 (40%) 0 (0%) 1 (10%)
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demonstrated a pattern of variable levels of performance on these tasks. While overall
as groups, the 20- to 24- and 25- to 31-year-olds are impaired on these tests, there
is considerable variability in performance. Many animals show no impairment and
few show mild to severe impairments on tests of memory. On a test of executive
function, more animals demonstrate mild and severe impairments, but still more
than 50% show no impairment. This pattern of variability in performance is similar
to what is observed in human clinical studies. In human studies, those individuals
demonstrating no impairment (equivalent to scores below 1.0 SD in our study) might
be considered among the more pristine among those successfully aging. While those
demonstrating mild impairments (1.0 to 2.0 SD above the mean of the young in our
study) might be considered to be more typically those who are successfully aging,
but evidence some degree of cognitive decline associated with typical aging, and
finally those demonstrating significant cognitive impairment (greater than 2.0 SD
from the mean of the young in our study) are deemed as “unsuccessful aging” and
may reflect the human classification of “mild cognitive impairment,” keeping in
mind that monkeys do not develop the pathological or behavioral profile of Alz-
heimer’s disease [95].

V. NEUROBIOLOGICAL BASIS FOR COGNITIVE
DECLINE

Several possibilities have been advanced to account for mild or marked age-related
cognitive decline, ranging from widespread cortical neuronal loss and neurotrans-
mitter depletion, to amyloid deposition and to the development of neuritic plaques.
While likely contributing to cognitive dysfunction, we believe that these factors are
unlikely primary candidates to account for age-related cognitive decline. With few
exceptions, neurons in the cerebral cortex do not undergo marked loss [95] and the
presence and the extent of neuritic plaques or amyloid burden are quite variable and
are not correlated with cognitive decline [96]. Rather, we have accumulated evidence
over the past several years that lead us to the view that alteration and loss of white
matter may be the principal neurobiological change that underlies age-related cog-
nitive decline [3]. In electron microscopic (EM) studies of the effects of aging in
the cerebral cortex [97, 98], corpus callosum [98], and optic nerve [99] of monkeys,
myelin sheaths have been found to show marked age-related changes, including the
accumulation of dense cytoplasm and the formation of fluid-filled balloons. In
addition, the formation of sheaths with redundant myelin and thick sheaths occur
with continued formation of myelin with age [100]. Of particular interest, the
frequency of these alterations in myelin with age correlates significantly with the
cognitive decline exhibited by monkeys. In support of this, using diffusion tensor
magnetic resonance imaging (DT-MRI), we have recently reported significant age-
related loss of fractional anisotropy (FA) in forebrain white matter of the frontal
lobe. Reduced FA is regarded as a marker of white matter abnormalities and, like
the EM measures, correlates with cognitive decline [101]. Further, unpublished data
from our group on conduction across the corpus callosum indicates that, with age,
there is a significant alteration in the profile of conduction parameters. This result



Successful vs. Unsuccessful Aging in the Rhesus Monkey 33

could be explained if the myelin dystrophy observed in the corpus callosum [98]
disrupts conduction in a fraction of the nerve fibers and suggests that alterations in
myelin integrity and consequent disruption of conduction may alter the signal
strength and hence the information transfer that is critical for neuronal circuits to
operate properly. Finally, using designed-based stereology and MRI in separate
studies, our group has demonstrated nerve fiber loss with age from the optic nerves
[99], a 40% loss of nerve fibers in the anterior commissure of aged rhesus monkeys,
and a significant loss of white matter volume on with MRI, with an accompanying
increase in ventricular size (Wisco, Killiany, and Rosene, unpublished observations).
These observations lend further support to the notion that there is likely to be a
global loss of myelinated nerve fibers with age. Extensive multidisciplinary inves-
tigations into the precise mechanisms of these age-related changes in white matter
and their relationship to cognitive decline are the focus of our current studies with
the continued use of our nonhuman primate model of normal aging.
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I.  OVERVIEW

Advancing chronological age is associated with impairments in cognition in rodents,
as it is in other species. The behavioral assessment of cognitive function in rodent
models of aging provides a basis for understanding biological factors that contribute
to these impairments. Advantages of rodent models of cognitive aging include their
relatively brief lifespan relative to primates, the large range of behavioral tasks that
have been developed for testing cognitive abilities in rodents, the anatomical homol-
ogy of many brain structures between rodents and primates, the ability to carry out
genetic manipulation in rodents (especially in mice), and the absence of many age-
related neurodegenerative conditions observed in humans that complicate the study
of phenomena associated with “normal” aging (as opposed to pathology).

Our goals in this chapter are twofold. First, we discuss some measurement and
methodological issues surrounding the assessment of cognitive abilities in aged
rodents. Some of these issues become especially critical when, as is commonly done
in this work, one attempts to draw conclusions about the relationship between
cognitive aging and neurobiological changes in the aged brain. Second, we provide
a relatively brief and selective review of effects of cognitive aging on some of the
major behavioral domains that can be readily assessed in rodents, as well as some
neurobiological substrates that have been proposed to underlie some of these impair-
ments.

I. MEASUREMENT AND METHODOLOGICAL ISSUES
A. MEASUREMENT AND RELIABILITY

With regard to the study of individual differences in cognitive performance in aging
rodents, consideration of measurement issues is paramount. For example, in the
absence of information about test-retest reliability of behavioral assessments, the
use of behavioral scores as a basis for correlation with neurobiological measures is
problematic. This is not a trivial problem, with many paradigms complicated by
practice and carryover effects between assessments. Indeed, spatial learning in the
water maze is one of the most problematic tasks in this regard because learning of
new problems in the water maze occurs much more rapidly than initial acquisition.
Initial acquisition curves are most commonly used as a basis for correlation with
neurobiological parameters and it is not really possible to retest each rodent in the
water maze as if they were encountering the problem for the first time. Of course,
this also speaks to a neuropsychological issue as well as a measurement issue; initial
acquisition of the water maze taps into a number of capacities other than spatial
learning, including inhibition of prepotent responding (learning to swim away from
the wall of the tank) and possibly attentional and cue-selection processes (learning
which cues are stably related to the platform location).

Some solutions to this problem include examining correlations of performance
across behavioral tasks that presumably depend on the same neurobiological sub-
strate (e.g., the hippocampus). One of the first studies to employ this approach found
that subgroups of rats identified as “impaired” and “unimpaired” based on their
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acquisition of spatial learning in the water maze honored those subgroup distinctions
when tested on the Barnes circular platform task and in recovery from gustatory
neophobia, both tasks that depend on the integrity of the hippocampus [1], but did
not differ in simple reaction time tested in a separate assessment, despite this task
revealing differences between young and aged rats overall. More recently, test-retest
reliability of the water maze was demonstrated more directly by training rats in a
standard protocol and retesting them several weeks later in a rapid-acquisition
protocol in a new maze in a different physical room. Subgroups of “impaired” and
“unimpaired” rats identified during initial training also differed in retention perform-
ance in a probe trial conducted 30 minutes after the rapid training protocol [2].
Performance in the water maze also correlated with acquisition of a reference
memory problem in the radial arm maze, but not with working memory errors
measured in the same paradigm [3], again confirming the reliability of the assessment
in the water maze.

These considerations are important because reliability of behavioral scores con-
strains the magnitude of correlations with neurobiological measures. If the coefficient
of correlation for two different assessments of a particular cognitive ability is 0.7
and the test-retest reliability of a neurobiological measure is 0.9, then the largest
correlation that can be observed between these measures is 0.63, although the “true”
population correlation between the measures may be 1.0 [4]. Thus, the use of
behavioral scores that have poor reliability for correlational analysis makes the
determination of correlations with neurobiological markers problematic. Even if the
assessment itself is reliable, it is important to ascertain that the measure is reliably
indicating the cognitive ability of interest (e.g., spatial learning). Swim times to the
platform in the water maze may be very reliable across different assessments but
may also include a component of motor ability, which may also be reliable from a
testing standpoint but is not an indicator of the cognitive process of interest.

The relative merits of subdividing aged rats into “impaired” and “unimpaired”
subgroups have been commented on previously [5]. In the context of measurement
reliability, a binary classification may be more reliable than the absolute value of
an individual behavioral score. Conversely, this approach discards a considerable
amount of information provided by the absolute score value. It may be the case that
a subgrouping approach may be more appropriate if there are concerns about the
reliability of absolute scores, although it still would be important to confirm that
subgroup classifications are reliable across assessments in some way.

B. BEHAVIORAL TESTING ISSUES

Issues of behavioral control and specificity of age-related behavioral impairments
are also critical to this area of research. We have already alluded to these concerns
in the context of measurement issues. This relates not just to the reliability of a
behavioral measure in the context of test-retest reliability, but also in terms of its
relationship to the latent cognitive variable of interest. It is fairly obvious (but worth
restating) that we cannot measure attention, memory, etc., directly, but rather must
infer the integrity of these cognitive domains from performance on behavioral tasks.
In a sense, this is the converse of the issue addressed in the section above; it is
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important to know that tasks that presumably measure the same cognitive ability
provide performance measures that correlate with one another, but it is equally
important to know that these measures are assessing the cognitive process of interest
rather than a general age-related decline in behavioral performance or some other
factor, such as sensorimotor ability. Indeed, it has been argued in studies of human
cognitive aging that practically all the age-related variance in performance on cog-
nitive tasks can be accounted for by a deficit in perceptual speed [6]. In this view,
it would be pointless to discuss how age-related impairments in episodic memory
retrieval, for example, are related to particular biological changes, because the age-
related differences in performance on episodic retrieval owe to a core deficit in
perceptual speed rather than a specific impairment in memory per se.

Nevertheless, dissociations in performance in cognitive aging have already been
identified in aging rodents. One of the first studies to address this issue found that
deficits in spatial learning in aging rats were independent of deficits in motor
performance, indicating that spatial learning deficits could not be easily explained
by noncognitive impairments [7]. As already discussed, age-related changes in
reaction time were independent of age-related changes in spatial learning and recov-
ery from gustatory neophobia [1, 8]. Similarly, age-related impairments on a puta-
tively prefrontal cortex-dependent attentional set-shifting task were independent of
age-related impairments in spatial learning in the water maze [9]. Taken together,
these findings argue against a unitary decline in behavioral performance in aged rats
that might explain apparent cognitive impairments by a single factor.

Of course, this does not mean that the behavioral scores themselves are pure
measures of the cognitive processes that are of interest. Rats that are poor swimmers
may perform poorly in the water maze for reasons that have nothing to do with disruption
in spatial learning. It may be possible to use measures of performance in the water maze
that are less contaminated by possible motor impairments, for example, bias of search
during interpolated probe trials [10, 11]. It is better, however, to show that swimming
ability per se either does not differ between young and aged rats or, if it does, that
swimming ability is independent of performance on measures of cognitive performance.
In this vein, visually cued water maze tasks are commonly included as behavioral
controls and given after the conclusion of standard, hidden-platform testing in the water
maze. The argument is that if rats perform normally when swimming to a visible
platform (requiring no learning about its location), then any deficit in locating a hidden
platform, which must be done based on the relationships between distal spatial cues, is
not due to some impairment in swimming ability or motivation to escape from the water.
Similarly, tests of object recognition memory may show that performance is intact at
very brief delays but not at longer ones, indicating that the motivation to explore a novel
object is intact, even if memory for whether objects are novel or not is impaired [12].
If in a particular experiment aged rats are impaired, for example, in both spatial and
visually cued tasks, this does not necessarily mean that their impairment in the spatial
task is due exclusively to some nonmnemonic factor, but it makes it very challenging
to absolutely exclude this possibility directly. Indeed, blind young rats can perform very
well in the standard hidden-platform water maze task [13]. Nonetheless, the inclusion
of such behavioral controls is essential if age-related changes in a particular behavioral
measure of performance are to be attributed with relative confidence to a deficit in the
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cognitive process the task purports to measure, rather than some less specific perform-
ance deficit.

C. NEUROPSYCHOLOGICAL SPECIFICITY

We already have alluded to the issue of how behavioral tasks are associated with
the integrity of particular neural systems. For example, spatial learning in the water
maze is heavily identified with the hippocampal system. The question of whether a
particular behavioral task is a reliable measure of a cognitive latent variable of
interest (e.g., spatial learning) is not quite the same as whether that task is reliably
associated with changes in the integrity of function within a particular brain region.
That is to say, a particular subpopulation of aged rats could reliably demonstrate
impairments on several different tests of spatial learning, but this does not necessarily
mean that these impairments owe to neurobiological changes in hippocampal func-
tion specifically. For example, impaired performance in the water maze has been
associated with damage to the frontal cortex, parietal cortex, and temporal cortex
[14-17], although some of these deficits are not always found [18, 19].

Of course, this problem is not unique to the water maze. Many different manip-
ulations can affect multiple-choice serial reaction time performance, a test of atten-
tion [20], although the presence of many measures of performance and parametric
manipulations of task difficulty in that task allow the dissociation of many different
causes of overall impairment in performance. These problems also are not unique
to the study of aging. Indeed, they are not dissimilar to core issues in the use of
neuropsychological assessment to localize brain damage in humans before the advent
of neuroimaging techniques. Sensitivity and specificity are two qualities that are
important in behavioral tasks used for neuropsychological assessment. Sensitivity
denotes the reliability with which a behavioral deficit is observed after damage to
a specific brain region; specificity denotes the extent to which the particular deficit
is restricted to a specific locus of brain region. By these criteria, one might say that
spatial learning in the water maze is extremely sensitive to hippocampal damage
because it is unusual to find instances in which hippocampal damage is documented
but spatial learning is normal, but it also is relatively unspecific because impairments
in spatial learning in the water maze can be seen in animals that have damage to
brain regions other than the hippocampus.

D. NEUROBIOLOGICAL CORRELATIONS

Just because performance in a behavioral task correlates with a particular neuro-
chemical measure does not imply that changes in that neurochemical marker are
responsible for the impairment in performance of the behavioral task. It is again
fairly obvious to state that correlation does not imply causation and that observing
associations between changes in biological markers and age-related impairments in
cognition — some of which we will review in subsequent sections — does not imply
that changes in the marker necessarily cause the cognitive impairment. There are,
however, some experimental approaches that can be brought to bear on this problem.
One is to use an intervention to modify the neurobiological parameter of interest to



44 Brain Aging: Models, Methods, and Mechanisms

see if this moderates the cognitive impairment. For example, if low levels of a growth
factor are associated with impairment in a particular aspect of memory, that growth
factor may be replaced in aged, memory-impaired animals to see if memory is
restored. The logic of this approach may not be entirely secure — if aspirin relieves
a headache, it does not mean that the headache was caused by an aspirin deficiency
— but it does provide data more supportive of causality. It also may be possible to
model some neurobiological changes in a young animal to determine if these repro-
duce the pattern of cognitive impairment in aging. One example of this approach is
the study of the role of basal forebrain cholinergic neurons in age-related impair-
ments in spatial learning. Although correlations are observed between cholinergic
markers and age-related impairments in spatial learning and memory, removal of
hippocampal cholinergic input in young rats did not impair spatial learning in a
water maze protocol sensitive to the effects of normal aging [21], nor did it cause
aged, unimpaired rats to develop spatial learning impairment [22]. These types of
approaches, as well as others, can be used to complement correlational studies done
in aged rodents.

IIlI. NEUROPSYCHOLOGY OF AGED RODENTS
A. SPATIAL LEARNING

Although a comprehensive review of studies examining spatial learning in aged
animals is beyond the scope of this chapter, we will attempt to summarize recent
reports in a number of areas relating to spatial cognition in aged subjects.

1. Age-Related Impairments in Spatial Learning

As has already been noted, spatial learning in the water maze is commonly used to
assess hippocampal-dependent cognitive function in aged rodents. This is probably
because the water maze does not require food or water restriction, which may place
differential physiological stress on aged rodents, and because learning in the water
maze proceeds rapidly and efficiently. However, it has been noted that aged rats may
have exacerbated responses to the stress of submersion in water [23, 24], which may
need to be considered in these experiments. These impairments are also seen in other
spatial tasks, including the Barnes circular maze [25], which uses escape from bright
light in an open field as a motivator, as well as the more standard radial arm maze
[26]. Aged mice are also impaired in spatial tasks in the water maze, although
measures of performance different than those used in rats may be maximally sensitive
to these impairments [27]. In general, spatial learning impairments appear to emerge
gradually as chronological age increases. Even 11-month-old Fischer-344 rats are
impaired relative to 4-month-old Fischer-344 rats on a demanding measure of spatial
memory, the number of platform crossings on probe trials [28].

2. Behavioral Strategies

Barnes and co-workers [29] were the first to report that aged rats were less likely
than young rats to use place strategies to solve a simple spatial discrimination in a
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T-maze in which egocentric (body-turn) and visual cue-guided strategies were also
able to support accurate discrimination behavior. Subsequent reports indicated that
aged rats used different behavioral strategies in the Morris and T-water mazes, and
detection of age-related spatial learning deficits depended on the task used and the
strategies employed [30]. In particular, these authors noted that the acquisition of
spatial tasks using egocentric strategies was unimpaired in aged rats. Complementary
observations were reported by Nicolle et al. [31] in aged mice using a cue-compe-
tition paradigm in the water maze. In this task, mice learn to swim to a visible
platform in a fixed location. Probe trials are given in which the visible platform is
moved to a different location in the maze: mice either swim toward the visible
platform in its new location (a cue strategy) or swim toward its previous location
first (a place strategy). The prevalence of a cue strategy increased with age, with
23-month-old mice using a cue strategy exclusively. Aged rats were impaired on a
number of behavioral assessments in the radial arm water maze, and committed both
reference and working memory errors compared to young rats across all days of
testing, thus suggesting that aged-rats may have employed nonspatial strategies in
learning new platform locations [32].

3. Structural and Anatomical Analyses

Despite overwhelming behavioral and electrophysiological data on hippocampal
dysfunction in aging, a clear understanding of the anatomical and structural basis
for these cognitive declines is lacking. Cell sizes and numbers do not differ in the
subdivisions of entorhinal cortex between young and aged rats despite behavioral
differences in the water maze, suggesting that parameters other than neuronal size
and number may be relevant for understanding age-related cognitive declines [33].
In a more recent study, this group examined hippocampal cell genesis in its relation
to spatial learning and again found that behavioral deficits did not appear to correlate
with adult hippocampal neurogenesis [34] (see also Chapter 6). These studies are
consistent with reports that total neuron number in the entorhinal, perirhinal, and
postrhinal cortices is largely preserved during normal aging. Moreover, individual
variability in hippocampal-dependent learning in aged rats does not correlate with
neuron number in any area examined [35]. Thus, age-related cognitive decline can
occur in the absence of significant neuronal death in any major area of the hippo-
campal system. In contrast, a significant age-related relationship between deficit in
spatial learning and the loss of p75-positive neurons in the basal, but not rostral,
forebrain has been reported. Although there was no learning impairment at 6 months
of age, fully one-half the rats were impaired at 12 months and 71% displayed deficits
at age 26 months [36]. Another study examined basal forebrain cholinergic neurons
in young and aged, male and female Fischer 344 rats that had been trained on the
Morris water maze [37]. Young rats’ performance was superior to aged rats’ per-
formance, but young male rats were better at finding the precise platform location
compared to young females. When examining structural differences, young male
and female rats had larger basal forebrain cholinergic neurons compared to the aged
groups, but this was largely a function of a difference between aged and young male
rats. In no case, however, was there a correlation between neuron size and spatial
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memory performance. Examination of postsynaptic densities in hippocampal exci-
tatory synapses in aged spatial learning-impaired and unimpaired rats found a sig-
nificant decrease in postsynaptic density area in aged-impaired compared to aged-
unimpaired rats, suggesting that hippocampal synapses might become less efficient
in aged-impaired animals, which might manifest as behavioral deficits in cognitive
tasks [38].

4. Signal Transduction

Brightwell and colleagues [39] investigated the effectiveness of signal transduction
in aged rats with impaired spatial performance. Individual proteins from the CREB
family can function as either enhancers (e.g., CREB1) or repressors (e.g., CREB2)
and influence the short-term to long-term memory transitions. Aged animals that
were impaired in the Morris water maze were found to have lower levels of CREB1
in the hippocampus compared to both younger animals and aged non-impaired
animals, suggesting dysregulation of CREB1 levels may lead to some aspects of
spatial learning deficits in aged subjects. Aged rats with impaired spatial memory,
compared to young rats, demonstrated increased protein kinase C (PKC)-gamma
immunoreactivity in the CA1 region of the hippocampus, but not in the dentate gyrus
[40]. Furthermore, this increased PKC-gamma activity in CA1l was significantly
correlated with spatial memory deficits. These data are consistent with a report that
demonstrated a significant relationship between choice accuracy and PKC-gamma
immunogenicity in the hippocampal CA1 region, but not amygdala, of aged animals
[41].

5. NMDA Receptors

Adams et al. [42] investigated the association between levels of the NR1 subunit of
N-methyl-D-aspartate (NMDA) receptors and performance in the Morris water maze
task. Although neither global nor region-specific differences in hippocampal NR1
levels were observed, there was a selective association between individual behavioral
performance and NR1 immunofluorescence levels in the CA3 region, suggesting
that NMDA abundance in the CA3 region is critical for spatial learning over the
lifespan. More recently, Clayton and colleagues [43] used antisense oligonucleotides
to knock down the NR2B subunit expression in the hippocampus, suggesting a key
role for reduced NR2B expression in aged-related cognitive deficits in older animals.
Another way to examine NMDA subunit involvement in learning and memory is by
pharmacological manipulation. Suldinac is a nonsteroidal anti-inflammatory drug
(NSAID) that is a nonselective cyclooxygenase (COX) inhibitor. Chronic adminis-
tration of suldinac, but not its non-COX active metabolite, ameliorated age-related
decreases in the NR1 and NR2B NMDA receptor subunits and prevented similar
age-related increases in the pro-inflammatory cytokine interleukin-1beta (IL-1beta)
in the hippocampus. Moreover, suldinac reversed age-related deficits in radial arm
maze deficits [44]. In a fashion consistent with these data, others have reported that
chronic aspirin (a NSAID) treatment improves spatial learning in both adult and
aged rats [45].
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6. Hormones and Stress

Although much research suggests that ovarian hormone levels are important in
cognition, the effect of manipulating hormone levels in aged animals has been less
well explored. Foster and colleagues [46] reported that estradiol did not enhance
acquisition of cue and spatial discrimination in the Morris water maze, but the
researchers noted a dose by age interaction such that a high dose of estradiol did
produce higher retention scores in aged animals. Markham et al. [47] also noted an
age and hormone interaction. Ovarian hormone replacement early in life can be
detrimental to cognitive performance, whereas ovarian hormone replacement when
rats are at least 14 to 16 months old has a beneficial effect on spatial learning. These
studies contrast with recent work by Bimonte-Nelson and colleagues [48], who
reported that a lack of ovarian hormones over a longer period (e.g., greater than
1.5 months) improved spatial memory in aged female rats. These seemingly contra-
dictory data might be explained not by levels of estradiol, but by lower levels of
progesterone being related to the ovarectomized-induced enhancement of spatial
learning. This idea was supported by a subsequent study that demonstrated that
progesterone supplementation reversed the cognitive enhancement produced in aged
ovarectomized rats [49]. Recently, Ziegler and Gallagher [50] attempted to elucidate
whether estrogen is critical to spatial learning in middle-aged females that generally
have declining ovarian hormone cyclicity. Estradiol was administered in a phasic
pattern to simulate normal cyclic behavior, yet estradiol did not have any effect in
either young or middle-aged rats, nor on any behavioral measure. The lack of
significant effects where others have previously observed cognitive effects of
estradiol might be explained by methodological or training differences across labo-
ratories.

Bimonte-Nelson and colleagues [51] also reported on the importance of hor-
mone-related cognitive enhancements in aged male rats by demonstrating that tes-
tosterone, which is aromatized to estrogen, improved working memory. In contrast,
administration of dihydrotestosterone, which is not aromatized to estrogen, did not
attenuate age-related deficits in working memory. Thus, hormone therapy in aged
males and females may have beneficial effects on some aspects of cognition when
the age of the subjects is taken into consideration.

Bizon et al. [52] examined the function of the hypothalamic-pituitary-adrenal
(HPA) axis in young and aged animals. Plasma corticosterone levels in cognitively
impaired aged animals were slower to return to baseline following restraint stress
compared to both younger rats and cognitively unimpaired aged rats. Analysis of
neurobiological data revealed that glucocorticoid receptor mRNA was reduced in
the hippocampus and medial prefrontal cortex in aged cognitively impaired rats
compared to either young or aged unimpaired groups. Moreover, the decreased
mRNA levels in these regions were significantly correlated with impaired perform-
ance in the water maze task. In a subsequent study to evaluate the role of neurogenesis
in aged animals, Bizon and colleagues demonstrated that nonimpaired aged rats did
not demonstrate enhanced hippocampal neurogenesis compared to cognitively
impaired aged rats. Thus, aged rats that maintain cognitive function do so while
still enduring the same significant reductions in hippocampal neurogenesis that are
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characteristic of cognitively impaired aged subjects [53]. This contrasts somewhat
with a previous study that reported spatial memory performance of aged rats was
predictive of hippocampal neurogenesis ([54]; see also Chapter 6).

In a creative study, Gatewood and co-workers [55] examined the effect of
motherhood on age-related deficits in a food-reinforced spatial learning task by
comparing age-matched nulliparous, primiparous, and multiparous females (0, 1,
and 2 pregnancies and lactations, respectively) at ages from 6 to 24 months. Primi-
parous and multiparous females demonstrated significantly accelerated acquisition
and showed decreased memory decline up to 24 months of age when compared to
the nulliparous subjects. Furthermore, amyloid precursor protein, a marker of neu-
rodegeneration, was decreased in the CA1 and dentate gyrus regions of the hippo-
campus in multiparous females compared to nulliparous and primiparous females.
Moreover, the level of amyloid precursor protein was inversely related to spatial
learning performance, suggesting that natural reproductive related hormone levels
and postpartum experiences may decrease vulnerability for age-related cognitive
decline in females. The role of maternal behaviors was indirectly assessed by Leh-
mann and colleagues [56], who examined the effects of maternal separation and
handling on long-term cognitive outcome. Rats that had been handled extensively
early in life were observed to have superior spatial cognition, a decreased stress
response, and no decrease in hippocampal neuronal counts when compared to those
rats that were either not handled or underwent early maternal separation [56].

7. Plasticity and Cognition

Aging has been documented to be related to specific impairments in learning and
memory, many of which are associated with selective damage to the amygdala and
hippocampal regions that are important in long-term potentiation (LTP) and long-
term depression (LTD) [for review, see 57]. Almaguer and colleagues [58] compared
aged rats that were cognitively impaired to both young rats and aged, nonimpaired
rats and noted that stimulation of the perforant path produced reduced LTP in the
aged impaired rats, whereas aged rats that were nonimpaired were comparable to
young animals. Barnes et al. [59] demonstrated that aged, spatially impaired rats
had a higher threshold for LTP induction compared to middle-aged and younger
controls, suggesting that the fewer perforant path synaptic contacts in aged, spatially
impaired rats require greater depolarization and convergence before any modifica-
tions of synaptic strength can be produced. Schulz and co-workers [60] attempted
to find behavioral and neurobiological correlates with aged rats that were divided
into superior and inferior learners and then examined in a battery of behavioral
assessments. In aged superior rats, levels of LTP in CA1 correlated with hippocampal
mediated tasks (e.g., spatial preference learning and water maze escape). Unfortu-
nately, there were no significant correlations observed in the aged inferior learning
group, which may suggest an effect of overall impairment or other yet unknown
factors. Subsequently, Schulz and colleagues [61] probed striatal parameters for
associations with age-related cognitive decline. Superior and inferior learners were
again compared and individual differences in the different behaviors of the aged rats
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were accounted for by variability in some striatal parameters for both superior (e.g.,
LTP) and inferior (e.g., NR2 subunit expression) rats [61].

Rosenzweig et al. [62] attempted to examine the flexibility of hippocampal
spatial mapping in an elegant methodology by monitoring rats that were attending
to a spatial reference that was in conflict with another frame of reference. When
adult and aged rats attempted to find an unmarked goal, aged rats were impaired in
their ability to find the unmarked goal and in their ability to realign the hippocampal
map based on the changing contextual information. Wilson and colleagues [63]
observed spatial performance of young and aged rats in the Morris water maze and
then examined firing patterns of hippocampal place cells when animals were in
familiar and novel environments, in an attempt to better understand how spatial
representations distinguish familiar and altered environments. One consistent pattern
to emerge from the data was that the (in)ability of the hippocampus to encode subtle
differences in contextual environmental information may represent a major compo-
nent of memory deficits [63]. Subsequently, Wilson and colleagues [64] expanded
on this model and better characterized the ability of the hippocampal place cells to
form new representation but also noted the delay in some spatial representations
being anchored to external cues and landmarks. Taken in sum with previous work
by Wilson’s colleagues and others [62], these descriptions and observation help
converge seemingly divergent data into a more comprehensive model of hippocampal
function and aging.

8. Treatment: Diet and Exercise

Research has demonstrated that vegetables and fruit that are high in antioxidant activity
can have beneficial cognitive effects (see Chapter 15). Andres-Lacueva and colleagues
[65] reported that aged rats fed a diet rich in blueberries had better water maze
performance than those on a control diet, and behavioral performance was associated
with brain levels of several blueberry-derived anthocyanins isolated in cortical tissue.
This work is in agreement with the previous report by Casadesus et al. [66], who
assessed changes in hippocampal plasticity parameters (e.g., neurogenesis; extracel-
lular kinase activation; levels of insulin growth factor-1, IGF-1) in aged animals that
were supplemented with a blueberry-rich diet. Parameters of hippocampal plasticity
were enhanced in supplemented animals and cell proliferation, extraceullular receptor
kinase activation, and IGF-1 levels all correlated with improved spatial task perform-
ance, suggesting that hippocampal plasticity may contribute to enhanced learning and
memory measures observed in aged animals on a blueberry-rich diet. Many have also
explored the role of exercise-induced cognitive enhancement. Albeck and colleagues
[67] found that aged rats that exercised for 7 weeks performed significantly better in
the water maze than controls, an improvement that reflected cognitive improvement
because the groups did not differ in swim speed.

9. Treatment: Drug

Compounds having activity at the nicotinic acetylcholine (nACh) receptor have been
identified as having potential therapeutic benefits in aged populations. SIB-1553A
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is anovel nACh ligand that has subtype selectivity for alpha2-beta4 subunits. Admin-
istration of SIB-1553A was reported to be effective in enhancing T- and water-maze
performance in aged rats [68]. Manipulations of other cholinergic receptor subtypes
have also been found to have a positive effect on some types of learning in aged
animals. Lazaris and colleagues [69] examined the effects of bilateral injections of
methoctramine into the dorsolateral striatum of cognitively impaired aged female
rats. The selective muscarinic M2 cholinergic antagonist improved procedural work-
ing memory, but was without effect on spatial memory. In contrast, a recent study
by Rowe and colleagues [70] reported that the selective M2 antagonist, BIBN-99,
significantly improved spatial learning and memory in aged animals during testing
and the enhanced performance was observed to persist for up to 24 days post drug
administration.

The noradrenergic system has also been suggested to play an important role in
enhanced learning in aged animals. Chopin and colleagues [71] demonstrated that
the selective alpha(2) antagonist dexefaroxan attenuated age-related memory deficits
in 24-month-old rats, as well as reversing cognitive impairments induced by nucleus
basalis magnocellular lesions. Recently, Ramos et al. [72] examined the effects of
the beta-1 adrenergic antagonists in aged animals and found that the mixed beta-
1/beta-2 antagonist propanolol had no effect on spatial memory but that the selective
beta-1 ligand betaxolol produced dose-dependent enhancement of spatial cognition
in aged subjects. Thus, the use of more selective beta-adrenergic compounds warrants
further investigation.

The use of monoamine oxidase inhibitors has also been investigated. Kiray and
colleagues [73] examined the effects of deprenyl, an irreversible monoamine oxidase
B inhibitor, on spatial memory in aged rats. Initially, the effects of deprenyl were
examined in combination with estradiol on aged female rat cognition and a syner-
gistic effect between deprenyl and estradiol was observed. Subsequently, the actions
of deprenyl were examined in aged male rats. Spatial learning in males, like females,
was enhanced by deprenyl administration [74]. Other examination of antidepressant
treatment has revealed that chronic treatment with the tricyclic antidepressant ami-
triptyline from middle age on prevents normal age-related deficits in water maze
learning. Administration of amitriptyline also decreases plasma corticosterone levels,
suggesting altered anxiety and stress-related behaviors [75].

The identification of effective cognitive enhancing compounds continues to be
an unmet need. Hernandez and colleagues [76] examined the effects of two acetyl-
cholinesterase inhibitors, galantamine and donepezil, on spatial learning. Both gal-
antamine and donepezil dose-dependently enhanced cognitive performance while
modestly increasing choline acetyltransferase activity in the basal forebrain and
hippocampus. In a similar fashion, Aura and Riekkinen [77] demonstrated that the
acetylcholinesterase inhibitor tetrahydroaninoacridine and the NMDA allosteric
modulator D-cycloserine both enhanced spatial navigation. However, if aged rats
were pretrained on the task, then any drug-enhanced effect on behavior was elimi-
nated. Moreover, pretraining did not reverse age-related deficits; thus, compounds
with apparent cognitive-enhancing capabilities may function by enhancing proce-
dural aspects of learning in aged animals. Thus, while a number of compounds have
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been suggested to have demonstrated effectiveness in reversing age-related deficits,
procedural and methodological issues are important considerations.

Administration of the 5-HT(6) receptor antagonist SB-271046 improved acqui-
sition and consolidation in a water maze task in aged rats. Treatment with SB-271046
improved swim strategy, escape latencies, and task recall, suggesting that the drug
may enhance cognitive processes as well as ameliorate age-related cognitive deficits
observed in older animals [78]. In addition, Froestl et al. [79] examined the effects
of the novel GABA(B) receptor antagonist SGS742. Chronic administration of
SGS742 was reported to upregulate GABA(B) receptors in the frontal cortex of rats
and produce cognitive enhancing effects in aged rats in both radial and water maze
tasks.

B. FearR CONDITIONING

Although the spatial water maze has been frequently used as a common measure of
hippocampus-dependent learning, other animal paradigms have attempted to con-
tribute to and expand our understanding of the role of the hippocampus in learning
and memory. Fear conditioning is a hippocampally mediated form of associative
learning that requires an animal to associate a conditioned stimulus (CS) and a fear-
producing unconditioned shock stimulus (US). For delay conditioning, the foot shock
immediately follows the tone, whereas in trace conditioning, the tone and shock are
often separated by a short interval (15 to 20 seconds) and then the retention of this
learning is tested a discrete time late (e.g., 24 hours).

1. Age-Related Impairment in Fear Conditioning

Blank and colleagues [80] first reported data suggesting that the trace fear condi-
tioning procedure was sensitive to the effects of aging. By examining behavioral
freezing in mice, they demonstrated that aged mice were impaired when compared
to their younger controls. McEchron et al. [81] continued in this vein when they
examined the effects of trace fear conditioning in aged rats. Both freezing and heart
rate were sensitive measures for detecting age-related changes in trace fear condi-
tioning. Although aged animals were not impaired at short durations of delay, they
were significantly impaired in the 20-second long trace fear conditioning when
compared to their younger control subjects. These data are in agreement with the
recent work of Villarreal et al. [82], who demonstrated that aged rats were impaired
in trace, but not delay, fear conditioning. The differences between these two tasks
is the imposed delay between the tone and shock. These data, when taken in sum,
suggest that aged animals are not impaired in the sensory-motor abilities to perform
the task, but rather display a deficit that is characteristic of compromised hippocam-
pal functioning and processing.

2. Neurobiological Associations

Gale and colleagues [83] examined the neurobiological role of the basolateral
amygdala in maintaining stable memories of fear. Animals that had received lesions
of the basolateral amygdala after fear conditioning displayed robust freezing deficits
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compared to sham controls. Moreover, these deficits were observed independent to
the training-to-lesion interval. Indeed, rats with lesions showed robust deficits during
both recent (1 day) and distant (16 months) memory tests. Thus it would appear that
the basolateral amygdale might be important for encoding and storage function of
emotionally and/or fear-related conditioning. The role of amount of contextual
information within an environment on emotional memory was reported by Doyere
and colleagues [84]; and in an interesting finding they reported that performance
task deficits in aged animals were restricted to particular procedures that employed
poor cues within the environment. When aged rats were tested in a more cue-rich
environment, task performance improved, suggesting that aged animals may be able
to employ different or enhanced learning strategies under different environmental
conditions.

Monti et al. [85] took a different approach when exploring conditioned fear in
aged rats. They examined whether changes in the functional state of proteins that
were known to be involved with hippocampal learning could be associated with age-
related decline in hippocampal-mediated behaviors in aged rats. These authors found
that aged-related impairments in freezing were causally associated with a dysregu-
lation in CREB activation, and specifically to the increased phosphorylation in aged
rats after learning.

A similar approach was investigated by Kasckow and colleagues [86]. Noting
that aging in rodents was accompanied by age-related changes in the immune system,
they sought to identify relevant changes in the hypothalamic-pituitary-adrenal (HPA)
axis. Despite finding decreased ACTH and corticosterone release following dexa-
methasone administration in aged-animals, testing revealed no significant associa-
tions between HPA-related data and the decreased freezing times observed in aged
animals relative to middle- or younger-aged animals. The authors noted that any
decrease in pituitary-related functions might be overcome by an associated increase
in adrenal-related activity in aged animals.

A neuroimmune approach of age-related cognitive decline was investigated by
Barrientos et al. [87]. They reported that peripheral injection of Escherichia coli
produced both anterograde and retrograde amnesia in 24-month-old rats, but not in
younger animals. Indeed, aging alone did not produce significant impairments in
freezing time, nor in water maze acquisition time, but the immune challenge did
produce decreased accuracy in swimming following a longer delay, suggesting a
deficit in long-term memory consolidation. Moreover, immune challenge produced
marked increased levels of the pro-inflammatory cytokine, interleukin 1-beta (IL-1-
beta) in the hippocampus that is associated with aged-related memory impairments.
Combined with the immune challenge observations, these data suggest that aged
animals may be vulnerable to cognitive impairments produced by immune challenge,
and that the behavioral effects of the immune challenge were observed for an
extended duration following challenge.

3. Modulating Changes in Fear Conditioning

Attempts to identify effective pharmacological agents to combat cognitive decline
in aged populations is a continuing goal. Gould and Feiro [88] explored context and
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cued fear conditioning to see if galantamine, an acetylcholinesterase (AChE) inhib-
itor and nicotinic acetylcholine receptor allosteric modulator, would prove effective
in reducing impairments. Aged C57BL/6 mice were not impaired in the acquisition
of auditory cued or contextual fear conditioning, and were not impaired in the
retention of contextual fear conditioned memories. However, mice were significantly
impaired in the retention of auditory fear cued conditioned memories. Moreover,
galantamine significantly improved the age-related deficits in the retention of cued
fear conditioning. Feiro and Gould [89] also examined the interactive effects of
nicotinic and muscarinic receptor antagonists. Administration of the muscarinic
receptor antagonist scopolamine uniformly disrupted contextual fear conditioning
across all ages, and younger animals were more sensitive to the disruptive effect of
scopolamine in auditory cued fear conditioning than were aged rats. In contrast, the
nicotinic receptor antagonist mecamylamine had no effect on contextual or auditory-
cued conditioned fear in young or old animals. Examination of combined drug
administration of subthreshold doses disrupted fear conditioning in younger animals,
but not in aged animals, suggesting that cholinergic involvement in conditioned fear
is differentially affected by age.

The involvement of nicotinic receptors in fear conditioning was further examined
by Caldarone and colleagues [90], who investigated mice lacking the beta-2 subunit
of the nicotinic receptor. The absence of the beta-2 subunit in young animals had
no effect on contextual or tone-conditioned fear, but aged knockout males were
impaired in freezing to both context and tone-conditioned fears compared to wildtype
controls. These findings are consistent with previous reports that nicotinic acetyl-
choline receptors that lack the beta-2 subunit are not critical for normal performance
in a fear conditioning task, but are likely involved in the maintenance and preser-
vation of neuronal functioning during the aging process.

Another pathway that may have a role in age-related cognitive decline is that
of oxidative stress. Quinn and colleagues [91] examined the effects of a diet high
in the antioxidant alpha-lipoic acid in Tg2576 mice, a transgenic model of the
cerebral amyloidosis associated with Alzheimer’s disease. Aged mice that received
the antioxidant-enhanced diet for 6 months demonstrated improved performance in
context fear conditioning and in Morris water maze performance compared to the
normal-diet controls. Although beta-amyloid levels remained unchanged, these data
suggest that chronic dietary manipulation can improve some aspects of learning and
memory in aged populations.

In a similar fashion, chronic administration of nonsteroidal anti-inflammatory
drugs (NSAIDs) has been reported to have neuroprotective effects in aging. Admin-
istration of the nonselective cyclooxygenase (COX) inhibitor sulindac for 2 months
produced significant improvement in Fischer-344 rats in contextual fear conditioning
[44]. Interestingly, administration of the COX inhibitor also decreased the age-related
decline of N-methyl-D-aspartate receptor subunits (NR1, NR2B) that are typically
associated with age-related memory decreases. In addition, COX inhibitor adminis-
tration also prevented the age-related increases in the proinflammatory cytokine,
interleukin 1-beta (IL-1-beta) in the hippocampus, supporting the inflammation
hypothesis of aging and suggesting therapeutic value of NSAID administration in
aged populations.
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Increased levels of IL-1-beta are implicated in impaired cognitive performance
and in the decline of synaptic plasticity in the hippocampus. However, IL-1-beta is
an inactive precursor that is cleaved into its active and mature form by caspase-1.
Thus, one way to target this system might be to interfere with the production of the
active form of IL-1-beta. Gemma and colleagues [92] used a selective caspase-1
inhibitor to reduce levels of IL-1-beta for one month. Aged control rats had impaired
memory for the training context compared to younger animals, but chronic inhibition
of caspase-1 activity attenuated this age-related memory impairment. When exam-
ined, hippocampal levels of IL-1-beta in aged animals approached levels of younger
control subjects.

C. CrassicaL CONDITIONING

The effects of age on conditioned responses using an eyeblink conditioning paradigm
have not been examined in great depth. Weiss and Thompson [93] reported that
middle-aged and older rats (18 and 30 months old) were significantly impaired in
the ability to form conditioned responses when compared to younger rats (3 and 12
months of age). The lack of deficits in evoking a blink response supported the notion
of a deficit in associative conditioning. Subsequent work explored strain differences
in aged rat performance, building upon the observation that while aged Fischer-344
rats demonstrate significant impairment in forming conditioned responses, even
younger Fischer-344 animals perform submaximally. Examination of the F1 gener-
ation of a hybrid cross (Fischer-344 x Brown Norway) revealed that hybrid rats aged
9 to 24 months learned conditioned responses quickly. Aged (36-month-old) F1
hybrid subjects were significantly impaired across all training days, but performed
at a significantly greater level than aged Fischer-344 rats [94]. These data suggest
that strain differences can be significant, and that the relatively poor performance
of younger Fischer rats may be indicative of neurobiological deficits that impair
ability in conditioned eyeblink paradigms. Vogel and colleagues [95] examined the
development of age-related cognitive impairments in C57BL/6 mice. Measures with
a more cerebellar component (e.g., eyeblink-conditioning, rotorod) were shown to
be sensitive to age-related changes earlier than other tasks. Specifically, animals 9
to 18 months old demonstrated deficits in conditioned responses compared to
younger 4-month-old animals. In a similar fashion, 4-month-old animals performed
significantly better than 12- to 18-month-old animals in the latency to fall during
the rotorod procedure. In contrast, aged mice were not impaired by the hippocam-
pally dependent Morris water maze task when compared to younger animals.

D. ATTENTION AND ExecuTtive FUNCTION

The effects of aging on performance in attention-related tasks have been somewhat
limited by the number of rodent models that assess frontal cognition. Muir et al.
[96] demonstrated age-related changes in attentional functioning in 7- vs. 13- to 14-
month-old rats in the 5-choice serial reaction time task by manipulating the atten-
tional loading of the task. Subsequently, as animals aged, the difference between
younger (10 to 11 months old) and aged (23 to 24 months old) performance became
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greater, such that significant differences in performance could be observed in base-
line measures without any manipulations of the attentional load of the task. This
was similar to results reported by Grottick and Higgins [97], who found that aged
(24 months old) rats were impaired in 5-CSRTT performance compared to younger
(12 months old) subjects. Increasing the difficulty of the task impaired the perform-
ance of younger rats, producing comparable performance to older rats. Likewise,
decreasing the task difficulty for older subjects produced performance comparable
to younger animals.

There have been a few recent studies of executive function in aged rodents.
Barense and colleagues [9] examined cognitive decline in aged Long-Evans rats in
an attentional set-shifting task. Older rats (27 to 28 months old) were significantly
impaired in performance compared to younger (4 months old) subjects across all
tasks measured, which included reversal learning and attentional shifts. However,
significant impairment was only observed in extradimensional shift (EDS) learning,
which required rats to change the dimension of the compound stimulus they were
using to solve the discrimination — for example, rats using odor to solve the
discriminations had to start using digging medium instead. In addition, impaired
performance on EDS was uncorrelated with performance in the Morris water maze,
suggesting that age-related declines in frontal- and hippocampal-mediated functions
are dissociable. More recently, similar age-related impairments in frontal function
have been found in Sprague-Dawley rats. Rodefer and Nguyen [98] demonstrated
that older rats demonstrated consistent impairment in discrimination learning but,
in a fashion similar to Barense and colleagues, only found significant impairment
in EDS learning. Impaired reversal learning in aged rats has also been reported in
an automated olfactory discrimination paradigm [99]; perhaps the increased diffi-
culty of discrimination learning in this setting reveals impairments that are not
reliable when reversal learning is tested in the set-shifting task.

IV. SUMMARY

Impairments in multiple behavioral domains are observed in aged rodents and a
wide variety of neurobiological parameters have been investigated in conjunction
with these impairments. These paradigms also provide a setting in which to test
possible pharmacological and environmental manipulations that may be able to
ameliorate age-related cognitive decline. Careful behavioral design and the use of
multiple measures of performance [100] will enhance the ability of experiments in
aged rodents to tell us about the biological substrates of cognitive impairment in
human brain aging, and will increase the applicability of these models for preclinical
development and testing of agents that may be effective cognitive enhancers.
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I. INTRODUCTION

In recent years, the application of design-based stereologic methods to the analysis
of the central nervous system has contributed considerably to our understanding of
the functional and pathological morphology of the aging brain. Design-based stere-
ology has become the method of choice in quantitative histological analysis. Its
advantages over other quantitative techniques in respect to rigor, accuracy, and
consistency of results have been documented extensively in the scientific literature.

Originally, design-based stereology was described as a set of methods that
provide a three-dimensional interpretation of structures based on observations made
on two-dimensional sections [1]. However, in the current use of design-based ste-
reology, many methods make use of three-dimensional sections. The term “design-
based” indicates that the methods and the sampling schemes that define the newer
methods in stereology are “designed,” that is, defined a priori, in such a manner
that one need not take into consideration the size, shape, spatial orientation, and
spatial distribution of the cells to be investigated [2]. Eliminating the need for
information about the geometry of the cells under investigation results in more robust
data because potential sources of systematic errors in the calculations are eliminated
[24].

Design-based stereology can be divided into analyses of the global and local
characteristics of tissues, the most important of which are volume, number, connec-
tivity, spatial distribution, and length of linear biological structures. These charac-
teristics can be expressed as absolute values (e.g., the volume of the granule cell
layer in the human hippocampus, the number of granule cells in the human hippo-
campal granule cell layer, etc.) or as relative values (e.g., the volume fraction of the
human hippocampus occupied by the granule cell layer, the density of granule cells
within the human hippocampal granule cell layer, etc.). Both global and local
characteristics can be analyzed by a variety of stereologic methods.

This chapter is divided into three parts. The first part provides an overview of
recent progress in brain aging research on humans, non-human primates, and rodents
with design-based stereology and reviews the main outcome of such investigations.
The second part of the chapter provides an introduction into the use of design-based
stereologic methods that most neuroscientists interested in their use would need to
analyze volumes of brain regions, numbers of cells (neurons, glial cells) within these
brain regions, mean volumes (nuclear, perikaryal) of these cells, length densities of
linear biological structures such as vessels and nerve fibers, and the cytoarchitecture
of brain regions (i.e., the spatial distribution of cells within a region of interest). The
chapter closes with a short outlook on the future of design-based stereology in brain
aging research.

Il.  RECENT PROGRESS IN BRAIN AGING RESEARCH
WITH DESIGN-BASED STEREOLOGY

The application of design-based stereologic methods to the analysis of the central
nervous system has considerably contributed to our understanding of the functional
and pathological morphology of the aging brain. The main outcome of such
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investigations revealed first that there is no substantial global neuron or synapse loss
in the aging brain, as previously thought [1, 5]. Rather, certain brain regions show
a regionally specific loss of neurons and synapses during aging, and various types
of neurons change their gene expression profiles during aging (“functional loss”).
Second, the patterns of age-related neuron loss in nonhuman primates and rodents
are not entirely comparable to those seen in the human brain, which should be
considered when using animal models of brain aging. Third, neuron and synapse
loss observed in pathological conditions such as Alzheimer’s disease seem to be the
result of the disease process but not a consequence of normal aging. It should also
be noted that design-based stereologic studies in brain aging research are always
performed on postmortem autopsy tissue. Accordingly, all findings discussed in the
following represent results from cross-sectional studies rather than longitudinal
studies.

A. DESIGN-BASED STEREOLOGIC ANALYSES OF THE AGING
HumAN BRAIN

Pakkenberg and Gundersen [6] performed the most comprehensive investigation of
age-related alterations in the total number of neurons in the human cerebral cortex.
Analyzing 94 brains covering the age range from 20 to 90 years, they found an
average total number of 23 billion neocortical neurons in male brains (and 19 billion
in female brains). Only approximately 10% of all neocortical neurons were lost over
the lifespan in both sexes. In a follow-up study, total numbers of glial cells in the
neocortex were compared between six aged individuals (age range 81 to 98 years)
and six young individuals (age range 18 to 35 years) [7]). No differences between
the groups were found (36 billion vs. 39 billion glial cells).

These reports of only minor alterations in global neuron and glial cell numbers
are in contrast with reports of regional neuron loss in the aging human cerebral
cortex. Kordower and colleagues [8] found on average an approximately 40% loss
of layer II entorhinal cortex neurons and an approximately 25% loss of perikaryal
volume of these neurons in the brains of individuals with mild cognitive impairment
(but no Alzheimer’s disease), compared with individuals with no cognitive impair-
ment. Both loss and atrophy of layer II entorhinal cortex neurons significantly
correlated with performance on clinical tests of declarative memory. Age-related
loss of layer II entorhinal cortex neurons in neurologically normal subjects was
recently confirmed in an independent sample [9], whereas earlier studies found no
age-related loss of these cells in cognitively normal individuals [10, 11].

According to West [12], the human hippocampus also shows a regionally specific
pattern of age-related neuron loss across the age range of 13 to 85 years, with
substantial loss of neurons in the subiculum (52%) and the hilus of the dentate gyrus
(31%) but no significant changes in the remaining hippocampal subdivisions. This
specific loss of neurons in the hippocampus and the entorhinal cortex may qualify
as a morphological correlate of senescent decline in memory in that they can be
expected to compromise the functional integrity of brain regions known to be
intimately involved in memory processing.
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Concerning synapse loss in the aging human cerebral cortex, Scheff and col-
leagues [13] found that the synaptic volume density in lamina III and V of the
superior-middle frontal cortex did not correlate with age in a sample of 37 cognitively
normal individuals ranging in age from 20 to 89 years. Corresponding data for the
hippocampus have not been published. On the other hand, there seems to occur a
30 to 40% reduction in the total length of myelinated fibers within the white matter
of the human brain, with a particular decline of myelinated fibers with the smallest
diameter [14, 15].

The human locus coeruleus does not show age-related loss of neurons [16, 17],
and in the cerebellum, substantial loss of Purkinje and granule cells during aging
was only observed in the anterior lobe (approximately 40% [18]). In the substantia
nigra, conflicting data have been reported, of either no age-related loss of melanin-
containing neurons [19] or an approximately 40% loss of these neurons during aging
[20, 21]. Nevertheless, the well-established decrease in dopaminergic nigrostriatal
function with age seems to be related to phenotypic age-related changes (functional
loss) rather than to frank neuronal degeneration. This is supported by reports of
dramatic age-related loss of neurons immunoreactive for tyrosine hydroxylase (on
average, approximately 45% [19]), the dopamine transporter (on average, approxi-
mately 75% [20]), guanosine triphosphate cyclohydrolase I (a critical enzyme in
catecholamine function, on average approximately 80% [22]), and nuclear receptor-
related factor 1 (associated with the induction of dopaminergic phenotypes in devel-
oping and mature midbrain neurons, on average approximately 45% [22]). A similar
situation was reported for the human basal forebrain, with a dramatic age-related
loss of approximately 60% of neurons expressing the calcium-binding protein cal-
bindin [23], without concomitant loss of neurons immunoreactive for choline acetyl-
transferase [23, 24], low-affinity nerve growth factor receptor (p75N™®) [23]), or
vesicular acetylcholine transporter [24].

B. DESIGN-BASED STEREOLOGIC ANALYSES OF THE BRAIN OF
NONHUMAN PRIMATES AND RODENTS

The patterns of age-related neuron loss (including functional loss) in the brain of
nonhuman primates and rodents are not identical to that in the human brain and
conflicting data have been reported. For example, similar to humans, mice do not
show age-related reductions in global cortical neuron number [25]; however, unlike
in humans, preserved numbers of entorhinal cortex neurons have been reported in
old rhesus monkeys (considered the best, commonly available model of aging in
humans) and in old rats [26-28]. Rhesus monkeys showed no age-related alterations
in numbers of Nissl-stained neurons, neurofilament protein-containing layer IVB
cells, or Meynert cells in the primary visual cortex (area V1) [29, 30]. On the other
hand, an age-related loss of about 30% of neurons in cortical area 8A was reported
in rhesus monkeys, with no concomitant neuron loss in area 46 [31].

Basal forebrain cholinergic neurons projecting to area 8A were also reduced by
approximately 50% during aging in rhesus monkeys, whereas corresponding neurons
projecting to area 46 were not [31]. Smith and colleagues [32] reported an approx-
imately 45% loss of cholinergic neurons in the intermediate division of the Ch4
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region of the basal forebrain in old rhesus monkeys that was reversible by growth
factor gene therapy. Also, Wu et al. [33] found, similar to humans, an age-related
loss of approximately 50% of neurons immunoreactive for calbindin without con-
comitant loss of neurons immunoreactive for choline acetyltransferase or high- and
low-affinity neurotrophin receptors in the common marmoset (Callithrix jacchus).
No age-related alterations in the number of basal forebrain cholinergic neurons were
found in the mouse brain [25], whereas a 30% decrease in both cholinergic and total
neuron number was detected in the horizontal limb/nucleus basalis of aged rats [34].

Similar to humans, rhesus monkeys, tree shrews, rats, and mice showed no age-
related loss of neurons in the hippocampal dentate gyrus and in the CA1-CA3 fields
[35-40]. However, unlike in humans, neither rhesus monkeys nor rodents displayed
age-related loss of neurons in the subiculum, the hilus of the dentate gyrus, and the
parahippocampal region [37, 41]. No age-related loss of synapses was found in the
supragranular layer of the dentate gyrus of rhesus monkeys [42] and in the CAl
stratum radiatum in rats [43], whereas aging mice showed an average 20% loss of
synaptophysin-immunoreactive presynaptic boutons in the molecular layer of the
dentate gyrus [44]. Aging rats showed a significant 15% decline in neurons immu-
noreactive for the 67-kDa isoform of glutamic acid decarboxylase in area CA1 but
not in dentate gyrus or area CA3 [45], and a conserved number of glucocorticoid
receptor-immunoreactive neurons in area CA1/2 [46]. Aged female mice displayed
an average 20% increase in the numbers of astrocytes and microglial cells in the
dentate gyrus and area CA1 [47], whereas male mice did not [48].

Conflicting data also exist concerning age-related alterations in the substantia
nigra of nonhuman primates. The total number of neurons in the substantia nigra
was found to be either conserved [49] or reduced [50] in old rhesus monkeys, and
conserved in old squirrel monkeys [51]. On the other hand, as in humans, all studies
performed thus far on monkeys found an age-related reduction in the number of
tyrosine hydroxylase-immunoreactive neurons in the substantia nigra [51, 52]. The
finding of an age-related increase in neuromelanin-containing neurons in the sub-
stantia nigra of both squirrel monkeys [51] and rhesus monkeys [49], however, does
not match the situation reported in elderly humans [19-21].

In the cerebellum, conserved numbers of Purkinje and granule cells were found
in lobule IV, VII, and X of the vermis of aged rats [53]. In contrast, an age-related
decline of approximately 25% in the total number of cerebellar Purkinje cells was
reported in mice, without concomitant loss of cerebellar granule cells [38]. Neurons
in the fifth cervical and fourth lumbar dorsal root ganglion were found to be preserved
but showed an approximately 15% reduction in their mean cross-sectional area [54].

Recently, the nature and effects of brain microvascular pathology in aging and
Alzheimer’s disease have become a main focus of interest in brain aging research
[55, 56]. In this regard, a study by Villena and co-workers [57] should be mentioned,
which appears thus far to be the only design-based stereologic study performed on
capillary networks in normal aging. The authors investigated the dorsal lateral
geniculate nucleus of aging rats and found an increase in mean values of capillary
profile density, capillary volume fraction, length and surface area per unit volume,
and capillary average diameter between 3 and 18 months of age, and a significant
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decrease in mean capillary volume fraction (-18.75%) and mean capillary average
diameter (-5.5%) between 18 and 24 months.

C. DESIGN-BASED STEREOLOGIC ANALYSES OF THE BRAIN IN
ALZHEIMER’S DISEASE

In Alzheimer’s disease (AD) research, three main questions have been addressed
with design-based stereologic methods: (1) Is the pattern of neuron loss in AD similar
to the pattern of neuron loss in normal aging? (2) Which of the neuropathological
hallmarks of AD (formation of plaques, neurofibrillary tangles, and neuron loss)
correlates best with the cognitive status of the patients? (3) What are the interactions
between the neuropathological hallmarks of AD? Several design-based stereologic
studies focusing on the hippocampus in AD showed (unlike in normal aging) sub-
stantial neuron loss in area CA1 [11, 58—60]. This selective neuron loss was preceded
by plaque formation in preclinical AD, a period during which there are abundant
amyloid deposits in the brain but no evidence of cognitive decline [58]. The number
of Nissl stained neurons plus the number of extracellular tangles in severe cases of
AD was only approximately 70% of the number of Nissl stained neurons in unaf-
fected controls in area CA1 of the hippocampus, indicating that a substantial number
of CA1 neurons died in AD without the formation of NFT [59]. This situation was
different from the situation in cortex area 9 (outlined below) [61]. Furthermore,
evidence was found that dementia in extreme aging depended more on the damage
of hippocampal subdivisions commonly less affected in AD than on severe NFT
formation and neuron loss in area CA1l and entorhinal cortex [62].

In the entorhinal cortex of AD patients with severe cognitive impairment a
dramatic loss of approximately 90% of layer II neurons (and approximately 70% of
layer IV neurons, respectively) was found [10]. Entorhinal neuron loss positively
correlated with the Clinical Dementia Rating score of the individuals, as well as
with the formation of neurofibrillary tangles (NFT) and neuritic plaques, but was
not related to diffuse plaques or total plaques [10]. The latter result was in contrast
to a study by Bussiére and colleagues [63], who estimated the total volume occupied
by amyloid deposits in the entorhinal cortex and subiculum as an effective predictor
of dementia severity. In a detailed follow-up study, however, Giannakopoulos et al.
[64] demonstrated that NFT counts in the entorhinal cortex and prefrontal cortex
area 9 and neuron numbers in the CAl field of the hippocampus were the best
predictors of the Mini-Mental State Examination score of the patients. The authors
could also show that high total NFT counts, but not amyloid volume, were strongly
associated with a lower number of unaffected neurons in the CAl field of the
hippocampus, entorhinal cortex, and prefrontal cortex area 9, indicating that the
formation of plaques is not the primary cause of neuron loss in AD. Furthermore,
Bussiere et al. [61] demonstrated that in prefrontal cortex area 9, a substantial number
of pyramidal cells persisted either unaffected or in a transitional stage of NFT
formation in severe cases of AD. These results suggested that certain affected neurons
might respond positively to therapeutic strategies aimed at protecting the cells that
are prone to neurofibrillary degeneration in AD.
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Design-based stereologic investigations into alterations of capillary networks in
AD were only reported in a study by Bouras and colleagues [65]. The authors
measured total capillary lengths and numbers, as well as mean length-weighted
diameters, total NFT and neuron numbers, and amyloid volume in entorhinal cortex
and area CA1 of the hippocampus in 19 very old individuals with variable degrees
of cognitive decline. This study found that the total capillary length and capillary
segment numbers in hippocampus and entorhinal cortex did not predict the cognitive
status of the cases. However, the mean capillary diameter in these regions was
correlated to clinical dementia rating scores, independently of other pathologic
lesions such as NFT. This suggests that changes in some capillary morphometric
parameters are independent predictors of AD-related neuron loss and cognitive
decline.

Various transgenic animal models of AD have been investigated with design-
based stereologic methods. However, age-related hippocampal neuron loss was
found only in mice overexpressing both human mutated APP751 (carrying the
Swedish and London mutations KM670/671NL and V717I) and human mutated
presenilin-1 (PS-1 M146L) [66], and in mice carrying knocked-in mutations in PS-
1 (M233T and L235P) and overexpressing human mutated APP (KM670/671NL
and V717I) [67]. Similar to the situation in the human brain, both animal models
showed no correlation between the amount of neuron loss and the formation of
plaques. On the other hand, neither model developed NFT, indicating other factors
than plaque and NFT formation in neuron loss in AD. The mice overexpressing both
human mutated APP751 and human mutated PS-1 also showed a complex pattern
of age-related reductions in the numbers of synaptophysin-immunoreactive presyn-
aptic boutons in various subregions of the hippocampus [44]. For a comprehensive
overview of investigations into synapse and neuron loss in transgenic mouse models
of AD, see [68].

lll. DESIGN-BASED STEREOLOGIC METHODS FOR
BRAIN AGING RESEARCH

A. How 10 OBTAIN RiGOROUS RESULTS IN BRAIN AGING
RESEARCH WITH DESIGN-BASED STEREOLOGY

Design-based stereologic methods have been developed to make valid statements
about a brain region of interest (ROI), or a population of cells or linear biological
structures within the ROI. Many studies state that the presented results are unbiased
(i.e., without systematic error) because they are based on the use of design-based
stereology. However, the use of design-based stereology does not guarantee unbi-
asedness of the corresponding estimates per se [69]. Rather, a number of prerequisites
must be met to eliminate (or at least minimize) bias in design-based stereologic
analyses. First, one needs access to the entire ROI. In design-based stereology, this
is achieved by systematic-random sampling of sections from exhaustive section
series encompassing the entire ROI [70, 71]. Second, the entire ROI (or objects to
be counted within it) must be recognizable by an appropriate (i.e., sensitive and
specific) stain or marker. Third, all parts of the ROI must have the same chance to
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contribute to the sampling. This is achieved by selecting microscopic fields on the
sampled sections in a systematic-random manner (see next subsection). Finally, the
estimates must be independent of the size, shape, spatial orientation, and spatial
distribution of the objects within the ROL. This is achieved by the three-dimensional
design of almost all probes described in the next subsection. This, however, requires
the use of thick (i.e., 3D) sections instead of thin (2D) sections [72-78].

Prior to preparing such 3D sections, which can be as thick as 500 ym when
investigating the human brain [79], there are a number of issues to be considered.
First, different fixation and embedding protocols can result in very different tissue
shrinkage [72, 80-82]. Thus, estimates of the volume of brain regions or cells (but
also length estimates, investigations on neuron density, and analyses of the spatial
distribution of cells) will depend on the protocols used, and comparisons among
groups should be restricted to materials processed under identical conditions. In
contrast, estimates of total numbers of cells performed with design-based stereology
are not affected by tissue shrinkage during fixation and embedding. Second, meth-
acrylate and paraffin embedding may cause inhomogeneous compression of tissue
sections along the z-axis during cutting of the tissue, which can result in differences
in particle densities along this axis [74, 78, 83]. Third, the estimates must be affected
neither by loss of structures at the upper or the lower surface of the sections when
hit by the knife during cutting the tissue, nor by incomplete staining of the tissue.
The latter problem may occur particularly in the middle of the section thickness
when analyzing sections processed with immunohistochemistry. In this case, incom-
plete antibody penetration can be minimized by free-floating staining procedures.
Fourth, irrespective of the embedding medium and the cutting and staining proce-
dures, one has to consider shrinkage of the sections along the z-axis [72, 75, 84].
This shrinkage may be surprisingly high [77] and may vary from one part of a
section to another. Measurements of the section thickness (preferably for each
investigated microscopic field) with the z-axis position encoder of a computer-
controlled, semiautomated stereology system (described in the next subsection) can
give reasonably accurate readings of the formal section thickness. However, this
depends on adequate staining of the entire section thickness, the use of an oil
objective for the measurements, Kohler illumination, and an appropriately opened
condenser. Correction for actual section thickness is crucial, particularly for esti-
mates of the volume of brain regions, investigations of total numbers of neurons,
and analyses of the spatial distribution of cells.

B. DEFINING THE BORDERS OF A BRAIN REGION

Design-based stereologic investigations usually begin with the identification of the
boundaries of the ROI on a systematic-random series of sections (Figure 4.1a).
Estimates of the volume of the selected ROI or the number of cells within this ROI
depend on the delineation criteria, which may or may not be easily identifiable. For
example, the boundaries between the white matter and the granule and pyramidal
cell layers in the mouse hippocampus can easily be identified on Nissl-stained
sections, but in many cases, the delineation may be more difficult. For example, the



Design-Based Stereology in Brain Aging Research 71

cerebellar Purkinje cell layer is of particular interest in aging research because
Purkinje cells are known to be lost during aging in both rodents and primates [38,
85]. On the other hand, it is virtually impossible to delineate exactly the Purkinje
cell layer. To circumvent this problem, a first step can be only a rough delineation
of the ROI at low magnification, including the entire ROI in the traced area (i.e.,
the entire cerebellum). Then, at a higher magnification, the traced area can be scanned
systematically and investigated only within those microscopic fields that belong to
the ROI (e.g., only those microscopic fields showing the boundary between the
molecular layer and the granule cell layer in the cerebellum, where the Purkinje cell
layer is situated).

The most challenging issue is to identify reliably cortical areas in the human
brain. Cortical areas are delineated by the pial surface, the cortex-white matter
transition, and their borders with neighboring areas. Defining the pial surface and
the cortex-white matter border is usually not a problem on histological sections.
However, the crucial step in identifying a cortical area is the localization of its
borders with neighboring areas. In this respect, a cortical area is defined as a cortical
tissue volume characterized by a homogeneous microstructural organization (i.e.,
by its cytoarchitecture). Thus, a regional border must be established at locations
where the cytoarchitecture of the cortex changes considerably. All classical anatom-
ical maps of the primate cerebral cortex (including human) are based on this axiom,
but they suffer from several limitations. In particular, these maps do not reflect
intersubject variability in the size of cortical areas and the location of their borders
[86], although several cytoarchitectural studies have indicated the existence of a
considerable degree of intersubject variability [87-90]. In addition, these “classical”
cortical maps are usually two-dimensional, highly schematic drawings, which do
not provide the information necessary for correlations with recently developed func-
tional imaging techniques in the living human brain. Finally, there are striking
differences between the maps of different authors in terms of the number, localiza-
tion, extent, and contour of cortical areas (see [91]).

Macroscopic landmarks such as sulcal and gyral patterns of the cortical surface
are rarely useful to identify reliably borders of cortical areas because cytoarchitec-
tural borders among areas do not coincide consistently with sulcal fundi or other
macroscopic landmarks [89, 92].

Consequently, the definition of borders of cortical areas in the human brain
should be performed in each individual brain using a standardized, reproducible,
and statistically testable observer-independent method. One possibility to achieve
this is using the so-called “grey level index” (GLI) method, extensively reviewed in
[93-95]. Another option is to elucidate regional characteristics and boundaries of
cortical areas with a chemoarchitectural approach, that is, making use of differences
in the regional distribution of certain subsets of neurons [61, 90, 96-103].

In summary, there are many possibilities for the identification of boundaries of
the ROI in design-based stereologic studies. Accordingly, each design-based stereo-
logic study should provide a description of the methods selected to identify these
boundaries, and a discussion of the extent to which the obtained results depend on
the delineation criteria.
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FIGURE 4.1 (see caption on facing page)
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C. ESTIMATING THE VOLUME OF A BRAIN REGION

Estimates of the volume of a ROI can be performed with Cavalieri’s principle [104]
from the profile areas of the cut sections of the ROI (Figure 4.2). An initial random
cut through the ROI is required, with subsequent cuts at regular intervals. Provided
the sections through the ROI are systematic-random, (i.e., taken at consistent inter-
vals with an equal probability of being sampled), Cavalieri’s principle yields an
unbiased estimate of the volume of the ROI by multiplying the sum of the profile
areas of the ROI on all sections by the distance between them.

The profile areas of the sections through the ROI can be measured by tracing
the boundaries of the ROI on video images displayed on a computer, and letting the
software calculate the profile area, or by using point counting on a randomly placed
rectangular lattice of known side lengths on the surface of a section and counting
the intersections of the lattice with the ROI (Figure 4.1b). Provided the position of
the lattice on the ROI is random (i.e., all parts of the region have an equal probability
of being hit by the lattice), this method gives an unbiased estimate of the profile
area of this region by multiplying the sum of the counted intersections (or points)
with the uniform area, determined by the side lengths of the lattice, represented by
each intersection (or point) [71].

Estimates of the volume of an ROI with Cavalieri’s principle can be biased when
investigating thick sections under the microscope [71, 105]. This potential bias can
be nearly eliminated if the ROI is cut into an exhaustive series of sections of uniform
thickness, a systematic-random series of these sections with a random start is selected

FIGURE 4.1 Estimating the volume of a brain region and the total number of neurons within
it with design-based stereology. The procedure is shown for the pyramidal and granule cell
layers of the rat hippocampus as practical illustrations: (a) a systematic random series of
sections through the entire region of interest is selected, with a different random start for each
brain (e.g., every sixth section: sections no. 3, 9, ...); (b) the projection areas (i.e., the cross-
sectional areas) of the hippocampus cell layers are estimated by randomly placing a rectan-
gular lattice with side lengths sla-x and sla-y on the surface of a section. Then the intersections
of the lattice and the cell layers are counted (arrows). (c to e) The total number of neurons
within the cell layers is determined by randomly placing a rectangular lattice with side lengths
sln-x and sln-y on the surface of a section. This lattice determines the positions of unbiased
virtual counting spaces (gray squares in c; black squares in d) with base area a (unbiased
counting frame; shown in e) and height £ at a depth d within a section with thickness z.
Neurons are counted if they come into focus within % and if they are found within the unbiased
counting frame (neuron 2 in e). Neurons are also counted if they hit the inclusion lines (dashed
lines and neuron 3 in e) but not the exclusion lines (solid lines and neuron 1 in €) of an
unbiased counting frame. Alternatively, one can define a unique, punctate identifier for each
neuron (e.g., the midpoint of the nucleus or the nucleolus, the top of the nucleus, known as
the characteristic point; [108]), and count all punctate identifiers positioned within the unbi-
ased virtual counting spaces spread over the regions of interest.
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FIGURE 4.2 Estimating the volume of a brain region with Cavalieri’s principle: (a) schematic
drawing of a spherical brain region; (b) after cutting the brain region into an exhaustive series
of sections of uniform thickness, the top profile area of each (or every nth) section is measured
(arrows). To obtain an unbiased estimate of the volume of this brain region one has to multiply
the sum of the profile areas of the brain region on all sections by the (uniform) section
thickness. In the example shown here, the first section of this brain region (shown on top in
b) is not considered for the analysis. This is due to the fact that it does not show a top profile
area.

for analysis, and the analysis is performed using objectives with short depth of
focus, under Kohler illumination, and open condenser. The variability of estimates
of the volume of an ROI with Cavalieri’s principle depends on the number of
analyzed sections and, if point counting is used, the distance between the points
[71, 106, 107].
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D. DETERMINING THE NUMBER OF CELLS WITHIN A GIVEN TISSUE
VOLUME

Estimating the number of cells by microscopic inspection of series of sections leads
to the problem that cutting a given tissue volume into sections results in cutting the
cells within this tissue and, therefore, the number of cell fragments in the sections
differs from the number of cells within the tissue. In consequence, estimates of cell
numbers based solely on counts of cell fragments in sections are biased (Figure 4.3).
In design-based stereology, this problem is solved by counting a cell only if its
“characteristic point” [108] is found within an “unbiased virtual counting space”
[109, 110] (usually referred to as “optical disector” [3, 84, 111] or “counting box”
[112]) placed within the section. This characteristic point can be the top of the
nucleus, the top of the nucleolus, or any other (zero-dimensional) point that can be
registered at only one position in space. The practical implementation of this pro-
cedure is shown in Figure 4.4. At each investigated microscopic field, an “unbiased
counting frame” [113] is placed on the section. A cell is counted only if its charac-
teristic point is both found within the unbiased counting frame (defining the base
area of the unbiased virtual counting space) and comes into focus within a certain
thickness of the section (defining the height of the unbiased virtual counting space).
Cell counts carried out with unbiased virtual counting spaces are unbiased in that
they are not influenced by the size, shape, spatial orientation, or spatial distribution
of the cells under study.

There are two potential sources of bias in cell counts with unbiased virtual
counting spaces. The first one may arise from loss of nucleoli or neurons at the
upper or the lower surface of sections when hit by the knife during sectioning of
the tissue (“lost caps”; [114]). Lost caps can be prevented using adequate histologic
techniques [77]. Nevertheless, it is recommended to always place the upper surface
of the unbiased virtual counting spaces a few micrometers below the upper surface
of the sections, and the lower surface of the unbiased virtual counting spaces a few
micrometers above the lower surface of the sections (i.e., introducing “guard zones”;
see Figure 4.1d). This also helps to prevent potential bias in cell number estimates
by uneven or wavy surfaces of the sections. The second potential source of bias is
incomplete staining of the tissue, particularly in the middle of the section thickness.
This problem may particularly arise when using immunohistochemical preparations
(see, e.g., [115]). Therefore, it is always recommended first to carry out a small pilot
study on the sections prior to design-based stereologic analysis, to figure out the
thickness of the sections showing adequate staining. Then, the height of the unbiased
virtual counting spaces (4 in Figure 4.1d) is adjusted appropriately.

It should be mentioned that certain conditions such as design-based stereologic
applications in electron microscopy might prevent the use of thick sections and
unbiased virtual counting spaces. In these situations, one can investigate two thin
(2D) adjacent sections (the “disector”; [116]) which, however, prevents the use of
characteristic points identifying the cells under study. Rather, a cell is then counted
only if it is located within the unbiased counting frame and is not touching its
exclusion lines (see Figure 4.1e), or if it is outside the counting frame and hits an
inclusion line of the frame (see Figure 4.1e). Furthermore, the cell is counted only
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FIGURE 4.3 Potential sources of bias in counting neurons when analyzing tissue sections.
Note that all examples shown here comprise the same number and density of neurons (gray
elements). Also, when focusing on the midpoints of the neurons, the spatial distribution of
these neurons is the same in all cases. The difference between (a) and (b) is the size of the
neurons, whereas the difference between (c) and (d) is the spatial orientation of the neurons.
A virtual section through the tissue is indicated by a gray bar at the bottom of each example.
Neuron fragments at the upper surface of the section are indicated by asterisks, and neurons
fragments at the lower surface of the section are indicated by arrows. One could count all
neuron fragments, and the result would be 4 counted neuron fragments in (a), 2 in (b), 3 in
(c), and 2 in (d). Alternatively, one could count only those neuron fragments found at the
upper surface of the section, resulting in 2 in (a), 1 in (b), 2 in (c), and 1 in (d). One could
also count only fragments at the lower surface of the section, yielding 2 in (a), and 1 each
in (b), (c), and (d). Accordingly, estimates of neuron numbers within a given tissue volume
based solely on counts of neuron fragments in the sections might not represent the true number
of neurons within this tissue volume.

if it appears in the lower section but not in the upper section (or vice versa). When
using the disector, one has to make sure that the distance in the z-direction between
the sections is smaller than the smallest z-axis height of the cells under study, taking
into account any kind of z-axis compression or shrinkage of the tissue as a result
of histologic processing. Otherwise, cells could be positioned between the sections
and would not be registered, introducing bias to the cell counts. From the practical
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use of the disector, it is generally valid that the distance between the sections should
be one third of the smallest z-axis height of the cells under study, which can be
established by a small pilot study.

E. DETERMINING THE TOTAL NUMBER OF NEURONS WITHIN A
GIveN BraiN ReGiON

In design-based stereology it is not necessary to count all neurons to analyze the
total number of neurons within a given ROI. Rather, one can select a proper sample
of unbiased virtual counting spaces to be investigated and derive an estimated total
number of neurons within the ROI from the number of neurons in the sample and
the sampling probability. This is illustrated (for a single section) in Figure 4.1.
Unbiased virtual counting spaces are placed in a systematic and random manner
within a series of systematically and randomly sampled sections throughout the ROI
(Figures 4.1a and c) and neurons are counted with unbiased virtual counting spaces
(Figures 4.1d and e) or with the disector (as discussed above).

Estimated total numbers of neurons within a given ROI can be obtained in two
ways. One possibility is to determine the mean neuron density within all investigated
unbiased virtual counting spaces (Ny) and multiply this average neuron density by
the global volume of the investigated ROI (Vy.; estimated with Cavalieri’s principle
as explained above) (“Vg.; x Ny” method; [117]). Alternatively, one can multiply
the number of neurons counted within all unbiased virtual counting spaces with the
reciprocal value of the sampling probability (“fractionator” method; [84]). The
sampling probability depends on the following three fractions: (1) the “section
sampling fraction” (i.e., the number of investigated sections compared to the total
number of sections), (2) the “area sampling fraction” (i.e., the base area of the
unbiased virtual counting spaces [a in Figure 4.1e] compared to the product of the
side lengths of the rectangular lattice used for placing the unbiased counting frames
within the sections [sln-x x sln-y in Figure 4.1c]), and (3) the “thickness sampling
fraction” (i.e., the height of the unbiased virtual counting spaces [4 in Figure 4.1d)
compared to the average section thickness after histologic processing [¢ in Figure
4.1d)).

The advantage of the fractionator method over the Vi, x Ny method is that it
does not require estimates of the global volume of the ROI. Thus, estimating the
total number of neurons within a given ROI with the fractionator method is (from
an economical point of view) more efficient than doing the same with the Vi x Ny,
method. Interestingly, estimated total numbers of neurons obtained with the frac-
tionator method are also more precise (i.e., from a statistical point of view more
efficient) than corresponding estimates obtained with the Vg x Ny method [110].

The variability of estimated total numbers of neurons within a given brain region
obtained with the fractionator method or the Vi, x N, method depends on the
number of analyzed sections, the number of counted neurons, and the three-dimen-
sional cytoarchitecture of the investigated brain region [109, 110, 118-120].
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FIGURE 4.4 (see caption on facing page)
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F. EsTIMATING MEAN CELLULAR/NUCLEAR SizE

For estimating mean cellular/perikaryal or nuclear volumes of neurons (so-called
local volumes) with design-based stereology, several methods are available and are
summarized in Figure 4.5. Among them, the “nucleator” method [121], the “rotator”
method [122], and the “optical rotator” method [123] have been developed to obtain
unbiased estimates of “number-weighted” mean local volumes (i.e., each neuron has
the same probability of being selected for investigation). Alternatively, one can
estimate “volume-weighted”” mean local volumes with the “point sampled intercepts”
method [124]. Here, the probability of a neuron being selected for investigation
depends on its individual size.

An important question with regard to the application of these methods in brain
aging research is the use of appropriate sections. This is based on the fact that the
nucleator method, the rotator method, and the point sampled intercepts method
require the use of “isotropic uniform random” sections [125] or “vertical” sections
[126], that is, sections with a certain plane of section. It is generally possible to
prepare such sections from a given brain region (for the corresponding protocols
see [126—129]). In practice, however, investigations on isotropic uniform random or
vertical sections are affected by the problem that the plane of section is unknown,
resulting in potential loss of orientation within the sections. The optical rotator
method can be used to measure local volumes of neurons within (thick) conventional
coronal, sagittal, or horizontal sections, but requires that the sections show only a
minimum shrinkage in the z-axis. This can generally be achieved by embedding
tissue in methacrylate before sectioning (see, e.g., [75, 130, 131]) or in paraffin. In
most applications in brain aging research, however, embedding in methacrylate is
not possible because it makes immunohistochemistry impossible. Paraffin sections

FIGURE 4.4 (SEE COLOR INSERT FOLLOWING PAGE 204) The optical disector for
investigating the number of cells within a given tissue volume. The procedure is shown for
cells immunoreactive for GFAP (in red) and BrdU (in green) within the dentate gyrus of a
24-month-old mouse. The upper surface of a section is visualized with confocal microscopy,
as well as the same microscopic field at 17 consecutive focal planes below the upper surface,
with a distance of 1 ym between the focal planes. An unbiased counting frame is shown
between -2 ym and —15 um at each focal plane, with exclusion lines in white and inclusion
lines in yellow. Thus, an unbiased virtual counting space with a height of 13 ym is generated
within the tissue section. The top of the cells is used as sampling unit. The top of a BrdU-
immunoreactive cell comes into focus at =2 ym (red arrowhead; with the cell visible until —
17 um). However, this cell is not counted because it is not found within the unbiased virtual
counting space, and does not hit one of the inclusion lines of the unbiased counting frame.
Another top of a BrdU-immunoreactive cell is detected at -3 pm (red arrow; with the cell
also visible until —17 ym). This cell is counted because its top hits the inclusion line of the
unbiased counting frame at -3 ym. Furthermore, at -3 yum, the top of a BrdU-immunoreactive
cell also comes into focus (green arrowhead; with the cell visible until =13 gm). This cell is
counted because its top lies within the unbiased virtual counting space at —3um. Another
BrdU-immunoreactive structure appears at —15 pym (green arrowhead); however, it is not
recognized as a cell when going to deeper focal planes. (Scale bar = 20 pym.)
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cannot be used in combination with immunofluorescent detection of antigens and
might be affected by inhomogeneous compression of tissue sections along the z-
axis during cutting of the tissue (as explained above). Frozen or vibratome sections,
which are the most appropriate kinds of sections in brain aging research, however,
can show considerable shrinkage in the z-axis [75, 77]), preventing the use of the
optical rotator in most applications.

A general solution for this problem does not exist. One possibility is to test (in
a pilot study) the hypothesis that estimates of local volumes obtained on isotropic
uniform random or vertical sections with the nucleator method, the rotator method
or the point sampled intercepts method do not differ from corresponding
estimates obtained on conventional coronal, sagittal, or horizontal sections [129].
Another possibility might be to prevent shrinkage in section thickness by omitting
dehydration of sections and coverslipping them with glycerol, even when immuno-
histochemical detection of antigens was visualized with 3,3’-diaminobenzidine
[132].

FIGURE 4.5 (see caption on facing page)
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The variability of estimated local volumes obtained with the methods described
here depends mainly on the number of investigated neurons. Detailed investigations
into this issue, however, have not been published.

G. ESTIMATING ToTAL LENGTHS AND LENGTH DENSITIES OF
CAPILLARIES AND FIBERS

Only a few studies in brain aging research have addressed alterations in total lengths
and length densities of capillaries and fibers with design-based stereologic methods
(e.g., [55, 65]). This might be due to the fact that in the past, corresponding estimates

FIGURE 4.5 The nucleator, rotator, and point sampled intercepts methods for estimating the
mean cellular or nuclear volume of cells. The procedures are shown for NeuN-immunoreactive
cells in layer V of an adult mouse neocortex as an example. (a) When using the nucleator
method, a certain point within each cell needs to be determined as sampling unit. For obtaining
unbiased estimates, the position of this point must be either uniformly random within the cell
or must be the midpoint of the cell [121]. For practical use, it is convenient to select the
midpoint of the nucleolus as the sampling unit. Note that for both cells shown in (a), the
midpoint of the nucleolus is found within the selected focal plane, either within an unbiased
counting frame (cell on the right) or hitting the inclusion (dotted) lines but not the exclusion
(solid) lines of the unbiased counting frame (cell on the left). Accordingly, both cells would
be considered for analysis. The distance from the midpoint of the nucleolus to the cellular or
nuclear boundary (1) is measured in four mutually orthogonal directions (which can also be
done in three or more directions, thus influencing the precision of the estimates). Then the
average of the third powers of these measurements serves as basis for obtaining an unbiased
estimate of the cellular or nuclear volume (for details, see [121]). (m = midpoint of the
nucleolus; 1, = distance between the midpoint of the nucleolus and the nuclear boundary.)
(b) Obtaining unbiased estimates with the rotator method also depends on the selection of a
point with either uniformly random position within the cell or the midpoint of the cell [122].
First, an axis is created along the shortest aspect of the sampled cell on the section through
the midpoint of the nucleolus (“i” in Figure 4.5b). Then the top and the bottom positions of
the cellular or nuclear profile are marked with respect to the defined axis (“ii”; light dashed
lines in Figure 4.5b) to measure the height of the cellular or nuclear profile (“h”; thick solid
line in Figure 4.5b). Next, three parallel test lines are generated perpendicular to the defined
axis (“iii”; light solid lines in Figure 4.5b). The position of the test lines on the defined axis
must be uniformly random (i.e., the position of the first test line in an interval of h/3 is
randomly chosen, with the distance between the lines being h/3). Then the lengths of the
intercepts of the test lines between the defined axis and the cellular or nuclear boundary (I;;
thick dashed line) are measured. These measurements serve as the basis for obtaining an
unbiased estimate of the cellular or nuclear volume (for details, see [122]). (m = midpoint of
the nucleolus; |, = length of the intercept of a test line between a defined axis and the nuclear
boundary.) (¢) When using the point sampled intercepts method, all cellular or nuclear profiles
found in a given focal plane are considered for analysis. A test system of parallel lines is
randomly placed on the section. Then the length of the intercept of the test line between the
cellular or nuclear boundaries (l)) is measured for each sampled cell or nucleus. These
measurements serve as the basis for obtaining an unbiased estimate of the cellular or nuclear
volume (for details, see [124]). (I, = length of the intercept of a test line between the nuclear
boundaries.) (Scale bar = 5 ym.)
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required the use of isotropic uniform random sections [133, 134]. As explained
above, however, this results in potential loss of orientation within the sections.
Recently, a design-based stereologic method, the “space balls,” has been intro-
duced to obtain unbiased estimates of total lengths and length densities of capillaries
and fibers on (thick) conventional coronal, sagittal, or horizontal sections [135, 136].
First, microscopic fields are systematically and randomly sampled throughout the
ROI (as shown in Figure 4.1c). Then, a sphere (a so-called “space ball”) or a
hemisphere is placed within the sections in each microscopic field, and the inter-
sections between the sphere and the capillaries or fibers under study are counted
(Figure 4.6). From these data, an average length density can be obtained [135, 136].

Upper surface
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FIGURE 4.6 (see caption on facing page)



Design-Based Stereology in Brain Aging Research 83

By combining this length density estimate with an estimate of the volume of the
ROI (as explained above), an estimate of the total length of the capillaries or fibers
under study within the ROI is obtained (see, e.g., [132]).

Note that estimates obtained with the space balls method are not unbiased in a
strict sense. One source of bias is the ratio of the diameter of the space balls and
the diameter of the capillaries or fibers under study. Another source of bias is the
z-axis shrinkage of the tissue due to histologic processing (for details, see [134]).
Unlike with three-dimensional reconstructions, it is not possible to correct for this
shrinkage. Rather, length estimates obtained with the space balls method will be
different if sections are cut in different planes and the capillaries or fibers under
study have a preferential direction. Practical solutions to minimize this bias have
been provided [134]. The variability of estimated total lengths and length densities
of capillaries and fibers obtained with the space balls method depends mainly on
the number of space balls applied.

For the sake of completeness, another possibility to quantify total lengths and
length densities of capillaries and fibers with design-based stereology shall be men-
tioned — that is, the use of “isotropic virtual planes” [137]. In this case, the
capillaries or fibers under study contained in thick (3D) sections are investigated
with software-randomized isotropic virtual planes in volume probes in systematically
sampled microscope fields. This, however, requires the analysis of virtual planes
within thick sections, which can be tedious and cumbersome. Using the space balls
method, the plane of analysis is always the focal plane of the microscopic fields.

FIGURE 4.6 The space balls method for estimating the total length of a linear biological
structure within a given tissue. The procedure is shown for collagen IV-immunoreactive
capillaries in the mediodorsal nucleus of the thalamus from a human brain. The postmortem
brain was fixed by immersion in 10% formalin prior to histologic processing (for details, see
[132]). The right hemisphere was embedded in gelatin, deeply frozen at -60°C, and cut into
serial 600—700-pm-thick coronal sections. Approximately 4 cm x 4 cm small pieces containing
the thalamus were cut out from these thick sections, frozen, and cut into 50-pm-thick coronal
sections. To prevent shrinkage in section thickness, the sections were not dehydrated but
mounted on gelatin-coated slides and coverslipped with 80% glycerol in TRIS-buffered saline.
Panel (a) provides a low-power overview of capillaries in the mediodorsal nucleus. The square
indicates the region at which the high-power photomicrographs (b-1) were taken. These show
the upper surface of the section as well as the same microscopic field at 10 consecutive focal
planes below the upper surface, with a distance of 4 um between the focal planes. Between
-4 pm and -32 um, the intersections of a hemisphere (a [semi-]“space ball”’) and the focal
plane at the investigated focal depth are shown as circles. This (semi-)space ball was centered
at a depth of -4 ym and had a radius of 30 ym. At-8 ym, -12 ym, -16 pym, and -24 um,
intersections between the hemisphere and the capillaries in focus at the point of intersection
were found (arrows). From the total number of intersections and the size of the hemisphere,
the capillary length density of the investigated microscopic field can be calculated [135]. By
placing (semi-)space balls in a systematic-random manner throughout the entire mediodorsal
nucleus, an estimate of the average capillary length density within this region is obtained.
Finally, by combining length density with an estimate of the volume of the region (as shown
in Figure 4.2), one can obtain an unbiased estimate of the total capillary length in the structure.
[Scale bar = 150 ym (a); 30 ym (high-power photomicrographs).]
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H. QUANTITATIVE ANALYSIS OF THE THREE-DIMENSIONAL
CYTOARCHITECTURE OF A GIVEN BRAIN REGION

An attractive way to quantitatively study the three-dimensional cytoarchitecture of
a given ROI with design-based stereology is to perform “nearest neighbor” analyses
[138]. This method is based on the “nearest-neighbor distance distribution function”
analysis founded in theoretical statistics [139]. In brief, this method consists of the
following steps, which are shown in Figure 4.7. First, a systematic random series
of thick sections is generated from the brain region of interest. When investigating

FIGURE 4.7 (see caption on facing page)
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the rodent brain, a section thickness between 100 and 150 ym is appropriate; whereas
for the human brain, a section thickness up to 750 ym can be used. Second, the
sections are stained by a method that guarantees staining throughout the section
thickness (e.g., gallocyanin; Figure 4.7a). Third, the volume of the ROI is estimated
using Cavalieri’s principle, and the total number of neurons within this ROI using

FIGURE 4.7 Analysis of the nearest-neighbor distance distribution function for neurons in
a given brain region. The procedure is shown for the hippocampal hilus (“CA4”) in a human
brain. The brain was mounted with celloidin and cut into a complete series of 200-pm-thick
frontal sections, which were stained with gallocyanin (for details, see [79]). (a) Overview of
the hippocampal cell layers in the human brain (DG = dentate gyrus). (b) A microscopic field
was systematically, randomly sampled within area CA4 at high magnification with a 20x oil
objective (NA = 0.8) (for systematic-random sampling of microscopic fields, see Figure 4.1c).
An unbiased virtual counting space with height of 10 ym (4 in Figure 4.1d) was placed at a
depth (d in Figure 4.1d) of 90 um below the upper surface of the section. At a depth of 96.4
pm below the upper surface of the section, a neuron was sampled with the unbiased virtual
counting space (arrow). (c¢) By mouse-clicking on the nucleolus of this neuron, it becomes
categorized as a parent neuron (PN) and is marked (white dot). (d) At a depth of 132.35 ym
in the same microscopic field (i.e., 35.95 um below the focal plane of the PN), a second
neuron is found (arrow). This neuron may be the nearest neighbor to the selected PN. (e) By
mouse-clicking on the nucleolus of this offspring neuron (thereafter offspring neuron 1; ON1),
it is marked by a white star. Then a sphere centered on the nucleolus of the PN is calculated
and displayed, with the 3D distance between the nucleolus of the PN and the nucleolus of
ONT1 as the sphere’s radius. From this sphere (thereafter sphere 1; S1), the intersection of the
focal plane at the investigated focal depth and the sphere is shown as a circle. (f) At a depth
of 122.25 pym in the same microscopic field (i.e., 25.85 ym below the focal plane of the PN),
another neuron is found (ON2). However, ON2 is lying outside the circle representing the
plane intersection of S1 at this focal depth. Accordingly, the distance between the nucleolus
of ON2 and the PN is larger than the distance between the nucleolus of ON1 and the PN.
Therefore, ON2 is not the nearest neighbor of the selected PN. (g) At a depth of 104.9 ym
in the same microscopic field (i.e., 8.5 um below the focal plane of the PN), another neuron
appears (ON3). ON3 is lying within the circle representing the plane intersection of S1 at
this focal depth. Accordingly, the distance between the nucleolus of ON3 and the PN is smaller
than the distance between the nucleolus of ON1 and the PN. Therefore, ON1 is not the nearest
neighbor of the selected PN, as initially thought. (h) ON3 is also marked by a white star.
Another sphere (S2) is now centered on the nucleolus of the PN, with the distance between
the nucleolus of the PN and the nucleolus of ON3 as the sphere’s radius. From S2, the
intersection of the sphere and the focal plane at the investigated focal depth is shown as a
circle. S1 is no longer considered by the software, its radius being larger than the radius of
S2. (i) Going back to a depth of 122.25 ym in the same microscopic field (i.e., to the focal
plane at which ON2 was found), it can be seen that ON2 is lying outside the circle representing
the plane section of S2 at this focal depth, and thus is not the nearest neighbor of the selected
PN. (j) Back at a depth of 132.35 um in the same microscopic field (i.e., where ON1 was
found), no intersections of S2 and the focal plane at the investigated focal depth exist anymore,
due to the fact that the radius of S2 is smaller than 35.95 ym (i.e., the distance between the
investigated focal depth and the focal plane of PN). Accordingly, ON1 is not the nearest
neighbor of the selected PN. As no other neuron is detected within S2, ON3 is the nearest
neighbor of the selected PN, and the radius of S2 is its nearest-neighbor distance. [Scale bar =
1 mm (a); 25 pm (b to j).]



86 Brain Aging: Models, Methods, and Mechanisms

the fractionator method. Fourth, for a systematic-random set of approximately 1000
neurons, the nearest neighbor is identified in 3D (Figures 4.7b to j) and the nearest-
neighbor distance of each of these neurons is measured. Fifth, the cumulative relative
frequency distribution is calculated from these approximately 1000 nearest-neighbor
distances, yielding the nearest-neighbor distance distribution function. Finally,
graphical comparisons are performed between this nearest-neighbor distance distri-
bution function and corresponding distribution functions obtained from computer
simulations, modeling virtual ROIs with the same quantitative characteristics (i.e.,
volume, total number of neurons) as the investigated ROI (for details, see [138]).
The results obtained with the nearest-neighbor method facilitate the determination
of whether neurons within a given ROI exhibit spatial randomness, a clustered
distribution, or a more dispersed distribution. The variability of nearest-neighbor
analyses depends mainly on the number of investigated neurons.

For the sake of completeness another approach to study the spatial distribution
of neurons also shall be mentioned, that is, “Voronoi tessellation” [140-142]. This
method focuses on the region of space that any cell within an ROI occupies, the
region of space that is closer to that cell than to any other. The results of the Voronoi
tessellation method provide information concerning spatial distribution as follows:
if the size of the Voronoi spaces (i.e., the regions of space that are closer to a given
cell than to any other) do not vary much, the cells are regularly distributed. However,
if the size of the Voronoi spaces varies considerably, cellular clusters are present.
Unfortunately, algorithms to apply three-dimensional tessellations to histologic spec-
imens are not available.

l. EQUIPMENT REQUIRED FOR DESIGN-BASED STEREOLOGIC
ANALYSES IN BRAIN AGING RESEARCH

The recent developments in design-based stereology have become possible only with
the introduction of computer-interfaced microscopes and imaging instrumentation.
Furthermore, the availability of semiautomated, computer-based stereology systems
has substantially reduced both the observer’s effort and potential errors associated
with the use of design-based stereology. Moreover, these systems facilitate the
combination of computer-based anatomical mapping and stereologic estimates (for
illustrative examples, see [61, 143]. Currently, the following semiautomated, com-
puter-based stereology systems are available: CAST (Visiopharm; Hgrsholm, Den-
mark); Digital Stereology (Kinetic Imaging; Bromborough, U.K.); Stereologer (Sys-
tems Planning and Analysis; Alexandria, Virginia); Stereology Toolkit Plug-in for
NOVA PRIME (Bioquant Image Analysis Corporation; Nashville, Tennessee); and
Stereolnvestigator (MBF Bioscience; Williston, Vermont). These systems integrate
three-axes motor-driven specimen stages with a computer in order to acquire data
from 3D structures, and implement (to various degrees) the stereologic probes
described above.

The motorized stage is used to map brain regions and objects that are larger
than a single microscopic field; to access specific locations throughout the entire
ROI, regardless of optical magnification; and to perform systematic-random sam-
pling. Furthermore, the microscope is usually equipped with a z-axis position
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encoder that measures accurately the actual focal position of the microscope stage.
This is particularly important when performing 3D probes like the optical disector,
the optical rotator, space balls, and nearest-neighbor analysis. The tissue specimen
is usually viewed on a computer monitor via a high-resolution analog CCD video
camera or a digital camera with more than ten frames per second. This allows
focusing through the tissue in real-time. In addition, as stereologic applications have
extended to confocal microscopy [144], electron microscopy [145], computed
tomography [146], and magnetic resonance imaging [147], some commercial stere-
ology systems provide image file readers that accept three-dimensional confocal and
MRI image sets, as well as the file formats generated by a variety of electron
microscopes and flatbed scanners. Once these image files are read, they can be
analyzed by the system’s analysis procedures.

It should be mentioned that some design-based stereologic analyses can still be
performed with simple microscopes and with minimal or even without computer
assistance (see, e.g., [148]). However, the advantages provided by design-based
stereology are best obtained when it is integrated into computer-based microscopy
systems that optimize data collection, storage, and analysis.

J. ADDITIONAL SOURCES OF INFORMATION

This chapter can only provide an introduction to design-based stereology, without
claiming completeness in describing all design-based stereologic methods available
and all of their applications in brain aging research. For more details, the reader
may consult a variety of reviews [2-5, 70, 73, 83, 110, 136, 144, 149, 150-161] as
well as several comprehensive books on stereology [162—170]. Of special interest
might also be the Stereology Literature Database of the Enterprise Biology Software
Project (Medina, WA), which currently lists more than 1100 papers reporting stere-
ologic investigations of the brain.

IV. The Future of Design-Based Stereology in Brain Aging
Research

In recent years, substantial progress has been made in brain aging research by the
use of design-based stereologic methods. Based on the data reviewed here, several
comments can be made with respect to the future of design-based stereology in brain
aging research. First, more regions in the brain of humans, nonhuman primates, and
rodents should be investigated for the presence of absolute neuron loss (Nissl stained
neurons or neurons immunoreactive for NeuN) and functional loss (alterations in
gene expression profiles of neurons). This is particularly the case for the striatum
and the thalamus (to evaluate to which extent age-related cortical neuron loss is
based on target loss) and for cytoarchitectonically defined cortical areas in the brain
of humans and nonhuman primates. This should be accompanied by advanced
integration of anatomical mapping with stereologic analyses. Second, better distinc-
tions should be made between functional loss and absolute neuron loss. Third,
analyses of selective functional loss and absolute neuron loss in different brain
regions should be performed on the same brains rather than on different samples,
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in order to achieve more reliability in patterns of regionally specific neuron loss in
brain aging.

Last but not least, brain aging research will greatly benefit from further integra-
tion of design-based stereology with confocal microscopy and electron microscopy.
The optical resolution of confocal microscopy and electron microscopy, as well as
the ability to collect registered series of focal planes, is ideally suited for the three-
dimensional sampling of design-based stereology. The first attempts to integrate the
collection of confocal and electron microscopic images with the implementation of
design-based stereology have been undertaken [144, 145, 171]. Furthermore, com-
puter-based microscopy systems integrating confocal illumination have been made
commercially available. As with light microscopy, it is expected that the field of
design-based stereologic analyses in brain aging research will considerably expand
with the recognition that the integration of design-based stereology with confocal
microscopy and electron microscopy is fundamental in revealing certain features of
brain aging that would not have been detected otherwise.
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I.  INTRODUCTION

For the past several years, this laboratory has been involved in examining the effects
of age on the brains of rhesus monkeys (Macaca mulatta). This species was chosen
because these monkeys have a lifespan of about 35 years [1], so that one monkey
year is equivalent to about one human year of life. Furthermore, although some
senile plaques may be present in the brains of the older monkeys, there are no
neurofibrillary tangles and the monkeys show no signs of developing Alzheimer’s
disease as they become older. They do, however, exhibit cognitive decline with age,
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similar to the cognitive decline that occurs in normally aging humans, and the extent
of the cognitive decline can be assessed in monkeys by psychological tests that are
adapted from those used on humans (e.g., [2-4], see also Chapter 2). Taken together,
these attributes make the rhesus monkey an excellent model in which to study the
effects of normal aging on the brain.

It is now generally accepted that there is no significant overall loss of neurons
from the cerebral cortex of rhesus monkeys and other primates during normal aging
(see [5-7]). Moreover, when one examines sections of cerebral cortex from old
monkeys by either light or electron microscopy, there are few indications that neurons
undergo morphological changes with age, beyond some accumulation of lipofuscin
in their cell bodies and a loss of dendritic spines. However, Smith et al. [8] have
recently asserted that when they compared the prefrontal cortex of young and aging
monkeys, they found a 32% loss of neurons from area 8A of old monkeys. In contrast,
they found that the numbers of neurons in the adjacent area 46 remained unchanged,
as reported earlier by Peters et al. [9]. Smith et al. [8] suggest that their finding
demonstrates that neuronal loss from the aging cerebral cortex may be localized.

The cells that do show obvious alterations with age are the neuroglial cells. All
three classical types of neuroglial cells in old monkeys show accumulations of
material in their perikarya and, in addition, there are obvious changes in the mor-
phology of the myelin sheaths and axons of some nerve fibers.

1.  MYELIN SHEATHS

The first hints that there are alterations in nerve fibers with age came from light
microscope studies. Thus, Lintl and Braak [10] found that when the myelinated
nerve fibers in sections of visual cortex from human brains are stained with hema-
toxylin, from the third decade of life onward there is a reduction in the staining
intensity of the myelin in the line of Gennari, and they suggested that this is because
the amount of myelin in this intracortical plexus is reduced. Similarly, Kemper [11]
showed that with increasing age there a decrease in the staining intensity of nerve
fibers in the human cortex, especially in the association cortices, which are the last
areas of the cortex to myelinate. At present, however, it is not clear whether the age-
associated decrease in myelin staining intensity is due to loss of nerve fibers or to
changes in the dye-binding properties of myelin. Indeed, the effects of age on nerve
fibers are complex because there are several events taking place at the same time.
Some changes affect only the myelin sheaths and others affect both the axons and
their myelin sheaths. For present purposes, these changes can be defined as alter-
ations causing the breakdown or degeneration of myelin sheaths, degeneration and
loss of nerve fibers, continued production of myelin, and remyelination.

A. DEGENERATIVE CHANGES IN MYELIN SHEATHS

The most common age-related morphological alteration in myelin sheaths is the
accumulation of pockets of dense cytoplasm between splits of the lamellae at the
major dense line (Figure 5.1). These pockets of dense cytoplasm become more
frequent with increasing age (e.g., [12, 13]). Because the major dense line is formed
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FIGURE 5.1 A transversely sectioned bundle of nerve fibers in layer 4C of the visual cortex
of a 29-year-old monkey. Three of the nerve fibers (1) have disrupted myelin sheaths with
splits between the lamellae that contain dense, vacuolated cytoplasm. Two other nerve fibers
(2) have sheaths with redundant myelin. (Scale bar = 1 pym.)

by the apposition of the cytoplasmic faces of successive lamellae of the oligoden-
droglial cell plasma membrane that forms the sheath, it can be concluded that the
dense cytoplasm must belong to the parent oligodendroglial cell. Sometimes, there
is only one pocket of dense cytoplasm but it is not uncommon for several pockets
of dense cytoplasm to occur in the same segment of the sheath, between adjacent
turns of the spiraling myelin lamellae, which results in an obvious bulging of the
sheath. Also, several loci containing pockets of dense cytoplasm may occur along
an individual internodal length of myelin.
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Based on the fact that the cytoplasm in the pockets is dense, it is assumed that
its presence is a sign of degeneration, and this conclusion is supported by the fact
that Cuprizone toxicity can also lead to the formation of dense cytoplasm in the
inner tongue process of degenerating sheaths (e.g., [14, 15]), and that similar dense
cytoplasm occurs in the sheaths of mice with myelin-associated glycoprotein defi-
ciency (e.g., [16]). It should also be pointed out that anti-ubiquitin antibodies immu-
nostain dense inclusions within focal swellings of myelin sheaths in the white matter
of old humans [17] and dogs [18], suggesting that the electron-dense material
between the lamellae of sheaths in old animals contains proteins that are not being
degraded by proteosomes. Interestingly, Wang et al. [19] have shown that in humans
there is no correlation between the amount of soluble and insoluble ubiquitinated
material in white matter and the cognitive scores of the humans from which the
tissue was derived, but there is a correlation between decreased levels of myelin
basic protein and decreased cognitive scores. These results lead the authors to
conclude that white matter pathology may contribute to age-associated decline in
cognition.

In examining the ultrastructure of degenerative changes in myelin during normal
aging, it is important to recognize that myelin in white matter is often poorly
preserved, largely due to the fact that white matter has many fewer capillaries than
gray matter. Consequently, the nerve fibers in white matter are less accessible to
fixatives that are introduced by perfusion fixation, and this can result in defects in
the preservation of myelin sheaths, However, the most common change brought
about by poor preservation of myelin is focal splitting or shearing of the myelin
lamellae, and the frequency of this shearing increases as the quality of preservation
of the tissue is diminished. There is no indication that such shearing of myelin
lamellae occurs as a result of normal aging, and it does not seem to occur even in
myelin sheaths altered by experimental interventions. Nevertheless, fixation defects
must not be misconstrued as age changes.

An age change less common than the occurrence of pockets of dense cytoplasm
is the formation of myelin balloons (Figure 5.2). These balloons can be spectacular
because they can be 10 ym or more in diameter, so that in light microscopic
preparations they appear as holes in the neuropil [20]. When the balloons are
examined by electron microscopy, it becomes evident that they are fluid-filled cav-
ities that occupy splits in the intraperiod line of the sheath. Although myelin balloons
often appear as isolated circular profiles bounded by several lamellae of compact
myelin, appropriate sections through balloons show that they bulge from the sides
of myelin sheaths, leaving the axon flattened against the opposite side sheath from
where the balloon protrudes (Figure 5.2). Consequently, the isolated circular profiles
are generated by sections that pass to one side of the connection between the balloon
and its parent sheath. Because there is no decrease in the widths of the myelin
lamellae surrounding the balloons, and because there is no indication that myelin is
elastic in nature, the generation of these balloons must require the parent oligoden-
drocyte to produce large amounts of additional myelin. It should be added that
sometimes small pockets of dense cytoplasm can occur at the base of a balloon, and
that the nature of the fluid contained in balloons is not known.
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FIGURE 5.2 A ballooned nerve fiber in the anterior commissure of a 25-year-old monkey.
Ballooning of the sheath results in a fluid-filled space (asterisk) and causes the axon (Ax) to
be pushed to one side of the expanded sheath. (Scale bar = 1 ym.)

In monkeys, alterations to myelin sheaths are not common in animals less than
about 10 years old but they become noticeable in middle-aged monkeys; and in
monkeys over 25 years of age, as many as 5 to 6% of profiles on myelinated nerve
fibers show some morphological changes.

Although we have only examined the monkey central nervous system, similar
myelin balloons have been reported by Faddis and McGinn [21] in the cochlear
nucleus of normally aging gerbils. It is assumed that ballooning of myelin is a
degenerative change because it can occur in the early stages of Wallerian degener-
ation in the dorsal funiculus of the spinal cord following section of dorsal roots [22]
and also can occur in rats with severe diabetes [23]. In addition, myelin balloons
can be generated by Cuprizone poisoning [24], by experimental toxicity produced
by triethyl tin (e.g., [25]), by chronic copper poisoning [26], and by lysolecithin [27].

It has been shown that with age the composition of myelin changes, as reported
by Malone and Szoke [28]. They found that in aging rats there are changes in the
cholesterol:phospholipid ratios in myelin and an increased saturation of the long
acyl chains of myelin glycosphingolipids, and they suggest that these changes may
cause an increased fluidity and decreased stability of myelin. Sloane et al. [29] also
found the composition of myelin to alter with age, because there is a decrease in
the amount of associated glycoprotein. On the other hand, with increasing age, levels
of the oligodendrocyte-specific proteins CNPase and myelin/oligodendrocyte spe-
cific protein (MOSP) increase dramatically in white matter homogenates and in
myelin, suggesting that there is new formation of myelin by oligodendrocytes,
perhaps in response to myelin degradation and injury caused by proteolitic enzymes
such as calpain, which increases in white matter with age.

In a study using microarrays to determine alterations in gene expression in
the hippocampus of aging rats, Blalock et al. [30] found that the genes for
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myelin-associated oligodendroglial basic protein (MOSP) and myelin-associated
glycoprotein (S-MAG) are among those that are upregulated. And in another study
in which the effects of aging on the frontal cortex of the human brain were assessed,
Lu et al. [31] found that the genes that are upregulated after the age of 40 include
those for proteolipid protein and oligodendrocyte lineage transcription factor 2.
Blalock et al. [30] suggest that upregulation of these genes is related to myelin
degeneration with increasing age, although the upregulation might also be associated
with remyelination, which, as will be shown later, is also known to occur during

aging.

B. DEGENERATION AND Loss OF NERVE FIBERS

For a nerve fiber to completely degenerate, it is necessary for the ensheathed axon
to degenerate, and in turn this causes the myelin sheath surrounding the axon to also
degenerate. Classically, these events were first described in experimental Wallerian
degeneration, in which sectioning of a nerve fiber leads to degeneration of the portion
of the nerve fiber isolated from its parent neuron. When nerve fibers caused to
degenerate following experimental lesions are examined by electron microscopy, it
is found that the cytoplasm of the degenerating axon can show accumulations of
mitochondria and lysosomes before it eventually becomes dense. Axons with these
features are sometimes encountered in the normally aging brain, but to show that
there is nerve fiber degeneration and loss during aging requires quantitative analyses.

Among the earliest quantitative studies to show that there is loss of nerve fibers
with age are the stereological analyses carried out by Pakkenberg and Gundersen
[32]. They examined a total of 94 normal human brains, from individuals ranging
in age from 20 to 95 years, and concluded that there is a 12% decrease in the overall
volume of the cerebral hemispheres, accompanied by a 28% decrease in the volume
of the white matter. This study was followed by a report by Tang et al. [33] that
focused on the nerve fibers of white matter in the cerebral hemispheres and concluded
that the loss of white matter volume is due to a 27% overall loss in the total length
of nerve fibers in the white matter. Later, Marner et al. [34] extended this study by
examining a total of 26 brains and concluded that the loss of white matter from the
normally aging human cerebral hemispheres is almost 23% between the ages of 20
and 80 years, and that the overall loss of nerve fiber length is 45%. They suggest
that this is produced by a loss of the thinner fibers, and that there is a relative
preservation of larger-diameter fibers.

The conclusion from these studies is that there is a an overall loss of some nerve
fibers from the human brain during normal aging; a similar conclusion was reached
previously by Meier-Ruge et al. [35], who examined autopsied brains from cogni-
tively normal humans. Meier-Ruge et al. [35] examined semithick sections in which
nerve fibers were stained for light microscopy and, on the basis of counts, they
concluded that with age there is a 16% nerve fiber loss from the white matter of the
precentral gyrus and a 10.5% loss of nerve fibers from the corpus callosum.

There is also MRI data from humans (e.g., [36, 37]) and from monkeys ([38];
see also [39]) supporting the conclusion that there is a loss of white matter from the
cerebral hemispheres with increasing age, and especially from the frontal lobes (e.g.,
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[40, 41]). In addition, there are MRI studies that show that the signal characteristics
of white matter alter in normal human aging. These changes are considered to
indicate that white matter is undergoing degenerative changes, which result in
disconnections between parts of the brain (e.g., [42, 43]). The study by De Groot
et al. [44] indicates that the most common locations for white matter lesions in the
aging human brain are the subcortical and periventricular white matter. The subcor-
tical fibers mainly consist of short U-fibers that connect adjacent areas of the cortex,
while the periventricular fibers are mainly long association fibers. After analyzing
the frequency of occurrence of lesions and correlating the data with the cognitive
status of the subjects examined, De Groot et al. [44] conclude that it is the lesions
of the long association fibers that play a dominant role in bringing about cognitive
decline.

It is suggested by Bartzokis et al. [45] that the deterioration of myelin sheaths
with age is related to the sequence in which fiber tracts myelinate during develop-
ment, such that the tracts that myelinate last are the ones most severely affected
during aging. It is those same association fiber tracts that Kemper [11] has shown
to exhibit staining pallor with age. Kemper [11] has also shown that, in the human
brain, the primary cortices, in which myelination is completed earliest, show little
change in myelin staining intensity with increasing age, while the association cortices
show a distinct loss of staining intensity. But in contrast to these studies emphasizing
white matter, there are other studies on monkeys (e.g., [46]) and humans (e.g.,
[47—-49]) that suggest there is cortical thinning during normal aging, such that gray
matter loss exceeds white matter loss (e.g., [5S0]) and, moreover, that the portion of
the brain most affected by aging is the frontal lobes (e.g., [51]).

To obtain direct evidence that nerve fibers are lost from white matter with age,
we have examined well-circumscribed fiber tracts in the monkey brain using design-
based stereology. One of the first tracts we examined was the optic nerve. The cross-
sectional area of the optic nerve does not alter much with age, but it was found that
while the average total number of nerve fibers in the optic nerves of young monkeys
is 16 x 10°, in monkeys over 25 years of age the number of nerve fibers is reduced
to an average of 9 x 10°. Some old monkeys lose only a small percentage of their
nerve fibers, but in extreme cases the number of nerve fibers is reduced to 4 x 105,
which represents a 75% loss of nerve fibers [52]. In the optic nerves showing such
extreme loss, almost every nerve fiber has myelin sheath defects and, while some
nerve fibers have degenerating axons, other myelin sheaths are empty (Figure 5.3).
Correlated with the loss of nerve fibers there is hypertrophy of astrocytes, which
develop abundant glial filaments and fill spaces vacated by degenerated nerve fibers.
Oligodendrocytes and microglial cells also increase in number with age, and many
of the microglial cells became engorged with phagocytosed debris, much of which
can be recognized as degenerating myelin [53]. Cavallotti et al. [54] also found a
loss of nerve fibers from the optic nerve of the aging rat, accompanied by an increase
in the numbers of astrocytes and an increase in GFAP reactivity.

The anterior commissure is another well-circumscribed bundle of white matter
in which the total numbers of nerve fibers can be accurately determined [55]. In the
anterior commissures of young monkeys, the mean number of nerve fibers is
2.2 x 10°, while in monkeys over 25 years of age the mean number is reduced to
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FIGURE 5.3 This micrograph from the primary visual cortex of a 13-year-old monkey shows
two nerve fibers (asterisks) in which the axon has degenerated, leaving empty myelin sheaths
behind. (Scale bar = 1 pym.)

1.2 x 10°. This loss of fibers is accompanied by a 25% reduction in the cross-sectional
area of the anterior commissure. Some middle-aged monkeys, 12 to 20 years of age,
also were available for study and it became evident that, in terms of the total numbers
of nerve fibers, middle-aged monkeys resemble young ones, so most of the loss of
nerve fibers appears to occur after middle age. Nerve fibers with abnormal myelin
sheaths are evident at all ages, but there is a progressive, age-related increase in
their frequency, such that in young monkeys only 0.4% of profiles of nerve fibers
show alterations in myelin, while the number increases to 1.8% in middle-aged
monkeys, and reaches 5.4% in old monkeys. Similarly, as would be expected from
the loss of nerve fibers, there is a significant increase in the numbers of axons that
show degenerative changes with age. Because most of the monkeys used in this
study had been behaviorally tested, it was possible to correlate the data with a decline
in their cognitive status. A positive correlation was found between the reduction in
the total numbers of nerve fibers and cognitive impairment, but there was not a
strong correlation between myelin sheath abnormalities and cognitive status.

In rats, Fujisawa [56] examined the effects of age on the nerve fibers in the
posterior funiculus of the spinal cord and found that degenerating axons begin to
appear long before the posterior funiculus has finished growing and has acquired its
full complement of nerve fibers. Fujisawa [56] also showed that axonal degeneration
occurs simultaneously at all levels of the spinal cord and that it involves nerve fibers
of all sizes.

Our conclusion is that there is a loss of myelinated nerve fibers from white
matter with age; and it is probably ubiquitous because we also found loss of nerve
fibers from the splenium of the corpus callosum [57], as well as from the fornix of
monkeys (unpublished data).
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C. CONTINUED PRODUCTION OF MYELIN

In the primary visual cortex of the monkey, there are vertical bundles of myelinated
nerve fibers that are most prominent in layer 4C. It was noticed that with age some
of the myelin sheaths around the larger-diameter fibers in the bundles become
appreciably thicker. Consequently, electron micrographs were taken of these bundles
of nerve fibers in both young and old monkeys, and the diameters of the axons and
the thickness of their myelin sheaths were measured [58]. The analysis indicated
that no change is evident in the diameters of the axons with age, and there is no
change in the width of individual myelin lamellae. Nevertheless, the mean numbers
of lamellae in the myelin sheaths increase from 5.6 in young monkeys to 7.0 in old
monkeys, and much of this increase in the mean thickness of myelin sheaths is due
to an increase in the numbers of larger nerve fibers that have more than ten lamellae.
In young monkeys, few nerve fibers have sheaths with more than 10 lamellae; but
in the old monkeys it is not uncommon to encounter sheaths with as many as 20
lamellae, and in many cases such sheaths show circumferential splits, so that the
sheaths appear to consist of an inner set of compact lamellae surrounded by an outer,
separate set. A consequence of this increase in the thickness of myelin sheaths with
age is evident at the paranodes of some of the thickened nerve fibers in the central
nervous systems of aging monkeys. In longitudinal sectioned nerve fibers, the para-
nodal loops of myelin normally terminate in a regular sequence, and all of them are
in contact with the underlying membrane of the axon. However, at the paranodes
formed by many of these thickened sheaths, the paranodal loops pile up on one
another and become disarrayed, so that there is only space enough for some of the
loops to reach the underlying axon (unpublished data). Earlier, Sugiyama et al. [59]
reported this same phenomenon in the thickened nerve fibers of old rats.

As far as can be determined, there are no other studies of the effects of age on
the thickness of myelin sheaths in primates, but there have been a number of such
studies in rodents. The authors have reached various conclusions. For example,
Sturrock [60] examined the anterior and posterior limbs of the anterior commissure
in the brains of 5- and 18-month-old mice and concluded that there is no change in
the numbers of lamellae with age. In contrast, Godlewski [61] found that the myelin
sheaths in the corpus callosum and optic nerves of 2.5-year-old rats were thicker
than those of 4-month-old rats. In the peripheral nervous system of rodents, Caselli
et al. [62] found no change in the numbers of lamellae in the sciatic nerves of rats
with age, while Cebellos et al. [63] reported that in the tibial nerve of mice, myelin
sheaths become thicker between 6 and 33 months of age, with some sheaths becom-
ing very thick, as we have found in monkey visual cortex [58]. With such variations
in the data, it is difficult to know the true situation in rodents. Obviously, more
studies are necessary.

Another morphological alteration that occurs with age is an increase in the
frequency of nerve fibers with redundant myelin, that is, sheaths that are overly large
for the size of the enclosed axon, so that in cross sections the axon is at one end of
a large loop of myelin (see Figure 5.1). Sheaths with redundant myelin were first
described by Rosenbluth [64] in the cerebellum of the toad. In a study of the effects
of age on myelin sheath in the white matter of mice, Sturrock [60] found such
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redundant sheaths to be common in old mice. As far as the monkey is concerned,
redundant sheaths can be found even in young monkeys, although their frequency
of occurrence increases with age.

On the basis of these observations, it can be concluded that — at least in the
monkey — oligodendrocytes continue to produce myelin throughout life, and that
this continued myelin production is occurring even as some sheaths are degenerating.

D. REMYELINATION AND AGING

As we continued to examine the effects of aging on nerve fibers, it was noticed that
in cross sections of the vertically oriented bundles of nerve fibers in both the primary
visual and prefrontal cortices of older monkeys examined by electron microscopy,
there is an increase in the frequency of occurrence of profiles of paranodes [65].
Paranodes occur at both ends of a length of myelin, adjacent to the nodes of Ranvier,
and they are the sites where the lamellae of myelin gradually terminate. In visual
cortex, there is a 57% increase in the frequency of cross-sectioned paranodal profiles
with age and in area 46 of prefrontal cortex the increase is of the order of 90%.
Such an increase in the frequency of profiles of paranodes could be due to either an
increase in the lengths of paranodes with age, or to a real increase in the numbers
of paranodes. Examination of the lengths of paranodes in primary visual cortex
shows that with age there is an 11% increase in the lengths of paranodes, but this
is insufficient to account for the large 57% increase in the frequency of paranodal
profiles. This suggests that most of the increase in the frequency of paranodal profiles
with age must be due to an increase in the total number of paranodes, and hence in
the total number of internodal lengths of myelin. The implication is that some shorter
internodal lengths of myelin are generated with increasing age, as would occur if
the initially formed long internodal lengths of myelin degenerate and the resulting
lengths of bare axons are remyelinated by a series of shorter internodal lengths.

In support of the proposal that remyelination occurs in the cerebral cortices of
older monkeys, in the vertical bundles of nerve fibers in the visual cortices of old
monkeys, we have found inappropriately thin myelin sheaths around some axons,
as well as some short internodes that are only 3 to 6 xm long. Both of these features
are considered the hallmarks of remyelination and support the contention that during
normal aging some myelin sheaths break down, and that the resulting bare lengths
of axons are then remyelinated by shorter lengths of new myelin. To determine that
some myelin sheaths are completely degenerated, leaving the axon bare, is difficult
to prove. However, in support of the concept that some myelin sheaths degenerate
with age, it has been found that astrocytes in the cerebral cortices of old monkeys
sometimes contain phagocytosed myelin lamellae and that some of the more amor-
phous phagocytosed inclusions in astrocytes label with antibodies to myelin basic
protein [65].

Because an increase in the frequency of internodes can be expected to slow the
rate of conduction along a nerve fiber, the correlation between the frequency of
paranodal profiles in the vertical bundles of nerve fibers and the decline in cognition
was examined. In prefrontal area 46, there is a significant correlation between these
measures, but not in primary visual cortex (area 17). The reason why a correlation
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only exists for area 46 may be because prefrontal cortex plays a much greater role
in cognition than area 17.

In a subsequent study, it was found that there is also an increase in the frequency
of paranodal profiles in the anterior commissures of old monkeys [55]. In the anterior
commissure, the increase is on the order 60%. However, when the frequency of
occurrence of paranodal profiles in the anterior commissures of young monkeys, 5
to 10 years of age, is compared to that of middle-aged monkeys, 12 to 20 years of
age, there is no difference between them. The increase in frequency of paranodal
profiles only occurs in monkeys over 25 years of age. As stated earlier, there is a
loss of nerve fibers from the anterior commissure with age, and it might be suggested
that the increase in the frequency of occurrence of paranodal profiles is brought
about by a preferential loss of the large-diameter fibers with the longest internodes
and paranodes. However, this is not the case because the fiber diameter spectrum of
nerve fibers is similar in young and old monkeys. So again, the most logical expla-
nation is that there is some degeneration of internodal lengths of myelin, followed
by remyelination of the affected axons by shorter internodal lengths of myelin.

Ibanez et al. [66] have reviewed the affects of aging on the remyelination of
nerve fibers and the regenerative capacity of myelin sheaths to be restored in con-
ditions such as multiple sclerosis. They cite data to show that as animals grow older,
their capacity for remyelination declines. They suggest that the capacity for remy-
elination can be partially reversed by steroid hormones and their derivatives.

E. CORRELATIONS WITH COGNITION

Most of the monkeys in which we have examined the effects of age on nerve fibers
have been behaviorally tested and an index of their cognitive impairment (CII) has
been generated (see [4, 12, 67,68]; see also Chapter 2). Consequently, it has been
possible to ascertain what age-related alterations in nerve fibers might result in
cognitive impairment. In area 17 [12], in prefrontal area 46 [57], and in corpus
callosum [57], the increase in the frequency of profiles of altered myelin sheaths
correlates significantly with cognitive impairment. In area 46 there is also a corre-
lation with the increased frequency of paranodal profiles, but there is no such
correlation in other structures examined. This raises the question of what brings
about such behavioral correlations. Myelin is known to provide insulation around
nerve fibers, so that saltatory conduction is possible. Consequently, it is likely
that defects in myelin might lead to some breakdown in the insulation and affect
conduction.

Although correlations between the age-related defects in the structure of the
myelin and conduction velocity have not been examined, there have been several
studies of the effects of age on conduction velocity in old animals. For example,
Aston-Jones [69] examined the conduction velocity along nerve fibers connecting
nucleus basalis to frontal cortex in rats and found a significant reduction in conduc-
tion velocity in old animals. Similarly, Morales et al. [70] have shown a reduction
in conduction velocity of lumbar motor neurons in the spinal cords of cats, and Xi
et al. [71] have shown a reduction in conduction velocity along nerve fibers in the
pyramidal tracts of old cats. Interestingly, in proteolipid deficient mice, in which
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there is decompaction of the myelin, there is also a reduction in conduction velocity
[72], and a reduction also occurs in demyelinating diseases (see [73, 74]). Attention
should also be drawn to a recent study by Wang et al. [75] on the visual system of
old monkeys. This study shows that the neurons in layer 4 of primary visual cortex
in old monkeys exhibit normal visual response latencies, but in other parts of V1,
and throughout secondary visual area V2, hyperactivity (increased firing frequency)
of neurons is accompanied by delays in both intracortical and intercortical transfer
of information. In part this may be explained by delays in the transfer of information
along nerve fibers due to alterations in their myelin sheaths. In addition, Chang et
al. [76] recently demonstrated a similar increase in the firing rates of rhesus monkey
prefrontal cortical pyramidal cells with normal aging. These workers have hypoth-
esized that this “hyperactivity” may represent a compensatory response to increased
action potential conduction failures along the axon due to the extensive myelin
dystrophy that occurs with age.

F. SUMMARY OF AGING-RELATED MYELIN CHANGES

In summary, in the monkey, the process of myelin formation appears to continue
throughout life in the central nervous system and results in the formation of thicker
myelin sheaths and in the formation of redundant myelin. Beginning in middle age,
some myelin sheaths begin to degenerate, and subsequently some of the resulting
bare axons become remyelinated by shorter internodal lengths. This conclusion is
supported by the finding that some short internodes do indeed exist, and that some
axons have inappropriately thin myelin sheaths. In addition, it is evident that with
age there is an increase in the frequency of occurrence of profiles of paranodes, as
would occur with an overall increase in the numbers of internodes with increasing
age. At the same time that these changes are taking place in myelin, some axons
degenerate; this leads to complete degeneration of the affected nerve fibers and
results in a reduction in the total number of nerve fibers in the white matter.

It is proposed that these alterations in the structure of myelin sheaths, coupled
with an increase in the numbers of internodal lengths along nerves, bring about a
reduction in the conduction velocity of affected nerve fibers. This would result in a
change in the timing of sequential events in neuronal circuits, and it is suggested
that this change in timing is at least partially responsible for the cognitive decline
exhibited by old primates. In addition, the loss of some nerve fibers from white
matter tracts with age would lead to some disconnection between groups of neurons
in the brain, which could also adversely affect cognition.

I1l. NEUROGLIAL CELLS

The three classically defined types of neuroglial cells — oligodendrocytes,
astrocytes, and microglial cells — all show distinct and unique alterations in their
morphology with age. According to Pakkenberg et al. [77], however, there seems to
be little change in the overall numbers of neuroglial cells with age in the human
neocortex. They found that in the neocortex of young humans, with a mean age of
26.2 years, there are some 39 billion neuroglial cells, which does not differ
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significantly from the 36 billion neuroglial cells they found in the brains of individ-
uals with a mean age of 89.2 years. However, other studies suggest that there are
some alterations in the frequency of neuroglia with age, and the neuroglial cells that
seem to be most affected in specific portions of the brain are oligodendrocytes and
microglial cells.

A. OLIGODENDROCYTES

Oligodendrocytes are the neuroglial cells that form the myelin sheaths in the central
nervous system. As far as is known, this is their only function. As their name suggests,
these cells have few visible processes, so that in light microscopic preparations of
young animals stained by one of the silver stains or by Perl’s reaction for ferric iron
(which is relatively abundant in oligodendrocytes, along with ferritin and transferrin
[78, 79]), a few wispy, undulating processes can be seen leaving the cell body.
However, when Perl’s stain is used on old monkeys, it becomes apparent that some
of the processes of oligodendrocytes have acquired bulbous enlargements (Figure
5.4). These enlargements are of various sizes, with the largest ones reaching diam-
eters of 5 ym. Another age-related change is that, whereas most oligodendrocytes
in young monkeys occur individually, in old monkeys it is common to find oligo-
dendrocytes in pairs, groups, or in rows (Figure 5.5). There is a significant correlation
between the increased incidence of pairs, groups, and rows of oligodendrocytes and
increasing age [80, 81].

These age-related changes in oligodendrocytes are also evident in electron micro-
scopic preparations. In young monkeys, oligodendrocytes are encountered through-
out the gray and white matter, and they are recognized by having a dark nucleus
with clumped chromatin. In general, the nucleus has a rounded or oval profile, but
sometimes it may have a more irregular shape. The nucleus is surrounded by an
electron-dense cytoplasm with short and rather dilated cisternae of granular endo-
plasmic reticulum, polyribosomes, rather stubby mitochondria, and profiles of the
Golgi apparatus. Microtubules occur throughout the cytoplasm but they can be
difficult to discern due to the density of the cytoplasmic matrix. However, the
microtubules become more evident at the bases of processes into which they funnel,
and become closely packed.

In old monkeys, the oligodendrocytes have these same basic features but a
difference is that many of them have dense inclusions in their perikaryal cytoplasm.
These dense inclusions are irregular in shape and come in various sizes [82, 80].
Furthermore, most of the inclusions are composed of both pale and dense compo-
nents that sometimes appear to form layers. Vaughan and Peters [83] reported the
existence of similar inclusions in the oligodendrocytes within the auditory cortex of
aging rats, and Rees [84] reported dense inclusions in oligodendrocytes in the
cerebral cortex of aged human brains. At present, the origins of these inclusions are
not known and their morphology gives no clues as to the sources of their contents.
However, because they are not membrane bound, it is assumed that they are not
phagocytic inclusions. Rather, they might be derived from the degeneration of some
component of the aging myelin sheath attached to the oligodendrocyte. This possi-
bility is reinforced by the fact that, in addition to the ones in the perikarya, other
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FIGURE 5.4 An oligodendrocyte in layer 3 of the primary visual cortex of a 29-year-old
monkey. The oligodendrocyte (O) has a long process (p) that expands into a large bulge
containing dense inclusions (I). (Scale bar = 1 ym.)

inclusions are present in the swellings that occur along the process of oligodendro-
cytes in older monkeys. It has been reported that similar swellings also occur along
the processes of oligodendrocytes in the twitcher mouse, which is a model for
globoid cell leukodystrophy. Using Perl’s reaction, LeVine and Torres [85] reported
that in these animals some of the oligodendrocytes have large swellings in the
portions of their processes extending from the outsides of the myelin sheaths, and
other swellings along the lengths of the processes. As a consequence, LeVine and
Torres [85] suggested that the material in the swellings comes from components in
the sheaths that are being turned over or replaced, so that the material originates in
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FIGURE 5.5 A nest of three oligodendrocytes (O) lying next to a capillary (cap) in the
primary visual cortex of a 28-year-old monkey. One of the oligodendrocytes has an aggregate
of dense inclusions (I) in its cytoplasm. (Scale bar = 1 ym.)

the myelin sheaths and is then moved to the cell body of the oligodendrocyte, where
it forms the dense inclusions found there.

The fact that there is an age-related increase in the numbers of oligodendrocytes
in pairs, rows, and groups suggests that oligodendrocytes are proliferating with age
and that there is an increase in their numbers [81]. Such an increase was first
suggested when a comparison was made between the mean numbers of neuroglial
cells in the primary visual cortex of young and old monkeys [82]. It was found that
oligodendrocytes comprised 35% of the total population of neuroglial cells in young
monkeys and 40% in the cortices of the neuroglia in old monkeys. For this study,
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only a few monkeys were available; but in a later study that involved seven young,
six middle-aged, and eleven old monkeys, counts were made of the numbers of
neuroglial cells in layer 4C of the primary visual cortex and, when young and old
monkeys are compared, it was found that there is a 50% increase in the numbers of
oligodendrocytes with age in this cortical layer. This increase begins in middle age
but, interestingly, there seems to be no parallel increase in the numbers of astrocytes
or of microglial cells in layer 4C [81].

There is also an increase in the numbers of oligodendrocytes in the monkey
optic nerve with age. This is accompanied by an increase in the numbers of microglial
cells, but not of astrocytes [53]. In contrast, there is no increase in the total numbers
of any of the neuroglial cell types in the aging anterior commissure [55].

When there is an increase in the number of oligodendrocytes with age, questions
arise as to where they come from and why they are needed. The answer to the second
part of the question is that they are probably needed to form the increased numbers
of internodal lengths of myelin that are generated with age [65]. As to the origins
of the increased numbers of oligodendrocytes, the age-related increase in the fre-
quency of oligodendrocytes in pairs, rows, and groups in some parts of the brain
suggests that some of the oligodendrocytes might be dividing. However, the prevail-
ing view is that there is little evidence that mature oligodendrocytes divide (see [14,
86, 87]) and that new oligodendrocytes are generated from oligodendroglial precur-
sor cells (see [86, 88-90]), which can be visualized using antibodies to NG2 chon-
droitin proteoglycan and to platelet derived growth factor alpha receptor (e.g.,
[91-93]). These NG2+ cells are relatively common in the central nervous system
and, as considered in a later section of this chapter, there is good reason to consider
that they comprise a fourth and distinct type of neuroglial cell.

B. ASTROCYTES

As their name might suggest, astrocytes are star-shaped neuroglial cells that have
numerous processes radiating from their cell bodies. Under the electron microscope,
these cells have pale nuclei with very little clumping of the chromatin. The cytoplasm
is also pale, which distinguishes these cells from oligodendrocytes and microglial
cells, both of which have dark cytoplasm. A unique component of the cytoplasm of
astrocytes is the 9-nm-thick intermediate filaments, which occur throughout the
perikaryon and aggregate into bundles that pass into the processes. Because of the
richness of the bundles of filaments in their cytoplasm, the astrocytes of white matter
are often referred to as filamentous astrocytes, while the astrocytes in gray matter,
which has fewer filaments, are referred to as protoplasmic astrocytes. Another feature
of astrocytes is that they are extensively coupled by gap junctions. The study by
Cotrina et al. [94] shows that in mice, gap junction proteins are maintained at high
levels during aging, although there is some reorganization in terms of the number
and sizes of the junctions labeled by antibodies to various connexins. What effect
this has on the function of the aging brain is not known.

Antibodies to the glial fibrillary acid protein (GFAP) often are used to visualize
astrocytes in light microscopic preparations. Such preparations show the cell bodies
and radiating processes of astrocytes to good advantage, and give the impression
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that the processes are smooth. Essentially, this is true of the astrocytes in white
matter, which have processes that tend to pass at right angles to the orientation of
the nerve fibers, but it is not true of the astrocytes in gray matter. The filaments in
these protoplasmic astrocytes extend along the axes of the larger-diameter processes
but they do not usually enter and reveal the presence of the many thin and irregularly
shaped excrescences that emanate from the thicker processes. And indeed, when
astrocytes in gray matter are examined under the electron microscope, they are seen
to have very irregular shapes and the fine, irregular processes mold themselves to
the components of the surrounding neuropil.

As stated in the above section dealing with oligodendrocytes, astrocytes do not
appear to increase in number during normal aging of the monkey. Most reports
suggest that the same is true for rodents (e.g., [95-98]) and humans [99]. However,
Peinado et al. [100] have reported that in the parietal cortex of the aging rat, there
is a 20% increase in the numbers of astrocytes with age; and in the frontal cortex,
Peinado et al. [101] found a 10 to 20% increase in neuroglial cells with age,
depending on the cortical layer being examined. Similarly, Mouton et al. [102] have
reported that the hippocampi of young female mice have about 20% more astrocytes
and microglia than the hippocampi of old female mice. They also report that in the
dentate gyrus and CAl regions of the hippocampus, female mice have 25 to 40%
more astrocytes and microglia than age-matched males. However, as pointed out, in
their study of the total numbers of glial cells in human neocortex, Pakkenberg et al.
[77] concluded that there is no significant increase in the total numbers of neuroglia
with age.

There is general agreement that astrocytes undergo hypertrophy with age. They
both increase in size and become more filamentous. Thus, when nerve fibers are lost
with age, the astrocytes undergo hypertrophy and fill up the space vacated by the
degenerated nerve fibers, as has been seen in the optic nerves [53] and in the corpus
callosum (unpublished data). The hypertrophy also is evident in layer 1 of the
cerebral cortex. In monkeys, layer 1 becomes thinner with age, largely because of
the loss of some of the branches of the apical dendritic tufts of pyramidal cells [6,
103]. This leads to an impressive thickening of the glial limiting membrane on the
outside of the cortex. However, there is no increase in the number of astrocytes. The
thickening is brought about by an increase in the number of layers of astrocytic
processes forming the glial limiting membrane, and this is accompanied by an
increase in the numbers of intermediate filaments in these processes. This hypertro-
phy of astrocytes with age has also been noted by Hansen et al. [99], who found a
strong increase in GFAP labeling in layer 1 of aging human brains. Simultaneous
with the thickening of the glial limiting membrane, the processes of the astrocytes
in layer 1 become more profuse and more filamentous as they undergo hypertrophy
to fill the spaces vacated by the loss of apical dendritic branches of neurons [104].
Overall, the effect is somewhat similar to the response of astrocytes to a lesion when
they form a glial scar.

Other studies have also recorded an increase in the amount of GFAP and an
increase in the intensity of GFAP labeling with age in the brains of rats and mice
[105-107) and in monkeys [108—110]. Consistent with this, Nichols et al. [111] have
shown that there is an increase in GFAP mRNA with age in rats and humans.
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Consequently, hypertrophy of astrocytes with age, but not an increase in their
numbers, seems to be a ubiquitous event.

In addition to undergoing hypertrophy, astrocytes in both white and gray matter
undertake phagocytosis in the aging brain. Indeed, astrocytes with inclusions in their
cell bodies (Figure 5.6) have been encountered in all parts of the brain we have
examined, including the cerebral cortex of both the rat [83] and monkey [9, 65, 82],
as well as the optic nerves [53] and anterior commissure [55] of the monkey. The
inclusions can be quite massive and most commonly consist of an electron-dense,
sometimes granular, component intermixed with a paler component that appears to
derive from lipid. In addition, we have encountered lamellar inclusions that are
obviously the remains of phagocytosed myelin sheaths, because they have a periodic
structure with major dense and intraperiod lines that match those in normal myelin.
The presence of phagocytosed myelin in astrocytes is consistent with the fact that
myelin degeneration occurs throughout the central nervous system of the aging
monkey. The degenerating myelin that is phagocytosed by astrocytes is probably
then degraded by them and incorporated into the more amorphous inclusions because
when an antibody to myelin basic protein is used, labeling can be found over some
of the amorphous inclusions [65]. The sources of the other material phagocytosed
by astrocytes are not known.

FIGURE 5.6 An astrocyte (As) in layer 5 of the primary visual cortex of a 35-year-old
monkey. The cytoplasm of the astrocyte contains bundles of filaments (f), as well as inclusions
(I) with dense and pale components. (Scale bar = 1 ym.)
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C. MicrogGLiAL CELLS

Microglial cells have dark nuclei, similar in appearance to those of oligodendrocytes,
although the nuclei tend to be rather smaller and either oval or bean shaped. The
cytoplasm of microglial cells is electron dense, but somewhat paler than that of
oligodendrocytes. However, the similarities between microglial cells and oligoden-
drocytes can make it difficult in light microscopic preparations to distinguish
between the two cell types. The differences between them are more obvious in
electron microscopic preparations because, in contrast to the short stubby cisternae
present in oligodendrocytes, microglial cells have long cisternae of granular endo-
plasmic reticulum. Moreover, microglial cell bodies have more irregular shapes
because they tend to mold themselves to the outlines of the components in the
surrounding neuropil. Another interesting difference between these two cell types
is that when microglial cells are adjacent to the cell bodies of neurons, there is
usually a thin astrocytic process interposed between the cell bodies of the microglial
cells and the neurons, whereas the plasma membranes of oligodendrocytes lie imme-
diately adjacent to those of neurons without an intervening astrocytic process.
Another important difference between these two cell types is that in old animals it
is common to find large inclusions of phagocytosed material in the cell bodies of
microglial cells (Figure 5.7).

FIGURE 5.7 A microglial cell in the primary visual cortex of a 27-year-old monkey. The
microglial cell has a dark, rounded nucleus (N) and its dark cytoplasm contains a large clump
of electron-dense debris (D). (Scale bar = 1 ym.)
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Microglial cells are generally regarded as the phagocytes of the central nervous
system. Immunolabeling with antibodies to HLA-DRm, an MHC class antigen, and
other antibodies shows that microglial cells become activated with age. This activa-
tion is evident in the white matter of the cerebral hemispheres of old rats [112], old
monkeys (e.g., [113, 114]), and humans (e.g., [115]); and it is of interest that Sloane
et al. [114] show that the extent of microglial cell activation in white matter is related
to the degree of cognitive impairment in old monkeys. In contrast to white matter,
gray matter shows few activated microglial cells and yet when tissue from old
animals is examined by electron microscopy, microglial cells containing inclusions
of phagocytosed material are encountered in both white and gray matter. The appear-
ance of these inclusions is highly variable. In general, there are both electron-dense
and pale components and, while some inclusions are small, others may be so large
that the cytoplasm of the microglial cell is distended and confined to a thin rim that
surrounds the inclusions. As a consequence, the nucleus is flattened against one side
of the cell body. Typically, it is not possible to determine the origins of the phago-
cytosed material in microglial cells. The one exception we have encountered is in
the optic nerves of old monkeys, in which some of the microglial cells can be seen
to contain phagocytosed myelin sheaths [53]. In the optic nerves of old monkeys,
the degeneration of nerve fibers can be very extensive and may require increased
numbers of microglial cells to deal with the removal of this debris. This is probably
the reason that the optic nerve is the only structure in which we have so far
encountered a significant increase in the numbers of microglial cells with age. Thus,
in the optic nerves of monkeys, the numbers of microglial cells increase from about
5% of the total population of neuroglial cells in young monkeys to about 10% of
the total in old monkeys. In all other parts of the monkey brain that we have
examined, the percentage of microglial cells is between about 5 to 7% of the total
population of neuroglial cells and increases little, if at all, with age. Long et al. [98]
found the same to be true in the hippocampus of the mouse, although Mouton et al.
[102] have reported that in female mice there are about 20% more astrocytes and
microglia in the dentate gyrus and CAl regions of the hippocampus in old mice
than in young ones. As pointed out in the section on astrocytes, Mouton et al. [102]
find that when males and females are compared, there are 25 to 40% more astrocytes
and microglia in females than in males in these same regions of the hippocampus.
They suggest than because astrocytes and microglial cells are thought to be targets
of gonadal hormones, the effects of sex hormones and of reproductive aging may
be at the root of this difference.

Although it has not been studied in detail, it can be presumed that as they become
phagocytes, the microglia of the brain undergo morphological transformations from
the ramified, resting microglial cell with many branching processes to an activated
form in which the branches are withdrawn to enable the cell to become motile and
to move to locations where it is needed for phagocytosis. These stages of transfor-
mation have been nicely shown by Stence et al. [116] in a study in which they cut
tissue slices of rat hippocampus, labeled the microglial cells with a fluorescent label,
and followed the activation of the microglial cells that is induced by slicing the
tissue. However, Streit et al. [117] suggest that with age, microglial cells undergo
morphological alterations that are different from activation, and they designate the
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changes as microglial dystrophy. Streit et al. [117] examined microglial cells that
had been labeled with an antibody, LN-3, in the cerebral cortices of two non-
demented humans, one 38 years old and the other 68 years old. They found most
of the microglial cells in the younger brain to have a typical ramified morphology,
although they also encountered other dystrophic microglia with short, gnarled pro-
cesses. Such dystrophic cells, which had lost their finely branched processes and
had some processes that showed beading and the formation of spheroids, were
described as being more common in the older brain. Streit et al. [117] suggest that
such microglial dystrophy is a sign that the cells are undergoing senescent changes.
However, it would be prudent to undertake further studies before accepting this
concept.

D. A FourtH NEurocGLIAL CeLL TyPE

As pointed out when oligodendrocytes were considered, there is a fourth type of
neuroglial cell present in the central nervous system. Until recently, this type of
neuroglial cell has been largely overlooked in most studies of the normal adult
nervous system because superficially they resemble protoplasmic astrocytes. When
antibodies to NG2 chondroitin sulfate proteoglycan are used to label these cells, it
becomes apparent that the NG2-labeled cells make up some 5% of the total number
of neuroglial cells in the central nervous system (e.g., [88]). NG2-labeled cells in
gray matter have a variety of shapes. They are generally characterized by small cell
bodies from which extend irregular, branched processes with thin protrusions dec-
orating them, while the cells in white matter have processes that pass parallel to the
nerve fibers (e.g., [92]). There is general agreement that at least some of the NG2-
labeled cells in the mature central nervous system are oligodendroglial progenitors
(e.g., [88, 118]), but they may also have other functions that are presently unclear.
It is also generally agreed that the cells that label with NG2 antibodies are distinct
from the three classical types of neuroglial cells because they do not label with
antibodies specific for the classical neuroglia. For example, they do not label with
antibodies to GFAP, vimentin, or S-100, which are specific markers for astrocytes
(e.g., [91, 119-121]), and Ye et al. [122] have shown that laser dissection captured
NG2+ cells do not react with antibodies that are specific for astrocytes, microglial
cells, or neurons. However, they do express mRNAs for myelin basic protein and
for proteolipid protein, showing that at least some of the NG2+ cells can be precur-
sors for oligodendroglia.

In electron microscopic preparations, the NG2+ cells bear a resemblance to
astrocytes [123], in that they have pale nuclei and pale cytoplasm (Figure 5.8).
However, the NG2+ cells have more irregular nuclei than typical astrocytes. The
chromatin is dispersed and the cells have a thin layer of heretochromatin beneath
the nuclear envelope, a layer that is generally more marked than that of astrocytes.
The cell bodies of the NG2+ cells have a rather thin layer of cytoplasm around the
nucleus, but there is usually abundant cytoplasm at the poles of the cells. It is evident
that the cytoplasm contains free polyribosomes, a few cisternae of rough endoplasmic
reticulum with a concentration of ribosomes on their surfaces, and some profiles of
the Golgi apparatus. However, the mitochondria are generally smaller than those of
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FIGURE 5.8 A f neuroglial cell, the fourth type of neuroglial cell, in the primary visual
cortex of a 16-year-old monkey. The neuroglial cell () is lying next to a neuron (N). The
neuroglial cell has a pale nucleus and sparse cytoplasm that contains few organelles. (Scale
bar = 1 pm.)

astrocytes and intermediate filaments are not found in the cytoplasm. Other differ-
ences are that the NG2+ cells have more regular outlines than astrocytes; they are
often seen to contain centrioles; and although the NG2+ cells can be found through-
out the central nervous system, when they are adjacent to capillaries, there is always
a thin astrocytic process separating the NG2+ cells from the basal lamina of the
capillary.

There seems little doubt that these NG2+ cells are neuroglial cells that were
earlier included in the category of protoplasmic astrocytes. The first ones to recognize
the existence of this fourth type of glial cell were Reyners et al. [124, 125] and,
because of their resemblance to astrocytes, they called them “f astrocytes.” But in
the light of the newer information about these cells, it is evident that this name is
no longer appropriate and even misleading. Consequently, it is suggested that they
might be called “f neuroglial cells” in acknowledgment of the fact that Reyners and
colleagues were the first ones to give a clear description of these cells.

To date it is not clear whether these neuroglial cells play any definitive role in
aging, although they might be the source of the increased numbers of oligodendro-
cytes that occur in some parts of the normally aging brain.

IV. CONCLUSIONS

It is obvious that there are profound alterations in myelin sheaths and in neuroglial
cells with increasing age. The age-dependent alterations in oligodendrocytes are
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obviously related to the complex morphological changes exhibited by myelin
sheaths, some of which undergo degenerative changes, even as the production of
myelin continues in an endeavor to repair the ravages brought about by age. There
seems little doubt that the myelin changes affect conduction velocity and the transfer
of information from one part of the brain to another, and this may well be the source
of much of the cognitive decline exhibited by aging mammals. The role of the
astrocytes in aging appears to be twofold: (1) to repair damage by filling spaces left
by the degeneration of parts of nerve fibers and neurons and other parts of neurons,
such as the loss of apical dendrites from layer 1 of neocortex with age, and (2) to
act as phagocytes. The role of astrocytes as phagocytes in the aging brain has been
largely overlooked. It is known that they phagocytose some degenerating myelin,
but what other components they might ingest is not known. The same is true of
microglial cells. They can also ingest degenerating myelin but the origins of all the
material these two neuroglial cell types phagocytose in the aging brain are not yet
known. If the origins of the material could be identified, it would provide important
clues as to what components of the central nervous system are breaking down and
being removed from the aging brain.
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I.  OVERVIEW OF NEUROGENESIS IN THE ADULT
BRAIN

A. HistoricAL CONTEXT

Long past the publication of evidence to the contrary, it was widely held that neurons
were produced in the brain only during a discrete period of development. Ramon y
Cajal’s contention that “in adult centers, the nerve paths are something fixed and
immutable: everything may die, nothing may be regenerated” held sway even after
studies by Altman in the 1960s [1-4], followed by Kaplan and Hinds in the 1970s
[5], provided evidence for the birth of new neurons in the adult brain. Despite
electron microscopic and morphological evidence that some adult-born cells (iden-
tified by the incorporation of tritiated thymidine into their DNA) were neurons, the
concept of ongoing adult neurogenesis was slow to reach acceptance because there
were no definitive phenotypic markers of neurons that could be combined with
autoradiographic birth dating and no concept of adult stem cells in the brain. More-
over, the earliest attempts to demonstrate neurogenesis in primates did not provide
convincing evidence for new neurons, so the rodent studies appeared to have little
relevance for humans.

Interest in adult neurogenesis increased tremendously in the 1980s after Notte-
bohm demonstrated seasonally regulated neurogenesis in the song nuclei of songbirds
and provided evidence that adult neurogenesis subserved a neural function (reviewed
in [6, 7]). Nottebohm’s analyses left no doubt that tritiated thymidine labeled cells in
the adult bird brain were neurons, and evidence that the production of new neurons
peaks at the time birds acquire new songs provided a compelling indication that adult
neurogenesis is functionally significant, at least in birds. Subsequent studies demon-
strated that neurogenesis also was ongoing in the hippocampus of adult birds and that
the extent of hippocampal neurogenesis correlated both seasonally and across species
with seed-storing, a behavior that depends on hippocampally dependent spatial learning
[8-10]. Spurred in part by the dramatic findings in avian species, interest in adult
neurogenesis in mammals increased precipitously into the 1990s, with several labora-
tories publishing seminal investigations of the nature and extent of neurogenesis in
the adult mammalian brain (e.g., [11-15]). In addition to critical studies assessing
adult neurogenesis in vivo using radioactive thymidine and the thymidine analog
bromodeoxyuridine (BrdU), demonstrations that cells with stem cell properties could
be isolated from the adult brain established a source for new neurons in the adult brain
(e.g., [16-19]). Although the debate continues regarding the extent of adult neurogen-
esis across brain regions and across species [20-23], clearly new neurons are contin-
ually produced in some regions of the adult mammalian brain, even in humans [24],
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new neurons are integrated into functional circuits, and the ongoing neuronal turnover
is significant for some functions.

B. ReGIONAL DISTRIBUTION OF ADULT NEUROGENESIS

That the reality of adult neurogenesis was neither easily demonstrated nor quickly
accepted was a function of its limited representation with the brain. Although there
is evidence that new neurons may be added to several other neural regions under
some conditions, in the normal adult brain, neurogenesis appears to be restricted to
three areas, each with a focal population of progenitor cells and a characteristic
pattern of differentiation and migration of new neurons.

1. Neurogenesis in the Hippocampus

Neural progenitor cells in the hippocampus are located in the subgranular zone
(SGZ) at the border between the granule cell layer (GCL) and hilus of the dentate
gyrus (DG; see [25-29] for reviews). Some of the daughter cells produced by division
of those precursor cells differentiate into neurons and develop the prominent apical
dendrite that characterizes dentate granule neurons as they move into the GCL.
Adult-born neurons project axons to the primary target of dentate granule neurons,
the stratum lucidum of area CA3, as early as 4 to 10 days after their final mitosis
[30, 31], are integrated into the hippocampal circuitry, and are electrophysiologically
comparable to earlier born granule neurons within several weeks [32]. The structural
[31] and functional [33] development of adult-born granule neurons is slightly
slowed, however, compared to the development of those born at the developmental
peak of genesis.

2. Neurogenesis in the Subventricular Zone and Rostral
Migratory Stream

Quantitatively, the extent of adult neurogenesis in the hippocampus is only a fraction
of that in the anterior portion of the adult subventricular zone (SVZ), a thin, persistent
remnant of the secondary proliferative zone of the developing brain. Although not
readily identifiable by cell-type specific markers, neural stem cells can be isolated
from the adult SVZ and shown in culture to be both self-renewing and multipotent,
capable of generating both neurons and glia. Studies indicate that the neural stem
cells have some characteristics of astrocytes, but clearly not all astrocytes in the
region are neural stem cells [34-36]. Extensive analysis of the adult SVZ indicates
that the region comprises several cell types in addition to the slowly dividing stem
cells, including a more rapidly dividing population of transit amplifying progenitor
(TAP) cells, neuroblasts, glial cells, and a monolayer of ependymal cells lining the
ventricle [35]. Neuroblasts born in the SVZ maintain the ability to proliferate as
they migrate through the SVZ, into the rostral migratory stream (RMS), and ante-
riorly to the olfactory bulb (OB), finally differentiating into interneurons (e.g.,
[37-40]). Throughout their migration, chains of neuroblasts are ensheathed by slowly
proliferating astrocytes, which presumably help maintain an appropriate microenvi-
ronment for migration and cell division. The division of neuroblasts within the RMS,
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far from the SVZ, demonstrates that the environment that supports the division of
neuronal progenitors is much more extensive in the SVZ/RMS than in the DG, where
the division of progenitor cells is spatially restricted. It also is important to note that
the stem/progenitor cell populations differ between the SVZ and the SGZ [41], and
that the progenitor population in the adult hippocampus lacks true stem cells, con-
taining only more restricted progenitor cells [42, 43].

3. Neurogenesis in the Olfactory Epithelium

Concurrent with the early demonstrations of neuronal addition in the adult hippocam-
pus and OB, several laboratories described the birth of new olfactory receptor neurons
(ORNG5) within the adult olfactory epithelium (OE; reviewed in [44]). Progenitor cells
in the basal layer of the olfactory epithelium give rise to new receptor neurons that
migrate superficially as they develop their characteristic apical dendrite and project an
axon to the glomerular layer of the OB. Quantitative studies indicate that ORNs may
have lifespans as short as a few weeks or months (influenced in part by ongoing
damage to the exposed olfactory mucosa); thus, neurogenesis in the adult olfactory
epithelium supports a process of wholesale turnover, compared to the more selective
replacement of new neurons within the granule cell and interneuron populations of
the DG and OB. Although less extensively studied than the RMS/SVZ and hippocam-
pus, the mechanisms of regulation on neurogenesis in the peripheral olfactory system
are beginning to be elucidated [44]. Because olfactory loss may be an early indicator
of age-related neural decline and Alzheimer’s disease pathogenesis (discussed in [45]),
understanding aging-related changes in the peripheral olfactory system may provide
particularly important translational and clinical benefits.

4. Neurogenesis in Other Neural Regions?

Although it generally is agreed that the three regions above are the only sites of
(relatively) large-scale, ongoing neuronal replacement in the normal adult brain,
there is evidence that at least the potential for adult neurogenesis is more widespread.
Cells with properties similar to the stem cells obtained from the hippocampus and
anterior SVZ have been isolated from other brain regions, including the striatum,
cerebral cortex, septum, spinal cord, hypothalamus, and even white matter (reviewed
in [46]). These cells show at least some capacity for self-renewal in culture, as well
as the ability to give rise to both neuronal and glial lineages. Despite the apparently
wide distribution of such progenitor cells, however, evidence for constitutive neu-
ronal replacement in areas other than the three regions above remains controversial,
in part because of methodological challenges in analyzing cells that divide slowly
or seldom and critical questions of what constitutes adequate proof that a particular
cell is newly born and that a cell identified as newly born is a neuron [22, 47]. Such
debates notwithstanding, it is clear that if neurogenesis does occur in the cerebral
cortex [20, 23, 48], amygdala [49], spinal cord [50], or other regions, it is at a level
that is orders of magnitude below that in the DG and SVZ/RMS.

There is more compelling evidence that neurogenesis may be induced in nor-
mally nonneurogenic regions of the adult brain in response to injury and neuronal
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death. There are reports of both injury-induced activation of local precursor cells to
generate new neurons and migration of precursor cells from neurogenic to nonneuro-
genic regions, upon injury to the latter. Regions of the brain exhibiting such induced
neurogenesis include the cerebral cortex, striatum, and CAl region of the hippo-
campus, with neurogenesis occurring in response to focal neuronal degeneration and
ischemia [51-54]. Whether such induced neurogenesis is or can be made sufficient
to facilitate functional recovery remains to be established, but it offers exciting
translational and clinical possibilities [46].

The isolation of progenitor cells from, and presence of “inducible” neurogenesis
within, normally nonneurogenic regions of the adult brain illustrates that the char-
acteristically neurogenic regions differ from the remainder of the brain primarily in
their permissiveness for neurogenesis, rather than simply representing the sole repos-
itories of neuronal progenitor cells. Elucidating the aspects of the cellular microen-
vironment that are critical for permitting or promoting the generation of new neurons
is a fundamental challenge in understanding the regulation of neurogenesis and how
that regulation is affected under a variety of physiological conditions, including
aging. This task is made particularly challenging by the recognition that the neuro-
genic microenvironment reflects a complex and dynamic molecular state, rather than
a fixed cellular environment (discussed in [46]). Changes in the neurogenic envi-
ronment represent one possible contributor to the profound decrease in neurogenesis
that occurs with brain aging.

Il. DECREASED NEUROGENESIS IN THE AGING
BRAIN

A. EXTENT OF AGING-RELATED CHANGES

Evidence that neurogenesis is sustained in the senescent brain, albeit at a lower level
than in young adults, was provided among early studies of adult neurogenesis using
thymidine labeling and electron microscopy [55]. Recent and more quantitative
studies revealed the extent of the aging-related decline in neuronal production in
each neurogenic region and provide a foundation for ongoing studies of the mech-
anisms of regulation of aging-related changes.

1. Hippocampus

Since the mid-1990s, several laboratories have demonstrated that the level of hippo-
campal neurogenesis in aging and aged animals is only a fraction of that seen in
young adults. Experiments using a variety of BrdU labeling paradigms, supple-
mented with immunolabeling for markers of immature neurons, have revealed the
extent and time course of aging-related changes in rats and mice (e.g., [12, 13,
56-59]. The reduction in production of new neurons is profound, consistently on
the order of 80% or more, and occurs relatively early in the aging process, with the
greatest decline occurring by middle age and only a modest, if any, additional decline
during later senescence [13, 58, 60]. Although detailed quantitative studies
are limited to rodent models, limited data indicate that the effects of aging on
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hippocampal neurogenesis are similar in primates. The temporal pattern may differ,
however, because one study of macaques revealed a large (approximately 70%)
decrease in neurogenesis between young adulthood and middle age, as well as a
substantial and additional decrease between middle and old age [14]. Comparisons
across species must be made carefully, of course, given the limited sampling in most
primate studies and the challenge of determining comparable life stages in species
with very different lifespans.

2. SVZ/RMS

The aging SVZ has not been studied as extensively or quantitatively as the aging
hippocampus but undergoes a similar decline in proliferation. In mice, the number
of BrdU-labeled cells present in the SVZ a few hours after labeling is lower by
about a factor of 2 in 20- to 25-month-old vs. 2- to 4-month-old mice [61, 62] and
in 24-month-old vs. 3-month-old Fisher-344 rats [63]. As in the hippocampus, the
greatest reduction in cell genesis within the SVZ occurs between young adulthood
and middle age, with a more modest additional decline with further aging [64]. The
aging-related reduction in the appearance of newborn neurons in the OB is somewhat
greater than the decline in proliferation within the SVZ; at 1 month after labeling,
only 30% as many BrdU-labeled cells are apparent in the OB of older animals [61].
Thus, it appears that the aging-related decrease in progenitor proliferation in the
SVZ is compounded by an additional deficit in the division of neuroblasts as they
migrate through the RMS, and/or by decreased survival of migrating neuroblasts in
older animals. Detailed light and electron microscopic studies indicate that, with
aging, neurogenesis in the SVZ becomes restricted to the dorsolateral aspect of the
lateral ventricle and increased numbers of astrocytes become interposed among the
ependymal cells [64]. Thus, in the case of the SVZ, both the size and cellular makeup
of the neurogenic environment are reduced during aging. Notably, the aging-related
decline in the neurogenic activity of the SVZ/RMS is not limited to rodents; both
the size of the SVZ and the number of migrating neuroblasts are reduced in old
macaques compared to young adults [65].

3. Olfactory Epithelium

Data on aging-related changes in the genesis of olfactory receptor neurons are limited
and analysis of changes is complicated by the fact that the olfactory epithelium, by
virtue of its exposed location within the nasal cavity, is uniquely vulnerable to damage
from a variety of insults. There are substantial aging-related changes in the organization
of the olfactory epithelium, including a decrease in the number of ORNs and patchy
replacement of the sensory epithelium by respiratory epithelium (e.g., [66, 67]. It
cannot be assumed, however, that loss of ORNSs is the result of decreased genesis. A
short report that noted decreased generation of ORNSs in the olfactory epithelium of
aged mice [68] was followed by a detailed study of Fisher-344 x Brown Norway rats
from 7 to 32 months of age [69]. Significantly, in the latter study, the animals were
maintained in a barrier facility to minimize the possible impact of rhinitis and
other disease on the olfactory epithelium. Although the anterior olfactory epithelium
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exhibited evidence of degeneration and gross morphological changes, the posterior
region was well preserved, and BrdU labeling demonstrated that progenitor cells were
dividing and new ORNSs were produced even in the oldest animals. The generation of
new neurons in the olfactory epithelium still was significantly reduced in older indi-
viduals; the number of BrdU-labeled basal cells and immature (GAP43-positive)
neurons was approximately 40% lower in 32-month-old rats compared to 7-month-
old young adults. Other investigators demonstrated a similar decrease between young
adulthood and middle age in Sprague Dawley rats [70]. In addition to such evidence
for decreased proliferation of progenitor cells, expression of NeuroD, a basic helix-
loop-helix transcription factor that is thought to function in neuronal differentiation,
is reduced in the aged olfactory epithelium [71].

B. MECHANISMS OF AGING-RELATED CHANGES

Although the aging-related decline in neurogenesis is profound, the neurobiological
changes that contribute to that change are not yet understood. To understand how
and why neurogenesis changes in the aging brain, one must consider several pro-
cesses that influence the rate of neuronal turnover and establish which processes
change with aging. The control of adult neurogenesis involves multiple points of
regulation, including the size of the progenitor cell population and the rate of division
of progenitors cells, the survival of daughter cells, the commitment of daughter cells
to a specific (neuronal or glial) lineage, and the rate of neuronal growth and differ-
entiation. In principle, alterations in the regulation of any or all of these processes
might contribute to aging-related changes in neuronal replacement. Recent studies
have begun to reveal the specificity of aging effects, despite still limited data and
occasionally conflicting results.

1. Number and Proliferation Rate of Progenitor Cells

Much of the aging-related decline in neurogenesis in both the DG and SVZ is the
result of a dramatic decline in the division of progenitor cells. Quantitative analyses
of cell division in the SGZ and SVZ of young adult and older animals, utilizing S-
phase labeling with BrdU, have consistently demonstrated 50 to 90% declines in
the number of BrdU-labeled cells present in the neurogenic regions immediately or
shortly after BrdU injection (e.g., [12, 13, 57, 58, 60-62,72-74]). Stem cells divide
so slowly that changes in their rate of division are unlikely to contribute detectably
to in vivo measurements of proliferation in adults; thus, the reported changes likely
reflect a decrease in the division of more restricted and more rapidly dividing
progenitor populations. Although many studies used BrdU labeling protocols that
included injections over several days and survival periods of up to a week, which
may conflate changes in cell division with changes in survival, recent studies using
discrete labeling periods and short survival times (1 hour or less) leave no doubt
that there is less cell division in older animals. Consistent with the analysis of more
general measures of neurogenesis, most of the aging-related decline in the division
of progenitor cells occurs by middle age, with only modest additional declines during
later senescence [64]. Both the temporal pattern and the magnitudes of decline are
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similar in mice and rats, the only species for which there are extensive quantitative
data. When examined in the same individuals, the magnitude of the decline is greater
in the SGZ than in the SVZ (90 and 50% declines, respectively, comparing 3-month-
old and 20-month-old mice [62]).

In principle, the decrease in BrdU labeling could reflect a smaller population of
progenitor cells, slower and/or less frequent division of a constant population of
progenitors, and/or changes in cell cycle kinetics. At least two studies of the SVZ
indicate that the cell cycle of progenitors in the SVZ lengthens in older animals [61,
64]. It should be noted, however, that the change in cell cycle length appears to
occur between middle and old age, later than most of the decline in proliferation
[64]. In addition to lengthening of the cell cycle, more progenitor cells leave the
cell cycle in older animals [64], raising the possibility that the age-related change
in cell division includes deviations from steady-state kinetics (which are assumed
by most analytical methods). Testing empirically for changes in the length of the S-
phase or other components of the cell cycle and for changes in check-point regulation
is critical [75, 76], but these difficult and resource-intensive experiments have not
been completed for aging animals.

Determining whether the size of the population of stem and progenitor cells
declines with aging is as challenging as quantifying cell cycle changes, and recent
attempts to answer the question have provided intriguing but somewhat conflicting
results. Tropepe et al. [61] reported that progenitor cells isolated from young adult
and aged mice formed comparable numbers of, and similarly sized, neurospheres
in vitro, leading the authors to conclude that both the number and proliferative
potential of progenitor cells is maintained during aging, and that the aging-related
decline in proliferation in vivo is due solely to changes in the microenvironment in
which progenitor cells proliferate. A more recent study, however, demonstrated a
twofold reduction in the number of neurospheres recovered in culture from old
relative to young adult mice [77]. Consistent with that study, Luo and colleagues
[64] combined BrdU labeling, immunolabeling for Ki-67 (a nuclear protein
expressed by dividing cells), and ultrastructural analysis to analyze the number of
neuroblasts and TAP cells and reported that both decrease by middle age. Quantifying
the population of slowly cycling stem cells is more difficult than analyzing the “later”
progenitor cells, but there also is evidence for an aging-related decrease in the
number of neural stem cells in the SVZ, based on labeling for the G1-phase cell
cycle marker Mcm2 and labeling with nucleoside analogs [77, 78]. The magnitude
of the reported declines in stem cells, neuroblasts, and TAP cells is similar to the
decline in BrdU labeling (approximately 50%) and, like the decline in cell division,
most of the decrease in progenitor cell number occurs by middle age. In considering
these and similar studies, it is important to remember that there are no definitive,
state-independent markers for neural progenitor cells, and that a “loss” of cells based
on immunolabeling or morphological criteria could simply reflect loss of expression
of specific phenotypic traits. The ability of progenitor cells in aged animals to
respond to a variety of stimuli and return neurogenesis to levels at or near that seen
in young adults [56-58, 62, 72, 79-82] demonstrates that even in the aged brain
there is a population of neural progenitor cells that is adequate to maintain neuro-
genesis at a youthful level, given the proper conditions.
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2. Cell Survival

Because, at all ages, many of the newborn cells in the adult DG and SVZ/RMS die
before reaching full maturity, changes in cell survival could contribute to the aging-
related decline in neurogenesis. In young adult rats, 50% of newborn (BrdU-labeled)
cells in the DG die within 28 days after labeling; those that survive past the first
month live for at least 5 additional months and replace granule cells that were born
during development or earlier in adulthood [83]. It has proved difficult to assess
directly the survival of newborn neurons in the neurogenic regions. Common markers
of apoptosis (e.g., terminal transferase-mediated dUTP nick-end-labeling, TUNEL)
generally do not reveal a large enough population of dying cells in the adult DG to
account for the extent of cell birth and the fact that the total number of dentate
granule cells remains stable throughout adulthood, suggesting either the window
during which dying cells can be detected is too short to permit accurate assessment
of their number or many cells are dying by a mechanism that is not recognized by
current detection methods. Studies using BrdU labeling support the conclusion that
aging does not diminish the survival of newborn cells, and that most of the decline
in neurogenesis is accounted for by decreased proliferation (e.g., [13, 56, 58]). Using
the ratio of the number of BrdU-labeled cells present at 4 weeks after labeling to
the number present immediately after labeling as an index of survival, studies of
aging mice [56] and rats [58] revealed no decrease in the survival of newborn cells
in young adult, middle-aged, and old animals. Aging may, however, alter the balance
of cell death among undifferentiated, differentiating, and mature cells in a manner
that is not apparent with currently available methods.

3. Neuronal Commitment and Differentiation

Although the survival of newborn cells in neurogenic regions appears to be unaf-
fected by age, the percentage of newborn cells that become neurons is much lower
in middle-aged and old animals than in young adults (e.g., [12, 56, 58, 60, 84]).
When examined approximately 4 weeks after BrdU labeling, the percentage of
newborn cells in the DG that express neuronal markers is reduced by about 60%
between young adulthood and middle-age in rats [58, 84], and by 40% or more in
mice [56, 60]. Thus, in aged animals, the overall reduction in the proliferation of
progenitor cells is compounded by a decrease in the fraction of cells that are produced
that become neurons. The aging-related decrease in the development of newborn
neurons may not reflect a decrease in initial commitment to a neuronal lineage,
however, because a comparable percentage of newborn cells expresses the neuroblast
marker doublecortin (Dcx) 24 hours after BrdU labeling [84]. The subsequent devel-
opment of new neurons is compromised in older animals, however, because both
the rate of migration into the granule cell layer and the rate of structural maturation
are slowed in middle-aged and old rats, compared to young adults [84].

Just as one might describe the population of many countries as “graying,” with
older individuals representing an increasing percentage of the population, there is a
significant “graying” of the population of dentate granule neurons and OB interneurons
during the transition from young adulthood into middle and old age. As the rate of
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addition of new neurons declines, the population of young, developing neurons, which
are thought to play a unique role in hippocampal and olfactory function (Section IV.A),
decreases relative to the population of older, less plastic neurons. Moreover, the
differentiation of newborn neurons is slowed in older animals [84], presumably impact-
ing their integration into neural circuits and their influence on the neural processes
that depend on neuronal turnover. Given evidence that adult neurogenesis is important
for some functions of the hippocampus and OB (Section IV.B), amelioration of the
aging-related decline in neurogenesis represents an attractive target for reducing aging-
related cognitive dysfunction. Any attempt to prevent or diminish the effects of aging
on neurogenesis depends, however, on understanding the molecular mechanisms that
control neurogenesis and mediate the aging-related changes.

I1l. REGULATORS OF NEUROGENESIS IN THE ADULT
AND AGING BRAIN

The list of intrinsic factors (e.g., transcription factors and cell cycle regulators) and
extracellular growth factors, hormones, and neurotransmitters that influence neuro-
genesis in the adult neurogenic zones is large, diverse, and ever-growing (see [85,
86] for reviews). Intrinsic cell cycle regulators have been studied primarily in the
developing nervous system, only recently in adults [85], and not at all in the aging
brain; they are not discussed here. Importantly, many recent studies indicate that the
aging-related decline in neurogenesis develops primarily from changes in the neu-
rogenic microenvironment and in the factors that control the division of stem and
progenitor cells, not from loss of, or changes intrinsic to, those precursors. Among
the most striking recent advances in the understanding of adult neurogenesis was
the observation that proliferation does not occur randomly or homogeneously
throughout the neurogenic regions, but rather that dividing progenitor cells are found
in close association with the microvasculature, in a “vascular niche,” and that neu-
rogenesis is associated with a process of active vasculogenesis and remodeling (e.g.,
[87-90]). This view provides hope that aging-related changes may be reversed by
experimental modulation of the microenvironment if the critical cellular and molec-
ular factors that define that environment can be identified. A complete discussion of
the neurogenic niche and of all the extrinsic factors that might influence adult
neurogenesis is beyond the scope of this chapter; the discussion here focuses on
factors for which there is evidence of an important role in mediating aging-related
changes in neurogenesis in the hippocampus and SVZ (see [44] for an excellent
review of the regulation of neurogenesis in the OE).

A. HorMONES AND GROWTH FACTORS
1. Stress Hormones

Stress and corticosteroids were among the first studied regulators of adult neurogenesis
[91, 92]. The idea that stress and glucocorticoids contribute to the aging-related decline
in neurogenesis is particularly attractive, given widespread evidence that stress influ-
ences brain aging and cognitive function (e.g., [93-95]; see Chapter 13), and that aging
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is associated with elevated levels of corticosteroids [96]. Stress-induced depression of
proliferation in the DG has been demonstrated in several species (shrews and marmosets,
as well as rats and mice) and in response to a wide variety of stressors (reviewed in
[97]) but there are, as yet, no studies of stress effects specifically in old animals. The
effects of stress on neurogenesis overall are more complex than the effects on prolifer-
ation. Some studies indicate that stress-induced depression of proliferation is accompa-
nied by a decrease in neuronal production, as one would predict [98, 99]. Others,
however, have shown that the stress-induced reduction in proliferation is followed, after
a short period, by an increase in cell survival, such that the overall addition of new
neurons remains largely unchanged [100, 101]. Whatever the complexity of stress-
induced changes, clearly they are mediated, at least in part, by glucocorticoids. Depletion
of glucocorticoids by adrenalectomy increases the number of BrdU-labeled cells in the
DG in both young adult and old rats (e.g., [57]), and increasing glucocorticoid activity
decreases proliferation [92, 102]. The relationship between glucocorticoid levels and
neurogenesis is not simple, however, because physical activity, living in an enriched
environment, and training on learning paradigms all increase glucocorticoids but also
increase neurogenesis (see [97]). Moreover, despite the profound effects of glucocorti-
coids on neurogenesis in the DG, proliferation in the SVZ remains unchanged following
adrenalectomy [103]. Progress in investigating the expression of glucocorticoid and
mineralocorticoid receptors on neural precursor cell populations [104] is beginning to
clarify the cellular targets of stress hormones within neurogenic regions and offers
promise that the specific role of those factors in aging-related changes in neurogenesis
soon will be clearer.

2. Growth Hormone/Insulin-Like Growth Factor-1 Axis

Interest in the growth hormone/insulin-like growth factor-1 (GH/IGF-1) axis as a
mediator of aging-related changes in the brain and other organ systems developed
from the recognition that a substantial decline in serum GH and IGF-1 levels is one
of the most robust hallmarks of mammalian aging (reviewed in [105-107]. Given
the pleiotropic effects of IGF-1 in the brain and increasing evidence that GH has
direct effects in the brain, as well as regulating IGF-1 levels, it is reasonable to
expect that the aging-related decline in GH/IGF-1 activity is significant for brain
structure and function. There is experimental evidence that restoring GH and/or IGF-
1 in older animals ameliorates many aging-related neural changes (105, 107). With
respect to neurogenesis, several lines of evidence implicate the GH/IGF-1 axis in
aging-related changes. The regulation of adult neurogenesis appears to be linked to
the regulation of angiogenesis (e.g., [87, 90, 108]), which is modulated in the aging
brain by the GH/IGF-1 axis [109]. In addition, several laboratories have demon-
strated that modulating IGF-1 levels in adult rodents alters hippocampal neurogen-
esis (see [107, 110] for reviews). Neurogenesis is decreased by hypophysectomy
(Hx), which decreases levels of GH (and other pituitary hormones) and IGF-1, and
neurogenesis in Hx animals is restored by peripheral infusion of IGF-1 [111]. IGF-
1 also mediates the ability of physical exercise to increase neurogenesis [112].
Finally, direct intracerebral ventricular (icv) infusion of IGF-1 into aged rats ame-
liorates the aging-related decline in neurogenesis [58].



138 Brain Aging: Models, Methods, and Mechanisms

Although the evidence that the GH/IGF-1 axis plays some role in the regulation
of adult neurogenesis and contributes to aging-related changes is intriguing, the
mechanisms of such regulation remain poorly understood, particularly with respect
to which endogenous source or sources of IGF-1 are most important for regulating
adult neurogenesis and which aspects of neurogenesis are regulated by the GH/IGF-
1 axis. IGF-1 is available to cells in the CNS from at least three sources: from the
plasma across the blood-brain barrier [113, 114], following production by cells of
the cerebral vasculature [115, 116], and from local production by neurons and glia
within the brain parenchyma [115-117]. Teasing apart the endocrine, paracrine, and
autocrine effects of IGF-1 on neurogenesis remains a significant challenge, but some
insight was provided by the initially paradoxical observation that hippocampal
neurogenesis increases in Ames dwarf mice, a model of GH/IGF-1 deficiency.
Although Ames mice have profound deficits in circulating GH and IGF-1, analysis
revealed greatly increased IGF-1 levels in the hippocampus, presumably accounting
for the increase in neurogenesis [118]. Thus, at least for the regulation of adult
neurogenesis, local production of IGF-1 may be more important than endocrine
levels. Quantitative data on levels and production of IGF-1 within the brain paren-
chyma are limited, but IGF-1 levels within the rat hippocampus decline significantly
by middle age and then only slightly, if at all, during later senescence [119], a
temporal pattern that correlates with the aging-related change in neurogenesis.

Even as the regional regulation of IGF-1 production and activity becomes clearer,
it is not yet established that IGF-1 modulates the same aspects of neurogenesis that
are most affected by aging, and one must consider the possibility that changes in
neurogenesis in response to experimental modulation of IGF-1 levels reflect a phar-
macological effect rather than normal physiological regulation. As discussed, the
aging-related changes in neurogenesis include both decreased proliferation and
changes in commitment and/or differentiation, whereas effects on survival are less
clear. The reported increase in the number of BrdU-labeled cells in the SGZ follow-
ing restoration of IGF-1 by icv infusion in aged rats appears to involve increased
proliferation [58], but because BrdU was injected over several days in that study,
one cannot exclude the possibility that IGF-1 affected survival. Significantly, icv
infusion of IGF-1 has no effect on the percentage of newborn cells that committed
to neuronal differentiation; thus, it is unlikely that decreased GH/IGF-1 activity
accounts for the aging-related decline in neuronal commitment in the DG. A recent
study of neurogenesis in a model of adult-onset GH/IGF-1 deficiency indicates that
IGF-1 modulates the survival of newborn neurons [120] but, as noted above, the
effects of aging on survival remain unclear. Taken together, the available data suggest
that the aging-related decline in the activity of the GH/IGF-1 axis contributes to,
but cannot fully account for, aging-related changes in neurogenesis. Additional
factors clearly are involved.

3. Fibroblast Growth Factor

Fibroblast growth factor 2 (FGF-2), also known as basic fibroblast growth factor
(bFGF), declines in the aging hippocampus and, like the declines in IGF-1 and in
neurogenesis, the decrease in FGF-2 occurs by middle age [119]. The aging-related
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decline in FGF-2 appears to be due, at least in part, to decreased local production,
because both the number of FGF-positive cells and the intensity of immunolabeling
is reduced in middle-aged and old mice compared to young adults [119]. There is
more than correlative evidence that FGF-2 contributes to the aging-related decline
in neurogenesis; infusion (icv) of FGF-2 into old mice partially ameliorates the
aging-related decline in BrdU labeling [62]. In the SGZ, the number of BrdU-labeled
cells in FGF-2 infused old mice is 20% of that seen in normal, young adults,
compared to the 10% seen in control aged mice. The effects of FGF-2 infusion are
greater in the SVZ, where the number of BrdU-labeled cells in FGF-treated aged
animals approaches the level seen in normal, young adults. The effects of FGF-2
treatment of aged animals, like the effects of IGF-1, not only suggest the factors
may mediate (in part) the aging-related decline in neurogenesis, but they also dem-
onstrate that the aged brain retains the capacity to respond to growth factors with
increased neurogenesis, an important consideration as one contemplates the thera-
peutic potential of modulating neurogenesis to ameliorate aging-related cognitive
deficits or neurodegeneration.

4. Vascular Endothelial Growth Factor

Vascular endothelial growth factor (VEGF) shows the same pattern of aging-related
decline in the hippocampus as IGF-1 and FGF-2; levels of VEGF in middle-aged
and aged animals are only about half that in young adults [119]. VEGF is of particular
interest with respect to aging-dependent regulation of neurogenesis because adult
neurogenesis and angiogenesis may be linked (e.g., [87-90]), but there are multiple
mechanisms by which VEGF might influence neurogenesis, some of which need
not involve the vasculature. Reports that VEGF receptors are expressed by neurons,
as well as by vascular endothelial cells (discussed in [121, 122], and that neurogen-
esis is increased in response to doses of VEGF that are too low to induce endothelial
proliferation, indicate that VEGF may influence neurogenesis independently of its
ability to promote angiogenesis [123]. Although the ability of VEGF to restore
neurogenesis in aged animals has not been tested directly, there is evidence that
modulating VEGF activity in young adults alters neurogenesis in both the DG and
SVZ/RMS. VEGF knockout mice show reduced neurogenesis in both neurogenic
regions and icv infusion of VEGF increases neurogenesis [124]. Significantly, there
is accumulating evidence that VEGF mediates some of the effects of stress [125],
of exercise [126, 127], and of complex environments and learning on adult neuro-
genesis [128, 129].

5. Brain-Derived Neurotrophic Factor

Brain-derived neurotrophic factor (BDNF) is expressed at high levels in the adult
hippocampus, including the DG [130], and a variety of evidence implicates BDNF
as an important mediator of aging-related neural changes in the brain (reviewed in
[131]). The effects of aging on hippocampal BDNF levels remain controversial, with
some laboratories reporting an aging-related decrease (e.g., [132, 133]) but others
finding little or no change [134, 135]. The specific role of BDNF in modulating
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neurogenesis in the normal adult and aging brain also remains unclear. Consistent
with the hypothesis that BDNF is a proneurogenic factor is evidence that neurogen-
esis decreases in BDNF knockout mice [136] and that increasing BDNF levels in
the SVZ by adenovirus [137] or icv infusion [138, 139] increases the number of
neuroblasts and new neurons in the SVZ and OB. Direct unilateral intrahippocampal
infusion of BDNF increases neurogenesis in the DG, but the effect must be indirect
and not by direct stimulation of progenitor cells because increased neurogenesis is
evident bilaterally while exogenous BDNF appears to remain restricted to the infused
hemisphere [140]. The effects of BDNF on proliferation and neurogenesis also are
influenced by other factors. In apparent contrast to the evidence that BDNF promotes
neurogenesis in the normal adult brain, infusion of the factor following an ischemic
event reduces the increase in neurogenesis that usually follows ischemia [141].
Moreover, reducing endogenous BDNF following ischemia promotes, rather than
decreases, neurogenesis [142]. Additional evidence for complex, differential regu-
lation of BDNF and its effects comes from reports that one form of dietary restriction,
every-other-day feeding, increases adult neurogenesis by increasing BDNF [143,
144], whereas another form of dietary restriction, 40% calorie reduction, does not
affect BDNF levels and does not increase neurogenesis [60, 135].

6. Epidermal Growth Factor Family

Members of the epidermal growth factor (EGF) family of growth factors and recep-
tors have been implicated in the regulation of both embryonic and adult neurogenesis
(e.g., [61, 145-148]). Adult TGF-a knockout mice show decreased proliferation in
the SVZ and fewer new neurons migrating to the OB [61]. Aged mice show reduced
EGF receptor signaling in the SVZ and decreased neuronal replacement in the OB,
along with deficits in olfactory discrimination [149]. Infusion of EGF increases
proliferation in the SVZ, but also reduces neuronal replacement in the OB [145,
146]. Thus, EGF not only promotes proliferation of precursors but also directs
differentiating cells away from differentiation as neurons. The capacity to respond
to EGF with increased proliferation in the SVZ is retained in old animals [150], in
which increased proliferation is associated with improved performance in a passive
avoidance learning task [151]. EGF does not promote proliferation in the adult
hippocampus as it does in the SVZ [146], but another family member, heparin-
binding EGF (HB-EGF), increases both BrdU labeling and the number of doublecor-
tin-positive cells in the SVZ and the SGZ [62]. As with all the growth factors
discussed above, the roles of EGF family members in regulating neurogenesis in
the adult and aging brain are only beginning to be elucidated.

7. Transforming Growth Factor-3 Family

Members of the Transforming Growth Factor-3 family of growth factors, particularly
TGF-f3 and bone morphogenetic proteins (BMPs), are powerful regulators of neural
stem cells and of neurogenesis in both developing and adult brains. Much like BDNF,
the effects of TGF-f on neurogenesis appear to be context dependent. Intracere-
broventricular infusion of TGF-f reduces proliferation of progenitor cells in both
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the DG and SVZ of adult mice [152], and chronic overexpression of TGF-f3 in aged
transgenic mice virtually eliminates neurogenesis [153], but TGF-f mediates pro-
neurogenic effects of microglia following adrenalectomy (see below). The question
of whether changes in TGF-f signaling contribute to changes in neurogenesis in
normally aging mice has not yet been addressed. Whether changes in BMP signaling
contribute to aging-related changes in neurogenesis similarly is unknown, but BMPs
influence adult neural stem cells in much the same way that they influence stem
cells in the developing brain. In the adult SVZ, in the absence of other factors, BMPs
direct stem cells toward a glial fate, but that gliogenic signal is blocked by the BMP
inhibitor noggin, which is expressed by ependymal cells [154, 155]. Thus, a change
in the balance of BMP signaling and inhibitors could contribute to the aging-related
decrease in the percentage of newborn cells that differentiate as neurons (Section
I1.B.3).

8. Retinoic Acid

Retinoic acid (RA), a member of the steroid/thyroid hormone super family, is an
essential growth factor and regulates many aspects of embryonic neural development.
Recent evidence indicates that RA continues to influence plasticity and regeneration
in the adult brain and may influence neurogenesis in the olfactory epithelium, SVZ,
and hippocampus, with possible effects on both proliferation of progenitor cells and
differentiation of newborn neurons [156, 157]. Changes in RA signaling may be
particularly important in the aging olfactory system, with effects in both the OE and
the SVZ [45]. RA critically regulates the initial development of the peripheral
olfactory system and continues to influence olfactory progenitor cells in the adult
[158-160]. In addition to activating basal stem cells in the OE, RA influences a
small population of cells in the SVZ that appear to be stem cells (i.e., they are slowly
dividing, express GFAP, and form neurospheres when isolated in culture). A variety
of studies in humans and animal models suggest that RA promotes recovery of
olfactory function in aged individuals and following injury to the peripheral olfactory
system [45]. Moreover, RA improves performance on an odor-mediated learning
task when administered to senescent mice [161]. Perhaps most intriguingly, because
dietary vitamin A is the primary source of retinoids, RA could play the central role
in a feed-forward cycle in which a modest aging-related decline in olfactory function
contributes to reduced appetite, which leads to reduced food intake and sub-optimal
vitamin A levels, resulting in decreased RA signaling and thereby to further deficits
in olfactory neurogenesis (discussed in [45]). Further investigation may establish
RA as an important therapeutic target for ameliorating the age-related decline in
olfactory function.

B. NEUROTRANSMITTERS

Several neurotransmitters have been implicated in the regulation of adult neurogen-
esis, consistent with the growing awareness that neurotransmitters can act as trophic
factors as well as synaptic messengers and with evidence that activity within the
adult hippocampus and olfactory system influences the production and integration
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of new neurons. In the OB, centrifugal projections of cholinergic, serotonergic, and
catecholaminergic inputs each can influence the differentiation and survival of new
neurons [155]. Cholinergic neurons in the basal forebrain project to both the DG
and the OB, and the number of newborn granule neurons decreases in both regions
following lesion of that cholinergic projection [162, 163]. GABA plays a key role
in the integration of newborn neurons in the adult brain [164], and additional
influences of serotonin may link changes in neurogenesis to the development of
depression [165, 166]. Few studies have investigated neurotransmitter-dependent
regulation of neurogenesis in aged animals, but loss of dopaminergic projections
from the substantia nigra to the SVZ further decreases the number of proliferating
progenitors and developing neurons in the SVZ of aged primates [65], and treatment
with antagonists to the NMDA type glutamate receptor increases neurogenesis in
aged rats [59], the latter suggesting that the decline in neurogenesis may be one of
several deficits influenced by aging-related changes in glutamate signaling (see
Chapter 8).

C. INFLAMMATORY MEDIATORS

Evidence from many laboratories and studies suggests that aging-related increases
in inflammatory processes contribute to the development of neural deficits (e.g.,
[167-170]). This hypothesis is based on evidence that (1) basal levels of many pro-
inflammatory cytokines increase in older brains and (2) those cytokines affect the
function, and even the survival, of neurons, glia, and progenitor cells. Although not
yet established, it is reasonable to suspect that aging-related activation of microglia
suppresses neurogenesis (and thereby cognitive function), because neurogenesis is
profoundly affected by changes in the neurogenic microenvironment that are medi-
ated by reactive microglia and inflammatory cytokines. Inducing an inflammatory
response by infusion of the bacterial toxin lipopolysaccharide (LPS) virtually elim-
inates neurogenesis in the adult brain, with the extent of reduction in individuals
well correlated with the number of activated microglia [171]. Neurogenesis is
restored in LPS-infused animals by treatment with minocycline, a tetracycline deriv-
ative that inhibits the activation of microglia. Studies using brain irradiation to induce
microglia activation and a sustained inflammatory response demonstrate that inflam-
matory-induced changes in neurogenesis arise as a result changes in the neurogenic
environment, rather than intrinsic changes in progenitor cells. Hippocampal progen-
itor cells can be cultured from irradiated brains, divide normally, and produce a
normal array of cell types in culture, but hippocampal progenitor cells from non-
irradiated brains do not divide and produce neurons when transplanted into an
irradiated brain, as they do when transplanted into a nonirradiated brain [108].
Significantly, these deleterious changes in the progenitor cell niche arise, at least in
part, from the radiation-induced inflammatory response, because treatment with non-
steroidal anti-inflammatory drugs (NSAIDs) ameliorates the deleterious effects of
whole-brain irradiation on hippocampal neurogenesis [172].

Thus, to the extent that microglial activation and a chronic inflammatory
response accompany brain aging (e.g., [168, 173, 174]), one would expect they
contribute to the aging-related decline in neurogenesis, and possibly to cognitive
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deficits. It must be recognized, however, that the “activation” of microglial cells and
their relationship to other cell types is significantly more complex than previously
appreciated (e.g., [175]), and that activated microglia are not always antineurogenic.
Following adrenalectomy, microglia increase neurogenesis via TGF-f3 [176] and
microglia activated by anti-inflammatory cytokines associated with T-helper cells
also increase neurogenesis [177, 178], in contrast to endotoxin-activated microglia,
which inhibit neurogenesis [179]. The balance of pro- and anti-inflammatory factors
produced by microglial cells under specific conditions determines their effect on the
neurogenic microenvironment, and clarification of the role of inflammation in aging-
related changes in neurogenesis awaits a clearer understanding of aging and aged
microglia (see [180] for a recent discussion of aging-related changes in microglia).

IV.  FUNCTIONAL SIGNIFICANCE OF ADULT
NEUROGENESIS

Since the initial demonstrations that neurogenesis continues in the adult brain, it has
been a major challenge to understand the functional significance of the ongoing
production of new neurons in the mammalian brain (function is better understood
in avian species [6, 181, 182]). It has been demonstrated repeatedly in rodents that
adult-born neurons become functional; that is, they develop synaptic and electro-
physiological properties characteristic of mature neurons and are integrated into
synaptic networks. The current challenge is establishing the importance of neuro-
genesis at the systems and cognitive levels. There is compelling evidence that
newborn neurons have distinct electrophysiological properties that endow them with
greater plasticity, which may permit them to play a unique role in hippocampal and
olfactory circuits (discussed in [183] and below). Some investigators suggest that
ongoing neuronal replacement provides more long-term and adaptive, rather than
acute, benefits [182, 184, 185], perhaps permitting the hippocampus and OB to be
optimized for particular environments [186]. Such long-term function might explain,
in part, the difficulties in linking differences in neurogenesis to differences in cog-
nitive ability. Further complicating the issue, it cannot be assumed that new neurons
in the hippocampus have the same or even similar functional roles as new neurons
in the OB. Even a cursory summary of the investigations addressing this issue is
beyond the scope of this chapter, but many excellent reviews and discussions are
available (e.g., [7, 182-193]). It is important here, however, to consider the exper-
imental approaches that have been taken and to consider the limited number of
studies that have examined the issue in aging animals.

A. CeLL PHYsIOoLOGY OF NEWBORN NEURONS

Many laboratories are studying adult-born neurons at the cellular level, using elec-
trophysiological methods to compare the membrane and synaptic properties of
newborn neurons to those of older neurons and to assess the integration of the new
neurons into neural circuits. Such studies are critical to understanding what capacities
are added by the constant addition of new neurons. Although the questions of whether
and when adult-born neurons send projections into target regions was answered soon
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after the rediscovery of adult neurogenesis (e.g., [30, 194, 195]), investigations of
the electrophysiological development of adult-born neurons and their functional
integration required the development of methods for identifying newborn neurons
in living tissue. In recent years, adult-born neurons have been labeled with fluores-
cent proteins controlled by viral vectors or developmentally regulated promoters, so
that one can identify and record from the neurons in living preparations (e.g., [32,
33, 196-198]. Such studies have provided detailed descriptions of the development
of cell physiological and synaptic properties of dentate granule neurons and granule
and periglomerular neurons in the OB, both in normal adults and under a variety of
clinically relevant experimental conditions (reviewed in [186]). Evidence that long-
term potentiation (LTP) can be induced more readily in newborn dentate granule
neurons than in older granule neurons [199, 200] suggests that unique mechanisms
for synaptic plasticity may underlie the contributions of newborn neurons to hippo-
campal and olfactory function. To date, electrophysiological studies of newborn
neurons have not been done in aged animals, as most experiments are done using
brain slices, which are more difficult to prepare from old animals, and it is unknown
whether the functional maturation of new neurons is altered in older individuals.
Evidence that the dendritic maturation of newborn dentate granule neurons is slowed
in older animals [84] suggests, however, that the development of mature functional
properties by newborn neurons also may be altered in senescent animals.

B. ADULT NEUROGENESIS AND COGNITIVE FUNCTION

Systems-level studies of the significance of adult neurogenesis have taken three
general approaches: (1) experimentally decreasing or stopping neurogenesis and
testing for changes in performance in some cognitive task, (2) testing whether
training in a cognitive task alters neurogenesis, and (3) testing whether individual
performance in a cognitive task correlates with individual differences in ongoing
neurogenesis. Numerous such studies have addressed the role of neurogenesis in
hippocampal-dependent learning (see [193] for a recent review); investigations of
the contributions of neurogenesis to olfactory function are more limited but indicate
a strong relationship between the number of newborn neurons and olfactory per-
formance (see, e.g., [198, 201-203]). Several broad conclusions can be drawn from
the available literature. First, some, but not all, functions of the hippocampus and
OB depend on ongoing neurogenesis. Second, some cognitive functions appear to
be linked to newborn cell proliferation, whereas others are linked to survival. Third,
demonstrated associations between neurogenesis and performance in a given cog-
nitive task are complex and dependent upon specific stages and aspects of learning
and specific stages of maturity of newborn cells (e.g., [204]). Finally, it is difficult
to demonstrate direct and causal links between neurogenesis and neural function
since manipulations that alter neurogenesis (brain irradiation and treatment with
antimitotic agents commonly are used) generally have broader and non-specific
effects; moreover, training in cognitive tasks may produce neural changes that
influence neurogenesis secondarily (e.g., changes in the vasculature or in the pro-
duction of growth factors).
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C. NEUROGENESIS AND COGNITIVE FUNCTION IN AGED
ANIMALS

Attempts to link aging-related changes in neurogenesis to aging-related changes in
neural and cognitive function are largely limited to correlative analyses. Enwere and
colleagues [149] demonstrated that aged (24 months old) mice are less capable than
young adult (2 months old) mice in making fine olfactory discriminations, but are
not impaired in discriminating more discrete odors. Because the same deficit in fine,
but not gross, discrimination was evident in transgenic mice with deficits in olfactory
neurogenesis that are similar to those seen in aging, the authors suggested that the
impairment in fine olfactory discrimination that is seen with age results from the
reduction in neurogenesis. Direct evidence of such a mechanistic link is not, as yet,
available.

There have been several attempts to link changes in neurogenesis and aging-
related deficits in hippocampal-dependent functions. A recent study of Fisher-344
x Brown Norway hybrid rats from the aging colony maintained by the National
Institute on Aging demonstrated by correlation analysis that two measures of neu-
rogenesis, immunolabeling for proliferating cells and for developing neurons in the
DG, were among a subset of structural and histological changes that predict per-
formance on hippocampal-dependent tasks [205]. In addition to such correlational
evidence from normal animals, the reductions in aging-related cognitive deficits seen
in long-lived Ames dwarf mice [118] and in rats treated with the neurosteroid
pregnalone sulfate [206] or maintained on antioxidant-rich diets [79] all are associ-
ated with increased neurogenesis in the DG. Other investigations have taken advan-
tage of the recognition that aging-related cognitive deficits are not homogenously
represented among populations of aged rats; some individuals exhibit large impair-
ments while others perform at levels comparable to young adults [207]. Critically,
such individual variability in cognitive performance is consistent across cognitive
domains [208]. Thus, to look for neurobiological changes that may underlie cognitive
impairments, one can test for differences in specific anatomical, biochemical or
electrophysiological endpoints comparing impaired and unimpaired senescent ani-
mals (e.g., [209, 210]. Using this approach, Drapeau and colleagues [211] reported
that 20-month-old rats that exhibited better spatial memory performance in the
Morris Water Maze (MWM) had higher levels of neurogenesis in the DG, as dem-
onstrated by BrdU labeling and immunolabeling with a marker of dividing cells
(anti-Ki-67) 3 weeks after the end of behavioral testing. No such correlation between
performance and proliferation was evident in 3-month-old animals. The authors also
reported that the commitment of newborn cells to a neuronal lineage (i.e., the
percentage of BrdU-labeled cells co-labeled with a neuronal marker) was higher in
better performing than poorer performing old rats, and that behavioral performance
positively correlated with the survival of newborn neurons. Given the BrdU labeling
protocol used in the study, however, it is not clear that the difference in “survival”
did not simply reflect the difference in proliferation. A link between aging-related
declines in hippocampal function and neuronal turnover also was suggested by a
report that decreased survival of newborn cells in the DG of 28-month-old rats is
associated with a deficit in contextual fear conditioning ([212], but see also [190]
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for evidence that trace fear conditioning, but not contextual fear conditioning, is
compromised by reduction of neurogenesis in young rats).

Although the idea that decreased cognitive performance in aged rodents is
strongly correlated with decreased cognitive performance is intuitively appealing,
several studies found no such connection. Merrill and colleagues [213] tested young
adult and aged Fisher-344 rats in the MWM and then assessed neurogenesis by BrdU
labeling for several days after the completion of behavioral testing. Although the
number of BrdU-labeled cells in the SGZ of the DG was reduced in old rats compared
to young adults, there was no difference in this measure of proliferation between
aged rats that were impaired in the MWM and those that performed at a level
comparable to young animals. A similar study of Long-Evans rats, in which prolif-
eration was measured by BrdU labeling 1 week after completion of behavioral
testing, also found no correlation between cognitive performance and neurogenesis
[214]. Surprisingly, in a subsequent study, the latter investigators examined the
survival of newborn neurons approximately 1 month after BrdU labeling (and the
completion of testing in the MWM) and found that survival was greater in the aged
rats with impaired cognitive function than in aged animals that were not impaired
[215]; that is, hippocampal function was worse in those rats in which neurogenesis
was greater. At this point, one must conclude that elucidating the functional links
between aging-related changes in neurogenesis and aging-related cognitive deficits
will require reconsideration of intuitive biases, assessment of a broader array of
cognitive tasks, better measures of neurogenesis that differentiate among mecha-
nisms of regulation, and new approaches that move beyond the limitations of cor-
relational studies.

V. CONCLUSIONS

Given that neurogenesis is regionally restricted in the adult brain, the direct contri-
bution of changes in neurogenesis to the development of aging-related cognitive
decline is likely limited, perhaps accounting for the difficulty thus far in linking the
decline in neurogenesis to specific neural deficits. As investigations of the contribu-
tions of adult neurogenesis to neural function continue, however, it is reasonable to
expect they will demonstrate that the aging-related loss of the plasticity afforded by
the continued addition of new neurons contributes to functional decline in senes-
cence. Moreover, the interest of experimental gerontologists in the regulation of
neurogenesis in the adult and aging brain extends beyond direct roles in hippocampal
and olfactory function. It is reasonable to expect that the changes in neuronal
microenvironment that lead to the decline in neurogenesis in older individuals may
contribute to functional changes in established neurons and glial cells as well. In
addition, the ability to isolate and expand neural stem cells from healthy brains,
along with a rapidly growing capacity to regulate those cells and their progeny,
keeps alive a vision of using transplanted stem cells to treat neurodegenerative
diseases [216-221]. Even more appealing is that every advance in understanding
the regulation of neurogenesis in vivo is a step toward therapeutic manipulation of
endogenous progenitors to replace lost neurons or compensate for lost function [222],
whether that occurring with normal aging or as a result of neurodegenerative disease.
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Although neuronal turnover is reduced in every neurogenic region of the aged brain,
neuronal precursor cells clearly survive, remain responsive to growth factors and
other physiological stimuli (e.g., [56, 58, 72, 81, 223]), and can increase their activity
in response to damage (e.g., [63, 80]). Continued exploration of the regulation of
neural progenitor cells in the adult and aging brain is critical not only for under-
standing normal, aging-related cognitive deficits, but also for progress toward the
goal of using the brain’s regenerative potential to restore function lost to injury or
neurodegenerative disease.
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I.  OVERVIEW

Modern molecular and cellular approaches to neuroscience have enabled the initia-
tion of high throughput analysis of aging processes that occur within the central
nervous system (CNS). To evaluate molecular events associated with aging in animal
models and human postmortem tissues, microarray studies and other downstream
genetic analyses are performed at the regional and cellular levels to characterize
transcriptional patterns, or mosaics, that may provide clues into some of the mech-
anism(s) that drive senescence. This chapter reviews experimental and analytical
issues associated with high throughput genomic analyses in the aging brain within
the context of current datasets using several different aging paradigms. An overriding
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goal is to apply functional genomics- and proteomics-based approaches to aging
research, in an effort to develop useful biomarkers of specific aging processes for
eventual pharmacotherapeutic development and disease prevention.

1. INTRODUCTORY REMARKS

The molecular and cellular basis of the aging process is not well understood,
particularly in humans, as the scientific community has yet to develop a reliable and
predictive set of biomarkers that can be utilized to quantitate specific aspects of
senescence within discrete regions and/or cell populations. The longevity of a given
species depends on several parameters, including frailty (intrinsic vulnerability to
death) and senescence (rate of change in frailty over time) [1, 2]. Actuarial rates
and survival curves are not particularly useful for predicting aging rates in the brains
of mammals. A general consensus is that using surrogate molecular and cellular
markers to evaluate senescence throughout the lifespan of animal models is a plau-
sible approach to gain greater insight into mechanisms that underlie aging in humans,
with the hope of developing rational pharmacotherapeutic interventions to avoid the
scourge of progressive late-onset neurodegenerative disorders and related phenom-
ena that occur in the aging brain. It is unlikely that a single gene is responsible for
aging. Rather, a complex pattern of genes probably influences a wide variety of
critical parameters, including cellular defense, disease resistance, and generalized
homeostasis. While an exact mosaic of gene products responsible for aging remains
unknown, current research is beginning to identify candidate markers from a wide
variety of transcript classes. Another obstacle using animal models in aging research
has been the divergence of uniform genetic backgrounds in model systems, which
has led to variable complexity in phenotypic expression. Moreover, from an exper-
imental perspective, there still remains a relative lack of effective means to measure
small, but potentially significant, changes in gene expression [3].

II. METHODOLOGICAL CONSIDERATIONS
A. OBTAINING RNA

Conventional molecular biology methods enable researchers to evaluate gene expres-
sion levels across a plethora of normative situations, experimental paradigms, and
disease states. These methods include Southern analysis, Northern analysis, poly-
merase-chain reaction (PCR), ribonuclease (RNase) protection assay, and in situ
hybridization, among others. These well-documented approaches typically quantitate
the abundance of individual transcripts one (or a few) at a time. Recent developments
in high throughput genomic-based technologies enable the assessment of hundreds
to thousands of genes simultaneously in a coordinated fashion. Not surprisingly, the
potential to understand physiological processes and disease pathogenesis has
expanded exponentially with these applications. Microarray analysis has emerged
as an important and effective tool to assess transcript levels in a myriad of systems
and paradigms. A drawback to high throughput technologies is the need for
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significant amounts of high-quality input sources of RNA for acceptable levels of
sensitivity and reproducibility.

1. Preservation of mRNA

Sources of input RNA for RNA amplification can originate from a variety of in vivo
and in vitro sources, including fresh, frozen, and fixed tissues. When employing
mRNA as a starting material, it cannot be emphasized enough the importance of the
preservation of RNA integrity in tissues and cells that will be used for extraction.
RNA species are particularly sensitive to degradation by RNase. RNases are quite
stable and retain their activity over a broad pH range [4]. Thus, RNase-free precau-
tions should be taken prior to and during all RNA amplification procedures.

At present, no consensus protocol exists for optimal methods to fix brain tissues
for use with microarray platforms. Successful microarray mining has been performed
using tissue samples from animal models and human brains fixed in both crosslinking
fixatives, such as 10% neutral-buffered formalin and 4% paraformaldehyde, as well
as precipitating fixatives, such as 70% ethanol buffered with 150 mM sodium
chloride [5-8]. Many variables, including antemortem characteristics, agonal state,
duration of fixation, and length of storage, are also critical parameters for RNA
preservation [9-11]. A useful and relatively expedient method for assessing RNA
quality in tissue sections prior to performing expression profiling studies is the use
of acridine orange (AO) histofluorescence. AO is a fluorescent dye that intercalates
selectively into nucleic acids [12, 13]. AO that intercalates into RNA emits an orange-
red fluorescence, whereas AO that intercalates into DNA emits a yellowish-green
fluorescence. AO histofluorescence detects the presence of RNA species in neurons
within human and animal model brains [14—16]. In addition, AO histofluorescence
detects the sequestration of RNA species within senile plaques (SPs) and neurons
that bear neurofibrillary tangles (NFTs) in Alzheimer’s disease (AD) and other
neurodegenerative disorders [17, 18] (Figure 7.1). However, individual RNA species
(e.g., TRNA, tRNA, and mRNA) cannot be delineated by AO histofluorescence.
Rather, this method serves as a basic diagnostic to ensure the likelihood that a specific
brain tissue section has abundant RNA prior to performing expensive functional
genomics studies [6]. A more definitive assessment of RNA quality and quantity
can be obtained through bioanalysis. A bioanalyzer, such as the 2100 Bioanalyzer
from Agilent Technologies, employs capillary gel electrophoresis to assay RNA
quality and abundance [19-22]. In this manner, a readout in the form of an electro-
pherogram or gel-based format provides a high-sensitivity means of RNA assessment
prior to initiating PCR- or microarray-based studies.

2. Regional Analysis

Regional analysis is an important strategy for identification of transcripts that are
enriched in an organ, lamina, or nuclei that differ from adjacent or connected regions,
but by definition contains an admixture of different cell types that comprise the
region. Regions of brain (or other organs and tissues) can be readily dissected from
fresh and frozen tissues and/or paraffin-embedded tissue sections [21, 23]. RNA is
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FIGURE 7.1 (SEE COLOR INSERT FOLLOWING PAGE 204) RNA sequestration to
neurons and pathological lesions in late-onset progressive neurodegenerative disorders as
evaluated by AO histofluorescence. (A) AO-positive motor neuron displaying robust cytoplas-
mic RNA species in the cervical spinal cord of a normal control subject. (B) Pyknotic motor
neuron within the cervical spinal cord of an amyotrophic lateral sclerosis (ALS) patient. Note
the intense accumulation of AO-positive RNA species within the degenerating neuron. (Scale
bar A-B: 25 um.) (C) Double-label epifluorescent image illustrating RNA sequestration to
an SP (asterisk) and NFT (arrow) within the CA1 hippocampal region of an AD patient. The
tissue section was double-stained with thioflavine-S to visualize neuropathological hallmarks
and AO to visualize cytoplasmic RNA species. (Scale bar: 50 ym.)

then harvested from the desired tissue source using chemical extraction or magnetic
extraction, and used for downstream genetic analyses including microarray and real-
time quantitative (QPCR) based methods. An advantage of regional analyses is that
RNA is abundant and differences between regions can be discerned readily without
complex and relatively expensive RNA amplification methods. An obvious disad-
vantage of regional dissection is a lack of single-cell resolution, as epithelial cells,
neurons, nonneuronal cells, vascular elements, and other intermingled cell types will
contribute to the RNA being assessed.

3. Single-Cell Analysis

Single-cell and single-population cell analysis enable the expression profile analysis
of individual cell types. For example, neurons can be identified by selective expres-
sion of phenotypic markers in the case of cholinergic basal forebrain neurons [15]
and midbrain dopaminergic neurons [24, 25]. Neurons that currently do not possess
a signature phenotype can be identified using a variety of histochemical preparations
such as cresyl violet for downstream genetic applications [21, 26, 27]. Microdissec-
tion is a strategy to acquire individual cells or populations of homogeneous cells to
enable expression profiling using microarray platforms or by PCR-based technolo-
gies. Provided that procedures are performed on well-prepared tissue sections and
RNase-free conditions are employed, both immunocytochemical and histochemical
procedures can be utilized to identify specific cell(s) of interest. Two procedures for
excising cells from tissue sections are single-cell microaspiration and laser capture
microdissection (LCM). Single-cell microaspiration enables acquisition of an indi-
vidual cell (or cells) using an inverted microscope connected to a micromanipulator
and a vacuum source to dissect away the cells of interest from the surrounding
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tissues. An advantage of this technique is the high cellular and subcellular (including
neurites, dendrites, and/or axons) level of resolution for aspiration of single elements
[26, 28-30]. Disadvantages include experimenter error and a significant time require-
ment to perform microaspiration, especially if multiple cells are being acquired from
different brain tissue sections. The advent of high throughput microaspiration sys-
tems has enabled rapid accession of single cells and populations for downstream
molecular and cellular analyses. Notably, LCM is a method for acquiring cells from
a myriad of tissue sources using histological and immunocytochemical methods.
Positive extraction (an LCM method used by the PixCell from Arcturus) entails
pulsing an infrared laser source over cells of interest onto a thermoplastic film that
is embedded in the cap of a microfuge tube [31-33]. Raising the thermoplastic cap
separates targeted cells, now attached to the film, from surrounding undisturbed
tissue. Negative extraction (an LCM method utilized by P.A.L.M. Microlaser Tech-
nologies) employs a near-infrared laser source to cut around the cells of interest
within a tissue section, and the microdissected material is catapulted into a microfuge
tube [34]. Both positive and negative extraction methods allow captured cells to be
examined microscopically to confirm their identity. This quality control step ensures
the validity of the results obtained from downstream analysis. Single cells, as well
as dozens to hundreds of cells, can be collected by LCM instrumentation, and DNA,
protein, and RNA extraction methods can be performed on microdissected cells
[34-37]. However, LCM use is most noted for RNA extraction and subsequent
application to microarray platforms or qPCR [6, 31, 32].

B. PCR AND RNA AMPLIFICATION

Amplification of genetic signals can be performed at both DNA and RNA levels,
and the final amplified products are either DNA or RNA. A common method for
DNA amplification is PCR [38]. Starting materials for PCR reactions can originate
from genomic DNA or complementary DNA (cDNA) reverse-transcribed from RNA
(e.g., RT-PCR). PCR is an effective method to amplify a DNA template. However,
PCR is an exponential, nonlinear amplification, and variation can occur within
individual mRNA species of different molecular mass and basepair composition.
PCR-based methods tend to amplify abundant genes over rare genes and may distort
quantitative relationships among gene populations [39]. Furthermore, amplified PCR
products may not be proportional to the abundance of the starting material, poten-
tially skewing relative gene expression level comparisons.

gqPCR can quantitate amplicon product formation during each cycle of amplifi-
cation and has eliminated many concerns that plague conventional PCR methods.
Other advantages of real-time qPCR include high throughput capabilities, the ability
to simultaneously multiplex reactions, enhanced sensitivity, reduced inter-assay vari-
ation, and lack of post-PCR manipulations. Various dye chemistries are currently
being exploited in qPCR systems, including hydrolysis probes, molecular beacons,
and double-stranded (ds) DNA binding dyes [40]. A prime example of a hydrolysis
probe is the TagMan assay. In this method, 7aq polymerase enzyme cleaves a specific
TagMan probe during the extension phase of the PCR. The probe is dual-labeled
with a reporter dye and a quenching dye at two separate ends; and as long as the
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probe is intact (in its free form), fluorescence emission of the reporter dye is absorbed
by the quenching dye via fluorescence resonance energy transfer (FRET) [41, 42].
An increase in reporter fluorescence emission occurs when separation of the reporter
and quencher dyes takes place during nuclease degradation in the PCR reaction [43].
This process occurs in every cycle of PCR and does not interfere with the exponential
accumulation of the amplified product. Another methodology for gPCR-based detec-
tion involves the use of molecular beacons. Molecular beacons are probes that form
a stem-loop structure from a single-stranded DNA molecule [44, 45]. They are
particularly useful for identifying point mutations, as targets that differ by only a
single nucleotide can be delineated. DNA binding dyes such as SYBR green incor-
porate selectively into ds DNA. SYBR green emits undetectable fluorescence levels
when it is in its free form. Upon binding to ds DNA, a robust fluorescent signal is
emitted [46]. An advantage of using ds DNA binding dye chemistry is that this
method can be implemented to assay practically any target sequence with virtually
any set of primers, making this application quite flexible and considerably less
expensive than probe-based dye chemistries [47]. However, assay sensitivity can be
diminished using a ds DNA binding dye system due to the increased risk of ampli-
fying nonspecific PCR products. Careful primer set design and rigorous assay opti-
mization can alleviate the majority of these nonspecific issues associated with ds
DNA binding dyes.

In contrast to PCR-based technologies, RNA amplification-based procedures
increase RNA in a linear fashion by amplifying the initial cDNA template sequence
[23, 48, 49]. Resultant amplified products are representative of the original mRNA
expression levels. RNA amplification is achieved through in vitro transcription (IVT).
IVT is a process of RNA synthesis facilitated by an RNA polymerase under the
direction of a DNA template coupled to a bacteriophage transcription promoter
sequence. RNA polymerases typically used for IVT include T7, T3, and SP6 poly-
merase, named for the bacteriophage from which they were cloned. These three
enzymes are single-subunit RNA polymerases that can transcribe genes without
requiring additional proteins [50].

RNA amplification is a useful methodology because it can preserve quantitative
relationships of classes of transcripts even when limited starting material is available.
In addition to the linear amplification of small amounts of input RNA, RNA ampli-
fication procedures can increase the sensitivity of expression profiling paradigms on
microarray platforms although abundant starting material is available [51, 52]. A
method of linear amplification is amplified antisense RNA (aRNA) amplification
[29, 30, 39]. aRNA is a T7 RNA polymerase-based amplification procedure using
an IVT methodology that enables quantitation of the relative abundance of gene
expression levels. Each round of aRNA results in an approximate thousand-fold
amplification from the original amount of each polyadenylated mRNA in the sample
[30, 53]. Two rounds of RNA amplification are usually required to generate sufficient
quantities of aRNA for microarray studies. Although aRNA is a complicated pro-
cedure, this method has generated very interesting datasets utilizing a wide variety
of input tissue sources and array platforms [28, 29, 54-59]. Additional experimental
strategies have been developed by independent laboratories to improve RNA ampli-
fication methods for greater applicability and reproducibility [60—64]. A novel RNA
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amplification procedure has been developed in our laboratory that employs a method
of terminal continuation (TC) [19-21, 23] (Figure 7.2). Two primers are used in the
TC RNA amplification procedure, and one round of amplification is typically suf-
ficient for downstream genetic analyses, including microarray-based studies [19,
23]. Results indicate that the threshold of detection of genes with low hybridization
signal intensity is also greatly increased when using TC RNA amplification, as many
genes that are at the limit of detection using conventional aRNA can be readily
observed with the TC method [19, 20]. Furthermore, TC RNA transcription can be
driven using a bacteriophage promoter sequence (e.g., T7, T3, or SP6) attached to
either the 3'- or 5'-region of the oligonucleotide primers. Therefore, transcript ori-
entation can be in an antisense orientation (similar to conventional aRNA methods)
when the bacteriophage promoter sequence is placed on the 3" poly d(T) primer or
in a sense orientation when the promoter sequence is attached to the 5" TC primer
[19] (Figure 7.2), depending on the design of the experimental paradigm.

C. HiGH THROUGHPUT STRATEGIES

Recent advances in high throughput cloning procedures have led to sequencing of
the human genome and the genome of several other species. There is renewed interest
in quantitative assessment of tissue-specific genes and proteins for discovery science.
Although knowledge of the genetic sequence alone does not give a priori insight
into the aging process, expression profiling technologies have created new avenues
for aging research in animal models as well as human tissues through the use of
both biopsy and postmortem samples. The development of reproducible microarrays
has enabled high throughput analysis of hundreds to thousands of genes simulta-
neously. Synthesis of array platforms entails adhering cDNAs or expressed sequence-
tagged cDNAs (ESTs) to solid supports such as glass slides, plastic slides, or nylon
membranes [65, 66]. Oligonucleotide arrays are synthesized using photolithographic
methods similar to computer chip production [67] that allow modified basepair
sequences to adhere to array media [68]. Relatively long oligonucleotide features
(>50-mer) are now routinely synthesized by robotic and ink-jet printing processes,
making oligonucleotide arrays more sensitive and reproducible for the end user [65].
Array experiments essentially entail accessing mRNA from control and experimental
paradigms and then generating fluorescent, biotin, or radioactive labeled probes that
are hybridized to the desired array platform. Fluorescent hybridization signal inten-
sity is measured with a laser scanner, and radioactive hybridization signal intensity
is quantified using a phosphor imager, respectively. Gene expression data collected
using array platforms do not usually allow absolute quantitation of mRNA levels,
such as transcript copy number, but do generate an expression profile of the relative
changes in mRNA levels [6, 48, 69]. Relative changes in individual mRNAs are
often analyzed by univariate statistics for individual comparisons, with differential
expression greater than approximately twofold accepted conventionally as relevant
for further examination [69—71]. Complex multivariate statistics are often employed
to cluster microarray data, due to the enormous volume of data generated from a
single probe [72, 73]. A key aspect of microarray analysis is the ability to analyze
many variables simultaneously without the luxury of having many independent
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observations or replicates for each variable. Differentially expressed genes can be
clustered into functional protein categories for multivariate coordinate gene expres-
sion analyses. Computational analysis is critical for optimal use of microarrays.
Additionally, access to relational databases is ideal [74], especially when evaluating
hundreds to thousands of ESTs or oligonucleotides that may be linked to genes and
protein products of known function. Further, it is highly desirable to supplement
microarray and qPCR data with measurements of protein expression by immunob-
lotting-, immunocytochemical-, ELISA-, or proteomic-based techniques. In terms
of protein assessments, single-cell resolution can be attained in tissue sections using
immunocytochemical methods. However, immunoblotting and proteomic-based pro-
cedures at present cannot (at least in vivo) be performed on single cells and must
rely on larger tissue homogenate preparations with admixed cell types. One poten-
tially exciting advance is that LCM is being utilized to collect homogeneous popu-
lations of cells for downstream antibody-based protein chips as well as mass spec-
troscopy analysis [6, 75].

IV. EXPRESSION PROFILING IN AGING BRAIN
A. OVERVIEW

Expression profiling studies of aged brain are derivatives of conventional aging
paradigms whereby genomic and proteomic expression differences are characterized
between young, adult, and senescent tissues [76, 77]. Although aging research within
this context was initially descriptive in nature, viable expression profiling paradigms
have enabled the formation of testable hypotheses based on the cellular and molec-
ular sequelae of senescence [3, 78, 79]. A broad range of applications within age-
related paradigms has been implemented, including the study of genetic factors,
epigenetic and/or environmental alterations, oxidative stress, inflammation, and
development of neurodegenerative pathology as evaluated by the use of postmortem
human brain tissues and animal models of neurodegeneration (e.g., knockout, trans-
genic, and mutant phenotype) for expression profiling.

B. GENETIC STUDIES IN AGING BRAIN

The study of aging was one of the original areas tackled by geneticists, as researchers
attempted to assess why longevity in humans appears to be a heritable trait. A
preponderance of studies concludes that a large proportion variation in the human
lifespan can be attributed to genetic variation [80—82], although specific age-related
genes remain at large. Moreover, individual model organisms display significant
variance in lifespan, despite the fact that these subjects possess a common genotype
and reside in nearly identical environmental conditions [83]. Specific genes contrib-
uting to the genetic variation of senescence remain difficult to identify. One approach
is to use association studies to compare and contrast aging pedigrees. Association
studies typically use population-based genetic screening methods to compare the
prevalence of genetic markers between extremely senescent individuals and ran-
domly chosen individuals [84]. Potential markers are then identified by linkage
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disequilibrium, the non-random inheritance of alleles located in close proximity to
each other in the genome. An increased prevalence of a genetic marker in senescent
individuals would indicate that the marker may either be a causal genetic variant or
located in close proximity to a causal variant [85]. Polymorphisms are analyzed for
potential interactions or relationships with specific phenotypes, such as longevity.
In this manner, the rate or frequency of a given polymorphism is evaluated in aged
subjects as compared to random controls. These studies are arduous due to numerous
polymorphisms that can exist within any given candidate gene. Furthermore, differ-
entiating a causal gene from a susceptibility gene can be extremely difficult.

Another successful method to delineate potential causal/susceptibility genes is
linkage analysis using a genome-scan approach. A current strategy is to employ
markers termed “microsatellite markers” comprised of polymorphisms that likely
represent random genetic variations [84]. Microsatellite maps have been generated
that span the entire genome [86], and several studies have used linkage-based
approaches to find candidate genes in age-related paradigms, including AD and
Parkinson’s disease (PD) [87-89]. Genome-wide linkage studies of aging cohorts
have also been performed for macular degeneration of the eye [90-92]. Comparative
studies across phyla have also been utilized to identify genetic changes associated
with the aging process [93, 94]. Moreover, employing animal models to study
senescence avoids some of the aforementioned confounds of evaluating genes asso-
ciated with aging in humans.

C. CALORIC RESTRICTION

There are many theories on aging, and one of the most widely accepted is the gradual
age-related accumulation of irreparable and irreversible cellular and molecular dam-
age. One environmental manipulation that can alter the aging process is caloric
restriction (CR). For example, the lifespan of rodents can be increased by approxi-
mately 50% when CR is initiated in young adulthood and maintained throughout
life [95]. CR also decreases the incidence of systemic age-related diseases, including
cancer, cardiovascular disease, and diabetes in a variety of animal models [96, 97],
making dietary restriction a plausible and relatively inexpensive preventive therapy
to consider for aging human populations. CR also has profound behavioral and
attentional effects [98]. Moreover, CR in rodents increases neurogenesis in the
dentate gyrus [95, 99] and partially attenuates the effects of ischemia [100, 101] and
of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) poisoning within substan-
tia nigra dopaminergic neurons [95, 102]. Thus, CR is an ideal paradigm for utilizing
expression profiling methods to evaluate simultaneously many targets that may be
relevant to senescence. Although in its infancy, compelling transcription mosaics
following aging and CR in brain have been reported [94, 96, 103-106]. Although a
review of systemic CR studies in age-related paradigms is beyond the scope of this
chapter, pronounced effects of CR in tissues other than brain are worth noting, as
genes responsible for metabolic and biosynthetic processes are downregulated in
gastrocnemius muscle and heart [106, 107], whereas xenobiotic metabolism, cell
cycle, and DNA replication transcripts are downregulated in the liver of aged mice
[108]. Moreover, decreases in expression levels of genes associated with
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transcriptional regulation, transport, and signal transduction have been reported in
the aging mouse submandibular gland [109]. In a provocative meta-analysis, datasets
containing altered genes following CR were analyzed from 15 microarray papers
using RNA extracted from flies, mice, monkeys, pigs, rats, and yeast [110]. Inter-
estingly, the results displayed no single common gene altered by CR among different
species, although relevant classes of transcripts that were consistently regulated
across phyla included metabolic, stress-related, immune response, and transcription
activation related genes [110]. In brain, microarray analysis following aging has
demonstrated alterations in several classes of transcripts, notably upregulation of
genes involved in immune or inflammatory responses [103, 106]. Importantly, age-
related upregulation of immune response and inflammatory related genes is attenu-
ated significantly in both the cerebral cortex and cerebellum by CR [77, 103]. Taken
together, results of microarray evaluations following aging and CR in the brain
suggest an increase in immune and inflammatory responses that are at least partially
attenuated by CR. Although mechanisms underlying the effects of CR remain
unknown, potential mediators include the retardation of oxidative stress/lipid per-
oxidation, and increased production of neurotrophic factors such as brain-derived
neurotrophic factor. Both effectors are plausible, as CR has been well documented
to increase neurotrophic output and reduce reactive oxygen species (ROS) in several
dietary restriction paradigms [105, 111].

1. Oxidative Stress

Production of ROS, reactive nitrogen species (RNS), lipid peroxidation, and gener-
alized increases in oxidative damage has been well-studied in age-related paradigms
[105, 112, 113]. Furthermore, aging appears to involve a decreased transcriptional
commitment to active intracellular and intercellular movement of ions, nutrients,
and transmitters [93], with a concomitant increase in susceptibility to oxidative
damage and metabolic deficits [114, 115]. Several microarray studies have identified
differential regulation of markers of oxidative damage during the aging process. For
example, Lu et al. [116] performed an Affymetrix oligonucleotide array analysis on
an aging cohort of 30 subjects (age range 26 to 106 years) and discovered that
expression profiles were most consistent for subjects less than 40, with another
relatively homogeneous expression profile occurring in subjects older than approx-
imately 70 [116]. In contrast, subjects between the ages of 40 and 70 had the most
variability [116], indicating that the rate of change in expression levels likely occurs
throughout middle age. This raises the distinct possibility that individual humans
have divergent molecular and cellular rates of senescence as they progress from
young adulthood through middle age and old age. These authors demonstrated
upregulation of many genes related to oxidative damage and observed differential
regulation of genes associated with DNA repair [116]. In accordance with these
findings, the group also performed assays of promoter regions of several genes, and
provide clear evidence of oxidative DNA damage during senescence [116], consis-
tent with observations from independent research groups indicating that DNA dam-
age is a prominent feature of aging and neurodegenerative disorders such as AD
and motor neuron disease [115, 117, 118]. Moreover, RNA species appear to be
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vulnerable to oxidation in AD, and abnormal processing of proteins has been
observed from oxidized mRNAs expressed in vitro [119]. Pronounced regulation of
transcripts related to oxidative stress has also been observed in several aging para-
digms in animal models [103, 120—-122], enabling mechanistic evaluations and future
studies of individual transcripts relevant to downstream neurodegenerative processes.

2. Inflammation

Increases in several inflammatory responses are well documented during the aging
process, and involve neuronal and nonneuronal (e.g., astrocytes, microglia, vascular
elements, and epithelial cells) cells within the CNS [123-125]. For example, SPs,
the extracellular amyloid deposits composed of Abeta peptides and other proteins
that are prevalent throughout aged brain as well as in neurodegenerative disorders
such as AD and Down’s syndrome, are surrounded by astrocytes and infiltrated by
microglial cells [17, 126, 127]. Inflammatory responses have been documented in
virtually all age-related paradigms, ranging from normal senescence to neurodegen-
erative disorders such as AD, PD, ischemia, motor neuron disease, and multiple
sclerosis [25, 117, 123, 128-130]. The prevalence of the inflammatory changes,
however, is tempered by the question as to whether the inflammatory response is a
primary event or a secondary response based upon primary neurodegenerative cell
death, or injury-based stimuli [131-133]. In terms of microarray analysis of age-
related studies, upregulation of genes linked to immune and/or inflammatory
responses have been consistently observed across platforms and paradigms. For
example, in one study of aging in mouse cortex, approximately 20% of the upreg-
ulated genes found in the entire study belonged to the inflammatory
response/immune cascade class of transcripts [104]. These data suggest that the
aging brain is associated with a state of heightened immune reactivity. The cause(s)
of the observed amplified immune response remains unknown, although several lines
of evidence point toward age-related increases in oxidative stress, DNA damage,
and the accumulation of misfolded proteins as being primary factors [94, 116, 134].
Microarray studies that have demonstrated an upregulation of inflammatory-related
markers include evaluations of postmortem tissues in AD hippocampus and cortex
[128, 135, 136], spinal motor neurons in amyotrophic lateral sclerosis (ALS) [137,
138], cerebral cortex in Creutzfeldt-Jakob disease (CJD) [139], temporal cortex in
epilepsy [140], multiple sclerosis lesions [130, 141], and substantia nigra in PD [25].
Upregulation of inflammatory markers has also been observed in a myriad of studies
using animal models of aging, age-related disorders, and injury, including senescence
in rat hippocampus [120], a mouse model of ALS [142], a mouse model of cerebral
amyloidosis [143], a mouse model of experimental autoimmune encephalomyelitis
(EAE) [130], MPTP poisoning [144], dentate gyrus following perforant path transec-
tion [145], dentate gyrus granule cells following trimethyltin hydroxide exposure
[146], a rat model of ischemia [147], retroviral infection [148—150], and traumatic
brain injury [151, 152]. Inflammatory expression profiling studies have also been
performed on astrocytes in vivo [153—155], cultured astrocytes [155, 156], and
cultured microglia [157, 158] to generate molecular fingerprints for these glial cell
types relevant toward understanding inflammatory responses in the brain.
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D. NEURODEGENERATIVE PATHOLOGY WITHIN THE
HippocamPUS

The hippocampus is a prime target for expression profiling studies due to its central
involvement in learning and memory and failure in a variety of neurodegenerative
disorders, such as AD and ischemia. Indeed, microarray analysis has been utilized
in the hippocampus for a variety of downstream genetic analyses in animal models,
including regional hippocampal studies of alcohol consumption [159], aging [120],
amyloid overexpression [143, 160], antidepressant administration [161], axotomy
[145], epilepsy [162, 163], hippocampal cytoarchitecture [164, 165], hypergravity
[166], hypoxia/ischemia [167, 168], learning and memory [169, 170], nerve agent
exposure [171], and traumatic brain injury [172], among others. Regional analysis
of hippocampal gene expression has also been performed on postmortem human
brain tissues, including studies assessing AD [128, 135, 136, 173] and epilepsy [140,
162, 174].

Although the majority of microarray studies utilize regional dissections of brain
as input sources of RNA, our laboratory has focused on utilizing single cells and
homogeneous populations of neurons (termed “population cell analysis”) within the
hippocampal formation of human postmortem tissues and animal models as input
sources via microaspiration techniques such as LCM coupled with RNA amplifica-
tion (i.e., TC RNA amplification) to evaluate several neurodegenerative paradigms
[14, 21, 26, 175]. As one example, the pathogenesis of NFTs in AD and related
disorders is poorly understood, and is being studied using a variety of histopatho-
logical and biochemical methods [123, 176]. Our hypothesis that alterations in the
expression of specific mRNAs may reflect mechanisms underlying the formation of
NFTs and their consequences in affected neurons is being evaluated using microaspi-
ration coupled with RNA amplification and hybridization to high-density and cus-
tom-designed cDNA arrays within CA1 pyramidal neurons [26, 57]. Relative to
normal CA1 neurons, those harboring NFTs in AD brains displayed significant
reductions in several classes of mRNAs known to encode proteins implicated in AD
neuropathology, including protein phosphatases/kinases, cytoskeletal elements, syn-
aptic-related markers, and receptor subunits such as glutamate receptors and dopa-
mine (DA) receptors [26, 57] (Figure 7.3). Moreover, total hybridization signal
intensity is downregulated in single AD NFT-bearing neurons compared to normal
CA1 neurons by approximately 30%, consistent with evaluations of total polyade-
nylated mRNA expression in AD [177, 178]. Furthermore, a two- to fourfold
decrease in the expression of the mRNAs for DA receptors DRD1-DRDS5 (NCBI
Unigene annotation for D1-D5 receptors) and the DA transporter (DAT) is observed
in NFT-bearing neurons in AD versus non-tangle bearing neurons in control brains
[26, 57] (Figure 7.3). These findings are consistent with neuropharmacological data
showing decreased DRD2 receptor binding in the AD hippocampus [179, 180], and
they underscore the advantages of single cell/population cell mRNA assessments
because antibodies and neuropharmacological ligand-based studies have not been
able to discriminate unequivocally between DA receptor subtypes.

In addition, age-related decline in DA receptor levels is observed in regional
brain studies of animal models and human postmortem tissues [181, 182]. We
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performed single-cell RNA amplification combined with custom-designed cDNA
array analysis to evaluate the effects of aging on DRD1-DRDS5 DA receptor mRNA
expression levels in hippocampal CA1 pyramidal neurons and entorhinal cortex layer
II stellate cells from a cohort of normal control postmortem human brains aged 19
to 95 years [58]. Results indicate a significant age-related decline for all five DA
receptor mRNAs in CA1 pyramidal neurons [26, 58]. Downregulation of DA receptor
subtypes appears to be relatively selective, as no age-related decrement in other
mRNAs is observed in CA1 pyramidal neurons, including the cytoskeletal elements
beta-actin, three-repeat tau (3Rtau), and four-repeat tau (4Rtau) [58]. In contrast, no
significant changes in DA receptor subtype expression are observed in entorhinal
cortex stellate cells across the same cohort [26, 58]. Alterations in hippocampal DA
function impact cognitive and mnemonic functions, and disruption in the functional
integrity of hippocampal DA neurotransmission correlates with the pathophysiology
of neurodegenerative disorders, including AD and neuropsychiatric disorders such
as schizophrenia [183, 184]. Deficits in dopaminergic neurotransmission may also
contribute to the cognitive decline associated with normal aging in humans and
animal models [185-187]. In summary, senescence may be a factor responsible for
cell-type-specific downregulation of DA receptor gene expression in a circuit crucial
for learning and memory. Our single-cell studies extend and confirm previous obser-
vations at the regional/binding site level to include cell-type-specific localization of
multiple classes of transcripts (e.g., DA receptors) simultaneously, which is relevant
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for understanding mechanisms that underlie pathological changes in neurodegener-
ative and neuropsychiatric disorders.

Despite the fact that the low molecular weight microtubule-associated protein
tau is the principal component of NFTs found in select neuronal populations in AD
[188, 189], no tau mutations have been described. However, pathogenic mutations
in the tau gene cause frontotemporal dementia (FTD) [190], supporting the concept
that post-transcriptional alterations in tau gene expression may play a role in the

FIGURE 7.3 (SEE COLOR INSERT FOLLOWING PAGE 204) Dendrograms illustrating
relative expression levels of representative transcripts for several single-cell expression profile
paradigms. (A) A comparison of expression profiles from normal control CAl pyramidal
neurons and NFT-bearing CA1l neurons in AD. (B) Color-coded matrix plots illustrating
relative expression levels for individual glutamate receptor transcripts in CAl and CA3
neurons. Single asterisk indicates a significant increase in expression of AMPA receptors
GRIA1 and GRIA2 in CA3 neurons as compared to CA1 neurons. Double asterisks denote
significant increases in relative expression levels in CA1 pyramidal neurons as compared to
CA3 pyramidal neurons for kainate receptor KA1 (GRIK4) and NMDA receptors NMDARI1
(GRIN1) and NMDAR2B (GRIN2B). (C) Dendrogram and histogram depicting individual
GABA A receptor and dopamine receptor mRNA expression levels in CA1 and CA3 pyramidal
neurons microaspirated from human hippocampus. Color matrix plot illustrates expression
levels for six GABA A receptors, five dopamine receptors, and the dopamine transporter in
CAl and CA3 pyramidal neurons. Double asterisk indicates genes that have significantly
greater relative expression levels in CA1 neurons as compared to CA3 neurons including
GABA A receptors (GABRA1, GABRA?2), and the D1, D2, and D5 dopamine receptors
(DRD1, DRD2, and DRDS).

Key: 3Rtau, three-repeat tau; 4Rtau, four-repeat tau; ACT, alpha-1-antichymotrypsin precur-
sor; ACTB, beta-actin; APOE, apolipoprotein E; APP, amyloid-beta precursor protein; arc,
activity regulated cytoskeletal-associated protein; CAMKII, calcium/calmodulin-dependent
protein kinase II, alpha; CDK2, cyclin-dependent kinase 2; cdk5, cyclin-dependent kinase 5;
cdk5R1, cyclin-dependent kinase 5, regulatory subunit 1 (p35); c-fos, cellular oncogene fos;
c-jun, jun oncogene; CREB, cAMP responsive element binding protein; CTSD, cathepsin D;
DAT, dopamine transporter; DRD1, dopamine receptor D1; DRD2, dopamine receptor D2;
DRD3, dopamine receptor D3; DRD4, dopamine receptor D4; DRDS, dopamine receptor D5;
ERKI1, extracellular signal-regulated kinase 1 (p44); ERK2, extracellular signal-regulated
kinase (p42); FAK, focal adhesion kinase; GABRA1, GABA A receptor, alpha 1; GABRA2,
GABA A receptor, alpha 2; GABRA3, GABA A receptor, alpha 3; GABRA4, GABA A
receptor, alpha 4; GABRAS, GABA A receptor, alpha 5; GABRA6, GABA A receptor, alpha
6; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GRIA1, AMPA1; GRIA2, AMPA2;
GRIA3, AMPA3; GRIA4, AMPA4; GRIK1, kainate 1(GluR5); GRIK?2, kainate 2(GluR6),
GRIK3, kainate 3(GluR7); GRIN1, N-methyl D-aspartate 1(NMDARI1); GRIN2A,
NMDAR2A; GRIN2B, NMDAR2B; GRIN2C, NMDAR2C; GRIN2D, NMDAR2D; GRX,
glutaredoxin; GSK-3B, glycogen synthase kinase-3 beta; HSPG, heparan sulfate proteoglycan;
MAP1b; microtubule-associated protein 1b; MAP2, microtubule-associated protein 2; NF-H,
neurofilament heavy subunit; NF-L, neurofilament light subunit; NF-M, neurofilament
medium subunit; PP1A, protein phosphatase 1 catalytic subunit, alpha isoform; PP1G, protein
phosphatase 1, catalytic subunit, gamma isoform; PP2AB, protein phosphatase 2, regulatory
subunit A, beta isoform; PP2AC, protein phosphatase 2, catalytic subunit, alpha isoform;
PSENI1, presenilin 1; PSEN2, presenilin 2; SNCA, alpha synuclein; SNCB, beta synuclein;
SYNI, synapsin 1; SYP, synaptophysin; SYT, synaptotagmin; TUBB, beta-tubulin.
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pathogenesis of tauopathy, including AD. Although mechanism(s) underlying the
tauopathic process(es) remain unknown, it is possible that neuronal tau mRNA
expression levels are altered during the progression of AD. Interestingly, tau gene
expression level differences have not been reported either at the regional [191-194]
or single cell level [57, 58] at any stage during the development of AD. However,
there are indications of fluctuation in both 3Rtau and 4Rtau mRNA levels [191,
194, 195]. These observations are perplexing, given the pronounced alteration in
tau protein levels and phosphorylation states in AD. Our laboratory has performed
single-cell gene expression profiling coupled with custom-designed cDNA array
analysis to evaluate tau expression and other cytoskeletal elements within individ-
ual neuronal populations in patients with no cognitive impairment (NCI), mild
cognitive impairment (MCI), and AD [196]. Results reveal a shift in the ratio of
3Rtau to 4Rtau mRNAs within individual human cholinergic basal forebrain (CBF)
neurons within nucleus basalis (NB) and CA1 hippocampal neurons during the
progression of AD, but not during normal aging. Specifically, single-cell results
indicate that tau transcript expression and other cytoskeletal elements — including
beta-tubulin, microtubule-associated proteins MAP1b and MAP2, and the low,
medium, and high neurofilament subunits levels — did not differ significantly
across the cohort. However, when the ratios of 3Rtau/4Rtau were calculated, a
significant difference in the proportion of 3Rtau/4Rtau mRNA was found in MCI
and AD relative to NCI [196]. The shift is due to a decrease in 3Rtau as opposed
to an increase in 4Rtau levels. Remarkably, this shift in the 3Rtau/4Rtau ratio was
present in both MCI and AD, suggesting that this dysregulation impacts neuronal
function and marks a transition from normal cognition to prodromal AD. A shift
in 3Rtau to 4Rtau may precipitate a cascade of events in the selective vulnerability
of neurons, ultimately leading to frank NFT formation in tauopathies, including
AD. Studies on additional transcripts, including the neuropeptide galanin and
galanin receptors GALR1, GALR2, and GALR3, also did not display expression
level differences within individual CBF neurons in NCI, MCI, and AD [197]. In
contrast, ongoing studies of individual CBF neurons have demonstrated differential
regulation in AD and MCI vs. NCI in other relevant transcript classes, including
high-affinity nerve growth factor trk receptors, synaptic-related markers, and
glutamate receptors [15, 26], providing an interesting comparator to the
3Rtau/4Rtau results. While the functional significance of a shift in the 3Rtau/4Rtau
ratio remains unknown, several lines of evidence indicate that 3Rtau and 4Rtau
likely play different roles in select neurons [198, 199], and consequently may be
differentially dysregulated during the pathogenesis of various neurodegenerative
diseases. These data suggest a subtle, yet pervasive change in gene dosage of
3Rtau and 4Rtau within vulnerable neurons in MCI and AD, which does not occur
during normal aging. In summary, shifts in the ratio of tau genes may be a
fundamental mechanism whereby normal tau expression is dysregulated, leading
to NFT formation.
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E. CONCLUDING REMARKS

Because the mechanisms underlying the aging process are likely to be quite
complex, there is a high probability that expression profiles within the CNS will
reveal a hierarchy of mosaics at the regional, laminar, nuclear, and cellular levels.
There is currently no widely accepted biomarker for aging. A goal of modern
molecular neuroscience is to develop reliable molecular fingerprints for age-related
research similar to the translational design of cancer-related paradigms [3, 200,
201]. Aging is likely a polygenic phenomenon, and microarray analysis can help
to identify transcripts contributing to longer life and define genes contributing
positively or adversely to the aging process. The application of microarray tech-
nology has generated significant interest across several disciplines and spans a
multiplicity of biological systems. However, the brain remains a difficult organ to
study, in part due to the regional and cellular heterogeneity of brain regions and
cell types [6, 21]. Thus, a combination of single cell/population cell analysis is a
highly desirable paradigm whereby expression profiles of single populations of
neuronal and nonneuronal subtypes can be analyzed and compared under normal
and pathological conditions [15, 26, 153, 154, 175]. The transcript profile in a
homogeneous population of neurons may be more informative than patterns
derived from whole brain or regional tissue homogenates [6], as each neuronal
subtype is likely to have a unique molecular signature in normative and diseased
states. The next level of understanding of cellular and molecular mechanisms
underlying the neurobiology of aging, and of associated pathophysiology of late-
onset progressive neurodegenerative disorders such as AD, ALS, and PD, lies in
the ability to combine these aforementioned technologies with appropriate models
to recapitulate the structure and connectivity of these systems in vivo and in vitro.
As our ability to refine expression profiling paradigms increases, the development
of pharmacotherapeutic agents and delivery systems that are more effective, as
well as selective or potentially specific for individual cell types, becomes more
realistic. An important caveat for microarray studies and functional genomics
evaluations as a whole is that changes in mRNA levels may not always result in
concomitant and/or coincident alterations in respective protein levels. Notwith-
standing this issue, mosaics that are generated using expression profiling methods
in age-related studies are an exciting and important contributor to the current
repertoire of tools available to understand the complex mechanisms that underlie
cellular and molecular programs of senescence.

ACKNOWLEDGMENTS

I would like to acknowledge support from grants AG10688, AG14449, AG17617,
NS43939, NS48447, and the Alzheimer’s Association. I thank Drs. Shaoli Che, Scott
E. Counts, Scott E. Hemby, and Elliott J. Mufson for their long-term collaborative
efforts on these projects. I thank Dr. Melissa J. Alldred for critical review of the
manuscript. I acknowledge the efforts of Ms. Irina Elarova, Ms. Shaona Fang, and



176

Brain Aging: Models, Methods, and Mechanisms

Ms. Krisztina M. Kovacs for their expert technical assistance. I am also grateful to
the families of the patients studied here who made this research possible.

REFERENCES

1.

10.

12.

13.

14.

15.

16.

17.

De Magalhaes, J.P., From cells to ageing: a review of models and mechanisms of
cellular senescence and their impact on human ageing, Exp. Cell Res., 300, 1, 2004.
McElwee, J.J., Addressing the age-old question of old age, Genome Biol., 5, 337,
2004.

Galvin, J.E. and Ginsberg, S.D., Expression profiling in the aging brain: a perspective,
Ageing Res. Rev., 4, 529, 2005.

Blumberg, D.D., Creating a ribonuclease-free environment, Methods Enzymol., 152,
20, 1987.

Coombs, N.J., Gough, A.C., and Primrose, J.N., Optimisation of DNA and RNA
extraction from archival formalin-fixed tissue, Nucleic Acids Res., 27, e12, 1999.
Ginsberg, S.D. et al., Cell and tissue microdissection in combination with genomic
and proteomic applications, in Neuroanatomical Tract Tracing 3: Molecules-Neurons-
Systems, Zaborszky, L., Wouterlood, F., and Lanciego, J.L., Eds., Springer/Klu-
wer/Plenum, New York, 2006, pp. 109-141.

Goldsworthy, S.M. et al., Effects of fixation on RNA extraction and amplification
from laser capture microdissected tissue, Mol. Carcinog., 25, 86, 1999.

Su, J.M. et al., Comparison of ethanol versus formalin fixation on preservation of
histology and RNA in laser capture microdissected brain tissues, Brain Pathol., 14,
175, 2004.

Bahn, S. et al., Gene expression profiling in the post-mortem human brain — no
cause for dismay, J. Chem. Neuroanat., 22, 79, 2001.

Leonard, S. et al., Biological stability of mRNA isolated from human postmortem
brain collections, Biol. Psychiatry, 33, 456, 1993.

Van Deerlin, V.M.D., Ginsberg, S.D., Lee, V.M.-Y., and Trojanowski, J.Q., The use
of fixed human post mortem brain tissue to study mRNA expression in neurodegen-
erative diseases: applications of microdissection and mRNA amplification, in
Microarrays for the Neurosciences: An Essential Guide, Geschwind, D.H. and Gregg,
J.P. , Eds., MIT Press, Boston, 2002, pp. 201-235.

Mikel, U.V. and Becker Jr., R.L., A comparative study of quantitative stains for DNA
in image cytometry, Analyt. Quant. Cytol. Histol., 13, 253, 1991.

von Bertalanffy, L. and Bickis, 1., Identification of cytoplasmic basophilia (ribonucleic
acid) by fluorescence microscopy, J. Histochem. Cytochem., 4, 481, 1956.
Ginsberg, S.D. and Che, S., RNA amplification in brain tissues, Neurochem. Res.,
27, 981, 2002.

Mufson, E.J., Counts, S.E., and Ginsberg, S.D., Single cell gene expression profiles
of nucleus basalis cholinergic neurons in Alzheimer’s disease, Neurochem. Res., 27,
1035, 2002.

Topaloglu, H. and Sarnat, H.B., Acridine orange-RNA fluorescence maturing neurons
in the perinatal rat brain, Anat. Rec., 224, 88, 1989.

Ginsberg, S.D., Crino, P.B., Lee, V.M.-Y., Eberwine, J.H., and Trojanowski, J.Q.,
Sequestration of RNA in Alzheimer’s disease neurofibrillary tangles and senile
plaques, Ann. Neurol., 41, 200, 1997.



Expression Profile Analysis of Brain Aging 177

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ginsberg, S.D., Galvin, J.E. , Chiu, T.-S., Lee, V.M.-Y., Masliah, E., and Trojanowski,
J.Q., RNA sequestration to pathological lesions of neurodegenerative disorders, Acta
Neuropathol., 96, 487, 1998.

Che, S. and Ginsberg, S.D., Amplification of transcripts using terminal continuation,
Lab. Invest., 84, 131, 2004.

Che, S. and Ginsberg, S.D., RNA amplification methodologies, in Trends in RNA
Research, McNamara, P.A., Ed., Hauppage, NY, Nova Science Publishing, pp.
277-301, 2006.

Ginsberg, S.D. and Che, S., Combined histochemical staining, RNA amplification,
regional, and single cell analysis within the hippocampus, Lab. Invest., 84, 952, 2004.
Miller, C.L., Diglisic, S., Leister, F., Webster, M., and Yolken, R.H., Evaluating RNA
status for RT-PCR in extracts of postmortem human brain tissue, BioTechniques, 36,
628, 2004.

Ginsberg, S.D., RNA amplification strategies for small sample populations, Methods,
37, 229, 2005.

Fasulo, W.H. and Hemby, S.E., Time-dependent changes in gene expression profiles
of midbrain dopamine neurons following haloperidol administration, J. Neurochem.,
87, 205, 2003.

Grunblatt, E. et al., Gene expression profiling of Parkinsonian substantia nigra pars
compacta; alterations in ubiquitin-proteasome, heat shock protein, iron and oxidative
stress regulated proteins, cell adhesion/cellular matrix and vesicle trafficking genes,
J. Neural. Transm., 111, 1543, 2004.

Ginsberg, S.D. et al., Single cell gene expression analysis: implications for neurode-
generative and neuropsychiatric disorders, Neurochem. Res., 29, 1054, 2004.
Vincent, V.A. et al., Analysis of neuronal gene expression with laser capture micro-
dissection, J. Neurosci. Res., 69, 578, 2002.

Crino, P.B. et al., Presence and phosphorylation of transcription factors in dendrites,
Proc. Natl. Acad. Sci. U.S.A., 95, 2313, 1998.

Eberwine, J. et al., Analysis of subcellularly localized mRNAs using in situ hybrid-
ization, mRNA amplification, and expression profiling, Neurochem. Res., 27, 1065,
2002.

Kacharmina, J.E., Crino, P.B., and Eberwine, J., Preparation of cDNA from single
cells and subcellular regions, Methods Enzymol., 303, 3, 1999.

Bonner, R.F. et al., Laser capture microdissection: molecular analysis of tissue,
Science, 278, 1481, 1997.

Emmert-Buck, M. et al., Laser capture microdissection, Science, 274, 998, 1996.
Mikulowska-Mennis, A. et al., High-quality RNA from cells isolated by laser capture
microdissection, BioTechniques, 33, 176, 2002.

Niyaz, Y. et al., Noncontact laser microdissection and pressure catapulting: sample
preparation for genomic, transcriptomic, and proteomic analysis, Methods Mol. Med.,
114, 1, 2005.

Craven, R.A. et al., Laser capture microdissection and two-dimensional polyac-
rylamide gel electrophoresis: evaluation of tissue preparation and sample limitations,
Am. J. Pathol., 160, 815, 2002.

Ehrig, T. et al., Quantitative amplification of genomic DNA from histological tissue
sections after staining with nuclear dyes and laser capture microdissection, J. Mol.
Diagn., 3, 22, 2001.

Simone, N.L. et al., Sensitive immunoassay of tissue cell proteins procured by laser
capture microdissection, Am. J. Pathol., 156, 445, 2000.



178

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Brain Aging: Models, Methods, and Mechanisms

Mullis, K.B., The unusual origin of the polymerase chain reaction, Sci. Am., 262, 56,
1990.

Phillips, J. and Eberwine, J.H., Antisense RNA amplification: a linear amplification
method for analyzing the mRNA population from single living cells, Methods Enzy-
mol. Suppl., 10, 283, 1996.

Bustin, S.A., Quantification of mRNA using real-time reverse transcription PCR (RT-
PCR): trends and problems, J. Mol. Endocrinol., 29, 23, 2002.

Giulietti, A. et al., An overview of real-time quantitative PCR: applications to quantify
cytokine gene expression, Methods, 25, 386, 2001.

Shintani-Ishida, K., Zhu, B.L., and Maeda, H., TagMan fluorogenic detection system
to analyze gene transcription in autopsy material, Methods Mol. Biol., 291, 415, 2005.
Cardullo, R.A. et al., Detection of nucleic acid hybridization by nonradiative fluo-
rescence resonance energy transfer, Proc. Natl. Acad. Sci. U.S.A., 85, 8790, 1988.
Bonnet, G. et al.,, Thermodynamic basis of the enhanced specificity of structured
DNA probes, Proc. Natl. Acad. Sci. U.S.A., 96, 6171, 1999.

Tan, L. et al., Molecular beacons for bioanalytical applications, Analyst, 130, 1002,
2005.

Kricka, L.J., Stains, labels and detection strategies for nucleic acids assays, Ann.
Clin. Biochem., 39, 114, 2002.

Providenti, M.A. et al., The copy-number of plasmids and other genetic elements can
be determined by SYBR-Green-based quantitative real-time PCR, J. Microbiol. Meth-
ods, 7,7, 2005.

Eberwine, J. et al., mRNA expression analysis of tissue sections and single cells, J.
Neurosci., 21, 8310, 2001.

Eberwine, J. et al., Analysis of gene expression in single live neurons, Proc. Natl.
Acad. Sci. U.S.A., 89, 3010, 1992.

Steitz, T.A., The structural basis of the transition from initiation to elongation phases
of transcription, as well as translocation and strand separation, by T7 RNA poly-
merase, Curr. Opin. Struct. Biol., 14, 4, 2004.

Feldman, A.L. et al., Advantages of mRNA amplification for microarray analysis,
BioTechniques, 33, 906, 2002.

Polacek, D.C. et al., Fidelity and enhanced sensitivity of differential transcription
profiles following linear amplification of nanogram amounts of endothelial mRNA,
Physiol. Genomics, 13, 147, 2003.

Eberwine, J., Crino, P., and Dichter, M., Single-cell mRNA amplification: implica-
tions for basic and clinical neuroscience, The Neuroscientist, 1, 200, 1995.

Chow, N. et al., Expression profiles of multiple genes in single neurons of Alzheimer’s
disease, Proc. Natl. Acad. Sci. U.S.A., 95, 9620, 1998.

Ghasemzadeh, M.B. et al., Multiplicity of glutamate receptor subunits in single striatal
neurons: an RNA amplification study, Mol. Pharmacol., 49, 852, 1996.

Ginsberg, S.D. et al, Predominance of neuronal mRNAs in individual Alzheimer’s
disease senile plaques, Ann. Neurol., 45, 174, 1999.

Ginsberg, S.D. et al., Expression profile of transcripts in Alzheimer’s disease tangle-
bearing CA1 neurons, Ann. Neurol., 48, 77, 2000.

Hemby, S.E., Trojanowski, J.Q., and Ginsberg, S.D., Neuron-specific age-related
decreases in dopamine receptor subtype mRNAs, J. Comp. Neurol., 456, 176, 2003.
Madison, R.D. and Robinson, G.A., IRNA internal standards quantify sensitivity and
amplification efficiency of mammalian gene expression profiling, BioTechniques, 25,
504, 1998.



Expression Profile Analysis of Brain Aging 179

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Dafforn, A. et al., Linear mRNA amplification from as little as 5 ng total RNA for
global gene expression analysis, BioTechniques, 37, 854, 2004.

Iscove, N.N. et al., Representation is faithfully preserved in global cDNA amplified
exponentially from sub-picogram quantities of mRNA, Nat. Biotechnol., 20, 940,
2002.

Schneider, J. et al., Systematic analysis of T7 RNA polymerase based in vitro linear
RNA amplification for use in microarray experiments, BMC Genomics, 5, 29, 2004.
Wang, E. et al., High-fidelity mRNA amplification for gene profiling, Nat. Biotechnol.,
18, 457, 2000.

Xiang, C.C. et al., A new strategy to amplify degraded RNA from small tissue samples
for microarray studies, Nucleic Acids Res., 31, ES3, 2003.

Auburn, R.P. et al., Robotic spotting of cDNA and oligonucleotide microarrays,
Trends Biotechnol., 23, 374, 2005.

Brown, P.O. and Botstein, D., Exploring the new world of the genome with DNA
microarrays, Nat. Genet., 21(Suppl.), 33, 1999.

Fodor, S.P. et al., Light-directed, spatially addressable parallel chemical synthesis,
Science, 251, 767, 1991.

Lockhart, D.J. and Barlow, C., Expressing what’s on your mind: DNA arrays and the
brain, Nat. Rev. Neurosci., 2, 63, 2001.

Galvin, J.E. and Ginsberg, S.D., Expression profiling and pharmacotherapeutic devel-
opment in the central nervous system, Alzheimer Dis. Assoc. Disord., 18, 264, 2004.
Colantuoni, C. et al., High throughput analysis of gene expression in the human brain,
J. Neurosci. Res., 59, 1, 2000.

Taib, Z., Statistical analysis of oligonucleotide microarray data, C. R. Biol., 327, 175,
2004.

Aittokallio, T. et al., Computational strategies for analyzing data in gene expression
microarray experiments, J. Bioinform. Comput. Biol., 1, 541, 2003.

Klur, S., Toy, K., et al., Evaluation of procedures for amplification of small-size
samples for hybridization on microarrays, Genomics, 83, 508, 2004.

Chesler, EJ. et al., Genetic correlates of gene expression in recombinant inbred
strains: a relational model system to explore neurobehavioral phenotypes, Neuroin-
formatics, 1, 343, 2003.

Krieg, R.C. et al., Proteomic analysis of human bladder tissue using SELDI approach
following microdissection techniques, Methods Mol. Biol., 293, 255, 2005.

Kim, S.I. et al., Neuroproteomics: expression profiling of the brain’s proteomes in
health and disease, Neurochem. Res., 29, 1317, 2004.

Park, S.K. and Prolla, T.A., Lessons learned from gene expression profile studies of
aging and caloric restriction, Ageing Res. Rev., 4, 55, 2005.

Lund, PK. et al., Transcriptional mechanisms of hippocampal aging, Exp. Gerontol.,
39, 1613, 2004.

Selkoe, D.J., Aging, amyloid, and Alzheimer’s disease: a perspective in honor of Carl
Cotman, Neurochem. Res., 28, 1705, 2003.

Gudmundsson, H. et al., Inheritance of human longevity in Iceland, Eur. J. Hum.
Genet., 8, 743, 2000.

Longo, V.D. and Finch, C.E., Evolutionary medicine: from dwarf model systems to
healthy centenarians? Science, 299, 1342, 2003.

Slagboom, P.E. et al., Genetics of human aging. The search for genes contributing
to human longevity and diseases of the old, Ann. N.Y. Acad. Sci., 908, 50, 2000.



180

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Brain Aging: Models, Methods, and Mechanisms

Kirkwood, T.B. et al., What accounts for the wide variation in life span of genetically
identical organisms reared in a constant environment? Mech. Ageing Dev., 126, 439,
2005.

Hauser, E.R. and Pericak-Vance, M.A., Genetic analysis for common complex dis-
ease, Am. Heart J., 140, S36, 2000.

Cordell, H.J. and Clayton, D.G., Genetic association studies, Lancet, 366, 1121, 2005.
Bently, D.R. and Dunham, I., Mapping human chromosomes, Curr. Opin. Genet.
Dev., 5, 328, 1995.

Olson, J.M., Goddard, K.A., and Dudek, D.M., A second locus for very-late-onset
Alzheimer disease: a genome scan reveals linkage to 20p and epistasis between 20p
and the amyloid precursor protein region, Am. J. Hum. Genet., 71, 54, 2002.
Pericak-Vance, M.A. et al., Identification of novel genes in late-onset Alzheimer’s
disease, Exp Gerontol., 35, 1343, 2000.

Scott, W.K. et al., Complete genomic screen in Parkinson disease: evidence for
multiple genes, J. Am. Med. Assoc., 286, 2239, 2001.

Abecasis, G.R. et al., Age-related macular degeneration: a high-resolution genome
scan for susceptibility loci in a population enriched for late-stage disease, Am. J.
Hum. Genet., 74, 482, 2004.

Majewski, J. et al., Age-related macular degeneration--a genome scan in extended
families, Am. J. Hum. Genet., 73, 540, 2003.

Seddon, J.M. et al., A genomewide scan for age-related macular degeneration provides
evidence for linkage to several chromosomal regions, Am. J. Hum. Genet., 73, 780,
2003.

McCarroll, S.A. et al., Comparing genomic expression patterns across species iden-
tifies shared transcriptional profile in aging, Nat. Genet., 36, 197, 2004.

Prolla, T.A., Multiple roads to the aging phenotype: insights from the molecular
dissection of progerias through DNA microarray analysis, Mech. Ageing Dev., 126,
461, 2005.

Mattson, ML.P. et al., Prophylactic activation of neuroprotective stress response path-
ways by dietary and behavioral manipulations, NeuroRx, 1, 111, 2004.

Mattison, J.A. et al., Age-related decline in caloric intake and motivation for food in
rhesus monkeys, Neurobiol. Aging, 26, 1117, 2005.

Spindler, S.R., Rapid and reversible induction of the longevity, anticancer and
genomic effects of caloric restriction, Mech. Ageing Dev., 126, 960, 2005.

Overton, J.M. and Williams, T.D., Behavioral and physiologic responses to caloric
restriction in mice, Physiol. Behav., 81, 749, 2004.

Bondolfi, L. et al., Impact of age and caloric restriction on neurogenesis in the dentate
gyrus of C57BL/6 mice, Neurobiol. Aging, 25, 333, 2004.

Mattson, M.P. and Wan, R., Beneficial effects of intermittent fasting and caloric
restriction on the cardiovascular and cerebrovascular systems, J. Nutr. Biochem., 16,
129, 2005.

Shinmura, K., Tamaki, K., and Bolli, R., Short-term caloric restriction improves
ischemic tolerance independent of opening of ATP-sensitive K+ channels in both
young and aged hearts, J. Mol. Cell. Cardiol., 39, 285, 2005.

Duan, W. and Mattson, M.P., Dietary restriction and 2-deoxyglucose administration
improve behavioral outcome and reduce degeneration of dopaminergic neurons in
models of Parkinson’s disease, J. Neurosci. Res., 57, 195, 1999.

Lee, C.K., Weindruch, R., and Prolla, T.A., Gene-expression profile of the ageing
brain in mice, Nat. Genet., 25, 294, 2000.



Expression Profile Analysis of Brain Aging 181

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Prolla, T.A., DNA microarray analysis of the aging brain, Chem. Senses, 27, 299,
2002.

Sohal, R.S. and Weindruch, R., Oxidative stress, caloric restriction, and aging, Sci-
ence, 273, 59, 1996.

Weindruch, R. et al., Microarray profiling of gene expression in aging and its alteration
by caloric restriction in mice, J. Nutr., 131, 9188S, 2001.

Edwards, M.G. et al., Impairment of the transcriptional responses to oxidative stress
in the heart of aged C57BL/6 mice, Ann. N.Y. Acad. Sci., 1019, 85, 2004.

Cao, S.X. et al., Genomic profiling of short- and long-term caloric restriction effects
in the liver of aging mice, Proc. Natl. Acad. Sci. U.S.A., 98, 10630, 2001.
Hiratsuka, K. et al., Microarray analysis of gene expression changes in aging in mouse
submandibular gland, J. Dent. Res., 81, 679, 2002.

Han, E.S. and Hickey, M., Microarray evaluation of dietary restriction, J. Nutr., 135,
1343, 2005.

Maswood, N. et al., Caloric restriction increases neurotrophic factor levels and atten-
uates neurochemical and behavioral deficits in a primate model of Parkinson’s disease,
Proc. Natl. Acad. Sci. U.S.A., 101, 18171, 2004.

Barja, G., Free radicals and aging, Trends Neurosci., 27, 595, 2004.

Serrano, F. and Klann, E., Reactive oxygen species and synaptic plasticity in the
aging hippocampus, Ageing Res. Rev., 3, 431, 2004.

Suji, G. and Sivakami, S., Glucose, glycation and aging, Biogerontology, 5, 365. 2004.
Vijg, J. and Suh, Y., Genetics of longevity and aging, Annu. Rev. Med., 56, 193, 2005.
Lu, T. et al., Gene regulation and DNA damage in the ageing human brain, Nature,
429, 883, 2004.

Liu, Z. and Martin, L.J., Motor neurons rapidly accumulate DNA single-strand breaks
after in vitro exposure to nitric oxide and peroxynitrite and in vivo axotomy, J. Comp.
Neurol., 432, 35, 2001.

Smith, M.A. et al., Radical AGEing in Alzheimer’s disease, Trends Neurosci., 18,
172, 1995.

Shan, X., Tashiro, H., and Lin, C.L., The identification and characterization of oxi-
dized RNAs in Alzheimer’s disease, J. Neurosci., 23, 4913, 2003.

Blalock, E.M. et al., Gene microarrays in hippocampal aging: statistical profiling
identifies novel processes correlated with cognitive impairment, J. Neurosci., 23,
3807, 2003.

Kim, S.N. et al., Age-dependent changes of gene expression in the Drosophila head,
Neurobiol. Aging, 26, 1083, 2005.

McMurray, M.A. and Gottschling, D.E., Aging and genetic instability in yeast, Curr.
Opin. Microbiol., 7, 673, 2004.

Ginsberg, S.D. et al., Molecular pathology of Alzheimer’s disease and related disor-
ders, in Cerebral Cortex, Vol. 14. Neurodegenerative and Age-related Changes in
Structure and Function of Cerebral Cortex, Peters A. and Morrison J.H., Eds., Kluwer
Academic/Plenum, New York, 1999, pp. 603-653.

Licastro, F. and Chiappelli, M., Brain immune responses cognitive decline and demen-
tia: relationship with phenotype expression and genetic background, Mech. Ageing
Dev., 124, 539, 2003.

McGeer, P.L. and McGeer, E.G., Mechanisms of cell death in Alzheimer disease —
immunopathology, J. Neural Transm. Suppl., 54, 159, 1998.

Itagaki, S. et al., Relationship of microglia and astrocytes to amyloid deposits of
Alzheimer disease, J. Neuroimmunol., 24, 173, 1989.



182

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Brain Aging: Models, Methods, and Mechanisms

McGeer, P.L. et al., Reactive microglia in patients with senile dementia of the Alz-
heimer type are positive for the histocompatibility glycoprotein HLA-DR, Neurosci.
Lett., 79, 195, 1987.

Blalock, E.M. et al., Incipient Alzheimer’s disease: microarray correlation analyses
reveal major transcriptional and tumor suppressor responses, Proc. Natl. Acad. Sci.
U.S.A., 101, 2173, 2004.

Lippoldt, A., Reichel, A., and Moenning, U., Progress in the identification of stroke-
related genes: emerging new possibilities to develop concepts in stroke therapy, CNS
Drugs, 19, 821, 2005.

Lock, C. et al., Gene-microarray analysis of multiple sclerosis lesions yields new
targets validated in autoimmune encephalomyelitis, Nat. Med., 8, 500, 2002.
Danton, G.H. and Dietrich, W.D., Inflammatory mechanisms after ischemia and
stroke, J. Neuropathol. Exp. Neurol., 62, 127, 2003.

McGeer, P.L. and McGeer, E.G., Innate immunity, local inflammation, and degener-
ative disease, Sci. Aging Knowledge Environ., 2002(29), re3, 2002.

Wersinger, C. and Sidhu, A., Inflammation and Parkinson’s disease, Curr. Drug
Targets Inflamm. Allergy, 1, 221, 2002.

Gems, D. and McElwee, J.J., Ageing: microarraying mortality, Nature, 424, 259,
2003.

Loring, J.F. et al., A gene expression profile of Alzheimer’s disease, DNA Cell. Biol.,
20, 683, 2001.

Lukiw, W.J., Gene expression profiling in fetal, aged, and Alzheimer hippocampus:
a continuum of stress-related signaling, Neurochem. Res., 29, 1287, 2004.

Jiang, Y.M. et al., Gene expression profile of spinal motor neurons in sporadic
amyotrophic lateral sclerosis, Ann. Neurol., 57, 236, 2005.

Malaspina, A., Kaushik, N., and de Belleroche, J., Differential expression of 14 genes
in amyotrophic lateral sclerosis spinal cord detected using gridded cDNA arrays, J.
Neurochem., 77, 132, 2001.

Xiang, W. et al., Cerebral gene expression profiles in sporadic Creutzfeldt-Jakob
disease, Ann. Neurol., 58, 242, 2005.

Lukasiuk, K. and Pitkénen, A., Large-scale analysis of gene expression in epilepsy
research: is synthesis already possible? Neurochem. Res., 29, 1164, 2004.

Mycko, M.P. et al., cDNA microarray analysis in multiple sclerosis lesions: detection
of genes associated with disease activity, Brain, 126, 1048, 2003.

Yoshihara, T. et al., Differential expression of inflammation- and apoptosis-related
genes in spinal cords of a mutant SOD1 transgenic mouse model of familial amyo-
trophic lateral sclerosis, J. Neurochem., 80, 158, 2002.

Dickey, C.A. et al., Selectively reduced expression of synaptic plasticity-related genes
in amyloid precursor protein + presenilin-1 transgenic mice, J. Neurosci., 23, 5219,
2003.

Grunblatt, E. et al., Gene expression analysis in N-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine mice model of Parkinson’s disease using cDNA microarray: effect of R-
apomorphine, J. Neurochem., 78, 1, 2001.

Ginsberg, S.D., Glutamatergic neurotransmission expression profiling in the mouse
hippocampus after perforant-path transection, Am. J. Geriatr. Psychiatry, 13, 1052,
2005.

Lefebvre d’Hellencourt, C. and Harry, G.J., Molecular profiles of mRNA levels in
laser capture microdissected murine hippocampal regions differentially responsive to
TMT-induced cell death, J. Neurochem., 93, 206, 2005.



Expression Profile Analysis of Brain Aging 183

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Schmidt-Kastner, R. et al., DNA microarray analysis of cortical gene expression
during early recirculation after focal brain ischemia in rat, Brain Res. Mol. Brain
Res., 108, 81, 2002.

Gebicke-Haerter, P.J., Microarrays and expression profiling in microglia research and
in inflammatory brain disorders, J. Neurosci. Res., 81, 327, 2005.

Labrada, L. et al., Age-dependent resistance to lethal alphavirus encephalitis in mice:
analysis of gene expression in the central nervous system and identification of a novel
interferon-inducible protective gene, mouse ISG12, J. Virol., 76, 11688, 2002.
Roberts, E.S. et al., Induction of pathogenic sets of genes in macrophages and neurons
in NeuroAIDS, Am. J. Pathol., 162, 2041, 2003.

Matzilevich, D.A. et al., High-density microarray analysis of hippocampal gene
expression following experimental brain injury, J. Neurosci. Res., 67, 646, 2002.
O’Dell, D.M. et al., Traumatic brain injury alters the molecular fingerprint of TUNEL-
positive cortical neurons in vivo: a single-cell analysis, J. Neurosci., 20, 4821, 2000.
Burbach, G.J. et al., Laser microdissection reveals regional and cellular differences
in GFAP mRNA upregulation following brain injury, axonal denervation, and amyloid
plaque deposition, Glia, 48, 76, 2004.

Burbach, G.J. et al., Laser microdissection of immunolabeled astrocytes allows quan-
tification of astrocytic gene expression, J. Neurosci. Methods, 138, 141, 2004.
Nakagawa, T. and Schwartz, J.P., Gene expression patterns in in vivo normal adult
astrocytes compared with cultured neonatal and normal adult astrocytes, Neurochem.
Int., 45, 203, 2004.

Kim, S.Y. et al., Microarray analysis of changes in cellular gene expression induced
by productive infection of primary human astrocytes: implications for HAD, J. Neu-
roimmunol., 157, 17, 2004.

Baker, C.A. and Manuelidis, L., Unique inflammatory RNA profiles of microglia in
Creutzfeldt-Jakob disease, Proc. Natl. Acad. Sci. U.S.A., 100, 675, 2003.
Paglinawan, R. et al., TGFbeta directs gene expression of activated microglia to an
anti-inflammatory phenotype strongly focusing on chemokine genes and cell migra-
tory genes, Glia, 44, 219, 2003.

Saito, M. et al., Microarray analysis of gene expression in rat hippocampus after
chronic ethanol treatment, Neurochem. Res., 27, 1221, 2002.

Reddy, P.H. et al., Gene expression profiles of transcripts in amyloid precursor protein
transgenic mice: up-regulation of mitochondrial metabolism and apoptotic genes is
an early cellular change in Alzheimer’s disease, Hum. Mol. Genet., 13, 1225, 2004.
Drigues, N. et al., cDNA gene expression profile of rat hippocampus after chronic
treatment with antidepressant drugs, J. Neural Transm., 110, 1413, 2002.

Becker, A.J. et al., Correlated stage- and subfield-associated hippocampal gene
expression patterns in experimental and human temporal lobe epilepsy, Eur. J. Neu-
rosci., 18, 2792, 2003.

Newton, S.S. et al., Gene profile of electroconvulsive seizures: induction of neu-
rotrophic and angiogenic factors, J. Neurosci., 23, 10841, 2003.

Lein, E.S., Zhao, X., and Gage, F.H., Defining a molecular atlas of the hippocampus
using DNA microarrays and high-throughput in situ hybridization, J. Neurosci., 24,
3879, 2004.

Zhao, X. et al., Transcriptional profiling reveals strict boundaries between hippocam-
pal subregions, J. Comp. Neurol., 441, 187, 2001.

Del Signore, A. et al., Hippocampal gene expression is modulated by hypergravity,
Eur. J. Neurosci., 19, 667, 2004.



184

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Brain Aging: Models, Methods, and Mechanisms

Gilbert, R.W. et al., DNA microarray analysis of hippocampal gene expression mea-
sured twelve hours after hypoxia-ischemia in the mouse, J. Cereb. Blood Flow Metab.,
23, 1195, 2003.

Qiu, J. et al., Effects of NF-kappaB oligonucleotide “decoys” on gene expression in
P7 rat hippocampus after hypoxia/ischemia, J. Neurosci. Res., 77, 108, 2004.
Cavallaro, S., D’Agata, V., and Alkon, D.L., Programs of gene expression during the
laying down of memory formation as revealed by DNA microarrays, Neurochem.
Res., 27, 1201, 2002.

Cavallaro, S. et al., Gene expression profiles during long-term memory consolidation,
Eur. J. Neurosci., 13, 1809, 2001.

Blanton, J.L. et al., Global changes in the expression patterns of RNA isolated from
the hippocampus and cortex of VX exposed mice, J. Biochem. Mol. Toxicol., 18, 115,
2004.

Marciano, P.G. et al., Expression profiling following traumatic brain injury: a review,
Neurochem. Res., 27, 1147, 2002.

Colangelo, V. et al., Gene expression profiling of 12633 genes in Alzheimer hippo-
campal CA1: transcription and neurotrophic factor down-regulation and up-regulation
of apoptotic and pro-inflammatory signaling, J. Neurosci. Res., 70, 462, 2002.
Becker, A.J., Wiestler, O.D., and Blumcke, I., Functional genomics in experimental
and human temporal lobe epilepsy: powerful new tools to identify molecular disease
mechanisms of hippocampal damage, Prog. Brain Res., 135, 161, 2002.

Ginsberg, S.D. and Che, S., Expression profile analysis within the human hippocam-
pus: comparison of CA1 and CA3 pyramidal neurons, J. Comp. Neurol., 487, 107,
2005.

Trojanowski, J.Q. and Lee, V.M., The Alzheimer’s brain: finding out what’s broken
tells us how to fix it, Am. J. Pathol., 167, 1183, 2005.

Griffin, W.S. et al., Polyadenylated messenger RNA in paired helical filament-immu-
noreactive neurons in Alzheimer disease, Alz. Dis. Assoc. Dis., 4, 69, 1990.
Harrison, PJ., et al., Regional and neuronal reductions of polyadenylated messenger
RNA in Alzheimer’s disease, Psychol. Med., 21, 855, 1991.

Joyce, J.N. et al., Dopamine D2 receptors in the hippocampus and amygdala in
Alzheimer’s disease, Neurosci. Lett., 154, 171, 1993.

Ryoo, H.L. and Joyce, J.N., Loss of dopamine D2 receptors varies along the rostro-
caudal axis of the hippocampal complex in Alzheimer’s disease, J. Comp. Neurol.,
348, 94, 1994.

Emborg, MLE. et al., Age-related declines in nigral neuronal function correlate with
motor impairments in rhesus monkeys, J. Comp. Neurol., 401, 253, 1998.

Ma, S.Y. et al., Dopamine transporter-immunoreactive neurons decrease with age in
the human substantia nigra, J. Comp. Neurol., 409, 25, 1999.

Gsell, W., Jungkunz, G., and Riederer, P., Functional neurochemistry of Alzheimer’s
disease, Curr. Pharm. Des., 10, 265, 2004.

Jann, M.W., Implications for atypical antipsychotics in the treatment of schizophrenia:
neurocognition effects and a neuroprotective hypothesis, Pharmacotherapy, 24, 1759,
2004.

Amenta, F. et al., Age-related changes of dopamine receptors in the rat hippocampus:
a light microscope autoradiography study, Mech. Ageing. Dev., 122, 2071, 2001.
Rinne, J.O., Lonnberg, P., and Marjamaki, P., Age-dependent decline in human brain
dopamine D1 and D2 receptors, Brain Res., 508, 349, 1990.

Volkow, N.D. et al., Dopamine transporters decrease with age, J. Nucl. Med., 37, 554,
1996.



Expression Profile Analysis of Brain Aging 185

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Kosik, K.S., Joachim, C.L., and Selkoe, D.J., Microtubule-associated protein tau is
a major antigenic component of paired helical filaments in Alzheimer’s disease, Proc.
Natl. Acad. Sci. U.S.A., 83, 4044, 1986.

Lee, V.M.-Y. et al., A68: a major subunit of paired helical filaments and derivatized
forms of normal tau, Science, 251, 675, 1991.

Goedert, M. and Jakes, R., Mutations causing neurodegenerative tauopathies, Bio-
chim. Biophys. Acta, 1739, 240, 2005.

Boutajangout, A. et al., Expression of tau mRNA and soluble tau isoforms in affected
and non-affected brain areas in Alzheimer’s disease, FEBS Lett., 576, 183, 2004.
Chambers, C.B. et al., Overexpression of four-repeat tau mRNA isoforms in progres-
sive supranuclear palsy but not in Alzheimer’s disease, Ann. Neurol., 46, 325, 1999.
Goedert, M. et al., Cloning and sequencing of the cDNA encoding an isoform of
microtubule-associated protein tau containing four tandem repeats: differential expres-
sion of tau protein mRNAs in human brain, EMBO J., 8, 393, 1989.

Hyman, B.T., Augustinack, J.C., and Ingelsson, M., Transcriptional and conforma-
tional changes of the tau molecule in Alzheimer’s disease, Biochim. Biophys. Acta,
1739, 150, 2005.

Yasojima, K., McGeer, E.G., and McGeer, P.L., Tangled areas of Alzheimer brain
have upregulated levels of exon 10 containing tau mRNA, Brain Res., 831, 301, 1999.
Ginsberg, S.D. et al., Shift in the ratio of 3-repeat tau and 4-repeat tau mRNAs in
individual cholinergic basal forebrain neurons in mild cognitive impairment and
Alzheimer’s disease, J. Neurochem., 96, 1401, 2006.

Counts, S.E. et al., Galanin fiber hypertrophy within the cholinergic nucleus basalis
during the progression of Alzheimer’s disease, Dement. Geriatr. Cogn. Disord., 21,
205, 2006.

King, M.E. et al., Differential assembly of human tau isoforms in the presence of
arachidonic acid, J. Neurochem., 74, 1749, 2000.

Levy, S.F. et al., Three- and four-repeat tau regulate the dynamic instability of two
distinct microtubule subpopulations in qualitatively different manners. Implications
for neurodegeneration, J. Biol. Chem., 280, 13520, 2005.

McClain, K.L. et al., Expression profiling using human tissues in combination with
RNA amplification and microarray analysis: assessment of Langerhans cell histiocy-
tosis, Amino Acids, 28, 279, 2005.

Melov, S. and Hubbard, A., Microarrays as a tool to investigate the biology of aging:
a retrospective and a look to the future, Sci. Aging. Knowledge Environ., 2004, re7,
2004.






Section 11l

Assessing Functional Changes in
the Aging Nervous System






Subtle Alterations in
Glutamatergic Synapses
Underlie the Aging-
Related Decline in
Hippocampal Function

Lei Shi,” Michelle Adams,” and
Judy K. Brunso-Bechtold

CONTENTS
L. INrOAUCHION ..ottt e 189
II.  Behavioral Characterization of Aging-Related Cognitive Decline............. 190
III. Maintenance of Hippocampus Neurons in the Aging Brain....................... 191
IV.  Maintenance of Ultrastructurally Identified Synapses in the
AgIng HiPPOCAMPUS .....eruviniieiiiiiiiinieeienieete sttt sttt 193
V. Subtle Changes in Synaptic Morphology in the Aging Hippocampus....... 194
VI. Subtle Changes in Synaptic Proteins in the Aging Hippocampus.............. 195
A. Presynaptic Proteins..........coeeiereiienieiiinieniencencntese et 195
B. Postsynaptic NMDA and AMPA Receptor Subunits ........c...c......... 196
VII. Factors that Contribute to Aging-Related Changes in Hippocampal
Synapses: Potential Therapeutic Strategies ..........ccoeevvererveereereeneeneeneene. 199
A. Insulin-Like Growth Factor-1 (IGF-1) ......c...cccooviiiiiiiiniiieeieeee. 199
B. ESIOZOM....ceiiiiiiiiiecteet ettt 200
C. Caloric REStIICLION .....c.coivuiririiiiiniriesiciecrceeeeeeee e 201
VIIL SUMIMATY ..eviiiiiiieiieienieeeettet ettt ettt ettt b et b et sae e 203
RELEIEINCES .....ceiiiiiiiiictie et e 204

I.  INTRODUCTION

Aging-related cognitive decline has enormous, tangible costs to national and family
health care. The intangible costs are equally detrimental and include decreased
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quality of life as well as diminished ability to function in and contribute to society.
Earlier studies have documented increased difficulties for the elderly on a variety
of mental tasks. For example, neuropsychological assessment revealed that after the
age of 60, people often have impairments in certain types of memory, particularly
recall of recent events (i.e., episodic memory) [1]. A progressive decrease in cogni-
tive ability with advancing age has been well documented not only in humans, but
also in rodent models. A clear understanding of the neural changes that accompany
aging-related cognitive declines in animal models will aid in the development of
strategies to prevent, and therapies to ameliorate, the progression of cognitive decline
in the elderly. Although the definition of cognitive function can be broad, including
learning and memory, attention, mood, motivation, and planning, the present dis-
cussion concentrates on the changes in the cognitive ability most closely associated
with the hippocampus. The anatomical, physiological, and biochemical changes in
the hippocampus that may contribute to those cognitive abilities also are evaluated.

In this chapter, we will first provide the behavioral evidence characterizing the
aging-related decline in performance on hippocampus-dependent tasks in rodent
models. We will then consider the aging-related anatomical, physiological, and
biochemical changes that occur in the whole hippocampus, as well as in hippocampal
subregions. Taken together, the available data suggest that subtle changes in synaptic
composition and function, rather than a significant loss of neurons or synapses, are
the critical underlying factors for aging-related cognitive decline. The potential for
factors such as insulin-like growth factor 1, estrogen, or caloric restriction to impact
those aging-related synaptic changes also are considered.

1. BEHAVIORAL CHARACTERIZATION OF AGING-RELATED
COGNITIVE DECLINE

A wide variety of behavioral tests have been used to evaluate cognitive changes
across the lifespan in rodents, including tests that specifically depend on the hippo-
campus, such as the radial arm maze [2, 3], the T-mazes [4, 5], and the Morris water
maze MWM) [6, 7]. Of these tests, the most commonly used is the MWM procedure
[8]. In this test, a platform is submerged in a circular tank filled with opacified water,
and the animal is placed in the water at different starting points. In training trials,
spatial learning is assessed as the rat learns to find the hidden platform using spatial
cues placed around the perimeter of the tank. Spatial reference memory is assessed
in probe trials during which the platform is made unavailable in order to demonstrate
whether the rat remembers the location of the platform. Results from the MWM test
provide an estimation of spatial learning as well as spatial reference memory and
have been correlated with neurobiological markers. Significant impairment on both
the training and the probe of MWM has been reported consistently in aged rodents
[6,9-11]. As animals age, they demonstrate an increasingly broad variation in MWM
performance. Specifically, some aged animals perform in the same range as young
animals, whereas others demonstrate significant impairment [12, 13].

Importantly, the MWM test of spatial learning and reference memory has been
shown to depend on the integrity of the hippocampus. In particular, the impairment



Subtle Alterations in Glutamatergic Synapses 191

in MWM performance seen in old rats are quite similar to those seen in young
animals with hippocampal lesions [14-16]. MWM performance is a sensitive cor-
relate of hippocampal change in old animals [12, 13, 17], and the hippocampus has
been shown to play a dominant role in the acquisition and retrieval of spatial
information, as well as in the consolidation and storage of memory [14].

I1l. MAINTENANCE OF HIPPOCAMPUS NEURONS IN
THE AGING BRAIN

The hippocampus or hippocampal formation contains four distinct regions: (1) the
dentate gyrus (DG), (2) the hippocampus proper, (3) the subiculum, and (4) the
entorhinal cortex (Figure 8.1) [18]. The hippocampus proper includes the CA1, CA2,
and CA3 subregions; CA2 and CA3 generally are considered together and unless
specified, in the present chapter CA3 will refer to both subregions. Each region of
the hippocampus (HC) is comprised of a three-layered cortex. For example, the DG
consists of three layers: (1) the molecular layer, containing the outer, middle, and
inner molecular sub-layers (OML, MML, IML, respectively; Figure 8.1C); (2) the
granule cell layer (asterisk, Figure 8.1C); and (3) the hilus (Figure 8.1C), also
referred to as the polymorphic layer [18]. The principal projection neurons of the
DG are the granule cells, which are small cells with elliptical somata. They are
organized compactly and form an inferior and superior blade in the rat DG. The
apical dendrites of the granule cells have a characteristic cone-shaped tree of spiny
dendrites with all of the branches directed toward the superficial portion of the
molecular layer (Figure 8.1B). The most distal tips of the dendritic tree end just at
the hippocampal fissure. In CA1 and CA3, the pyramidal cell layers contain the
projection neurons (asterisks, Figure 8.1, D and E). In CA3, the layers dorsomedial
to the pyramidal cells contain the apical dendrites of these neurons (Figure 8.1B)
and are divided into stratum lucidum, adjacent to the pyramidal cell layer; stratum
radiatum; and the most distal sub-layer, stratum lacunosum-moleculare (SL, SR, SL-
M, respectively; Figure 8.1D). The layer ventrolateral to the pyramidal cell layer is
stratum oriens (SO, Figure 8.1D). In CA1, stratum oriens is dorsal to the pyramidal
cell layer (SO, Figure 8.1E) and ventral to the pyramidal cell layer are two sublayers,
the proximal stratum radiatum and the distal stratum lacunosum-moleculare (SR,
SL-M, respectively; Figure 8.1E). The subregions of the hippocampus are intercon-
nected by largely unidirectional input in a pathway referred to as the trisynaptic
pathway (summarized in Figure 8.1B). The flow of information into the hippocampal
formation begins with projections from layers II and III of entorhinal cortex to the
outer and middle molecular layers of the dentate gyrus; granule cells of the dentate
gyrus project to stratum lucidum-moleculare of CA3 via the mossy fibers; CA3
pyramidal cells project to stratum radiatum of CA1 via Schaffer collateral input;
finally, CA1 pyramidal cells project back to the entorhinal cortex. In addition, there
are projections from the entorhinal cortex directly to CA3 and CAl, as well as an
intrinsic projection within CA3 to the stratum radiatum.

Early reports proposed that, similar to neurodegenerative diseases such as Alz-
heimer’s [19], aging-related cognitive impairment was associated with a loss of total
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neurons across the lifespan [20, 21]. However, recent studies using unbiased stereo-
logical quantification techniques have shown that the total number of neurons in the
granular cell layer of DG as well as the pyramidal cell layers in CA1 and CA3 of
hippocampus are maintained throughout life [22—25]. Notably, even in a population
of old rats with a wide range of spatial learning abilities, there was no aging-related
loss of neurons in the hippocampus [23]. These studies indicate that the aging-related
decline in spatial learning and memory is not associated with an overall loss of
hippocampal neurons. Such stability of neuron number suggests that the functional
impairments in the aging brain are likely to be due to changes in connectivity of
existing neurons at structural, physiological, and/or molecular levels.

IV.  MAINTENANCE OF ULTRASTRUCTURALLY
IDENTIFIED SYNAPSES IN THE AGING
HIPPOCAMPUS

One possible anatomical substrate for aging-related learning and memory impairment
is a compromise in the synaptic connections within the hippocampus. Synapses are
highly labile structures and are responsive to microenvironmental changes in the brain,
resulting in a continual refinement of neuronal circuitry [26, 27]. Such synaptic plas-
ticity is essential for information storage and for experience-dependent learning and
memory, as well as for other phenomena associated with cognition [28, 29]. It is likely
that the learning and memory impairment in old animals is associated with synaptic
changes in the hippocampus. As the fundamental element of neuronal connectivity,
synapses are essential for brain function including information processing and trans-
mission [30, 31]. A synapse is composed of a presynaptic component that includes an
axon with a presynaptic terminal containing vesicles of neurotransmitter and a postsyn-
aptic element, such as a dendritic spine, a dendrite, or cell soma, with a postsynaptic
density (PSD) containing an aggregation of neurotransmitter receptors and signaling
proteins (Figure 8.2) [32]. In the hippocampus, most synapses are located on dendritic
spines that protrude from the dendritic shaft [30, 33].

Although many different techniques have been used to quantify aging synapses,
quantification of ultrastructurally identified synapses provides the most accurate
estimate. Early studies quantifying synapses in the hippocampus employed non-
stereological methods that are inherently biased [34]. More recent studies have used
unbiased stereological methods (see Chapter 4) to quantify synapses in individual
hippocampal subregions during aging. In DG, a decrease of ultrastructurally defined,
axospinous synapses in the middle and inner molecular layers was reported in old
(28 months) compared to young (5 months) Fischer-344 rats [35]. Another recent
study evaluating ultrastructurally identified synapses in the middle molecular layer
of the DG of young (10 months), middle aged (18 months), and old (29 months)
Fischer-344 x Brown Norway (F344 x BN) rats [36] found no change across the
lifespan, suggesting that after 10 months of age, synapses in the DG of F344 x BN
rats have stabilized. A similar stereological study also demonstrated a maintenance
of synapses at young (4 months), middle aged (18 months), and old (29 months)
F344 x BN rats in the stratum lucidum of hippocampal CA3 [37]. Finally, in CA1,
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B Perforated

FIGURE 8.2 Electron micrographs and schematic illustrations depicting different types of
synapses in the hippocampus: (A) a terminal bouton forms a simple synapse with a postsyn-
aptic density on a single dendritic spine; (B) a perforated synapse demonstrates a discontinuity
in the postsynaptic density; and (C) a single terminal bouton forms a multiple spine bouton
complex, contacting two different dendritic spines. Arrowheads indicate postsynaptic densi-
ties; the black and white ovals represent AMPA and NMDA glutamate receptor subunits; the
open circles represent synaptic vesicles; and the dark gray zone represents the postsynaptic
density. (Scale bar: 0.4 ym.)

a recent study reported that synapses in stratum radiatum were maintained between
young (5 months) and old (28 months) Long-Evans rats [38]. Likewise, no aging-
related synapse loss was detected in young (10 months), middle aged (18 months),
and old (29 months) F344 x BN rats [39], also indicating a stability of synapses in
this brain region across the lifespan. Although additional ultrastructural studies are
necessary to provide information about aging-related synaptic changes in other layers
of hippocampal subregions, the available evidence indicates a general maintenance
of hippocampal synapses throughout life. This maintenance of the overall population
of synapses suggests that aging-related cognitive impairment is not associated with
a broad decrease in synapse number. Thus, it is probable that more subtle changes
in the existing synapses are the critical underlying factors for the development of
aging-related cognitive impairment.

V. SUBTLE CHANGES IN SYNAPTIC MORPHOLOGY
IN THE AGING HIPPOCAMPUS

While there is a general maintenance of total synapses across the lifespan, alterations
to the structure, composition, or functional capacity of those synapses may be
occurring. In fact, changes in synaptic efficacy can be reflected in modifications of
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specific features of synaptic morphology [40]. For example, the length of the PSD
(Figure 8.2A; arrows) as well as the prevalence of perforated synapses (i.e., synapses
with PSD discontinuities; Figure 8.2B) and of synapses in multiple spine bouton
(MSB) complexes (i.e., single presynaptic terminals contacting two or more postsyn-
aptic targets; Figure 8.2C) all have been correlated with synaptic efficacy [41-43].
The PSD is associated with scaffolding molecules, cytoskeletal elements, and neu-
rotransmitter receptors, including the alpha-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid (AMPA) and N-methyl-D-aspartate (NMDA) subtypes of glutamate
receptors [44, 45, 32]. It has been shown that the number of these glutamate receptors
is higher in perforated synapses than in nonperforated ones [46—49]. MSB complexes
evolve from rearrangement of preexisting simple synaptic contacts and the incidence
of synapses in MSB complexes is an indicator of synaptic efficacy [50, 51]; an
increase in MSBs occurs after exposure to enriched environments [52] or following
induction of LTP, which is widely regarded as a synaptic model of memory [53].
Furthermore, an increased incidence of both perforated and MSB synapses is cor-
related with enhanced synaptic plasticity and more efficient synaptic transmission
[50, 54-56]. Not only are these parameters regulated by neuronal activity in a highly
dynamic manner [51, 53, 57], they also have been shown to increase following
learning and memory tasks in rats [50, 55, 57].

Because PSD length and the prevalence of MSB and perforated synapses are
representative of the efficiency of synaptic transmission, in the absence of synaptic
loss, alterations in these morphological features of synapses may be associated
with aging-related spatial learning and memory impairment. Several studies have
shown that the PSD length does not change with age in either stratum radiatum
of hippocampal CA1 [13, 58] or DG [36]. Recent studies of MSB synapses in
young, middle-aged, and old F344 x BN rats have observed numerical stability
across the lifespan in both DG [36] and CA1 [58]. Similarly, perforated axospinous
synapses remain constant in CA1l of young, aged-unimpaired, and aged-impaired
rats [38]. In a recent report, however, three-dimensional reconstruction analysis
demonstrated a marked decrease in PSD area of perforated, but not nonperforated,
synapses in aged rats with cognitive impairment relative to both aged unimpaired
rats and young rats [13]. Thus, cognitive impairment in old rats is correlated not
with a numerical decrease in hippocampal synapses, but instead with a decrease
in the PSD size of perforated CAl synapses. This result is consistent with the
notion that subtle synaptic changes are responsible for aging-related changes in
neural function that are manifested in cognitive decline.

VI. SUBTLE CHANGES IN SYNAPTIC PROTEINS IN THE
AGING HIPPOCAMPUS

A. PRESYNAPTIC PROTEINS

Even in the absence of changes in morphological features of synapses, significant
functional changes could result from changes in the molecular composition of either
the pre- or postsynaptic element. To address this possibility, Nicolle and colleagues [59]
evaluated hippocampal levels of presynaptic proteins from rats that were young,
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aged-impaired, and aged-unimpaired, as defined by MWM performance. Semiquanti-
tative Western blot analysis revealed similar levels of the presynaptic markers synapto-
physin, synaptotagmin, and SNAP-25 among the three groups, indicating an absence
of association of hippocampal levels of these presynaptic proteins with either age or
cognitive impairment. In another study, Smith et al. [60] used confocal laser microscopy
to quantify synaptophysin immunoreactivity in different layers of hippocampal subre-
gions of behaviorally characterized young and aged Long-Evans rats. The results sug-
gested that the intensity of synaptophysin immunoreactivity, averaged across the whole
hippocampus did not differ among the young, aged impaired, or aged unimpaired
groups. Interestingly, however, the synaptophysin immunoreactivity was significantly
lower in stratum lacunosum moleculare of CA3 in aged rats with spatial learning deficits
compared to the other two groups. Moreover, there also was a significant correlation
between the MWM performance of aged rats and the intensity of synaptophysin immu-
noreactivity in the outer molecular and middle molecular layers of DG, as well as in
the stratum lacunosum moleculare of CA3. Utilizing synaptophysin immunoreactivity
as a marker to quantify presynaptic boutons at the light microscopic level of C57BL/6
mice, stereological quantification did not reveal any differences on this measure among
young, middle-aged, and old animals in either DG, CA3, or CAl [25]. Thus, aging-
related spatial learning impairments occur in the absence of marked, widely distributed
changes in hippocampal presynaptic markers, although limited changes do occur in
specific layers of hippocampal subregions.

B. PostsynapTic NMDA AND AMPA RECEPTOR SUBUNITS

Nearly all presynaptic terminals that contact dendritic spines release the excitatory
neurotransmitter glutamate, and receptors for glutamate are integral components of
the postsynaptic membrane. The postsynaptic membrane of a typical hippocampal
spine contains at least two distinct types of glutamate receptors: (1) AMPA and (2)
NMDA receptors [32, 61]. These receptors are the primary mediators of excitatory
synaptic transmission in the central nervous system [62] and are required for hippo-
campal synaptic plasticity, as well as for spatial learning and memory [63-65].
Moreover, NMDA and AMPA receptors have been implicated in the structural
changes associated with synaptic plasticity, including synapse formation, mainte-
nance, and remodeling [43, 44, 66].

The majority of functional NMDA receptors are hetero-oligomers composed of
NR1 and different NR2 subunits, including NR2A and NR2B [67-70]. NR1 is the
organizing subunit that is essential for NMDA receptor formation and function.
Therefore, NR1 is an obligatory subunit for normal functioning NMDA receptors,
in combination with NR2 subunits. In the hippocampus, heteromeric NMDA recep-
tors composed of NR1 with NR2A or NR2B subunits demonstrate significantly
higher efficacy than homomeric receptors composed of NR1 alone [67-69]. NMDA
receptor activation depends on glutamate binding (with glycine as a co-agonist) and
membrane depolarization to remove the Mg?* ion blocking the channel pore [71,
72]. The requirement of two separate events to open NMDA receptors enables them
to function as “molecular coincidence detectors” and makes them uniquely suitable
for mediating Hebbian plasticity [73—75]. Moreover, it has been established that
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activation of NMDA receptors is critical for the induction and maintenance of
synaptic plasticity in the hippocampus [76-78].

AMPA receptors are composed of GluR1—4 subunits. In this class of glutamate
receptors, GIuR2 is the organizing subunit that is critical for AMPA receptor assembly
and expression [79]. GluR2 also renders AMPA receptors more resistant to excitotox-
icity in response to biological challenge by decreasing Ca** permeability [79-82]. The
GluR1 subunit is essential for the formation of heteromeric AMPA receptors, which
demonstrate higher conductance capacity compared to homomeric receptors formed
by GIuR2 alone [80-82]. In contrast with the relatively slow kinetics of the NMDA
receptors, AMPA receptor activation accounts for fast postsynaptic responses [83, 84].
Compelling electrophysiological evidence indicates that the number of postsynaptic
AMPA receptors is a major determinant of synaptic efficacy [85-87].

Recent studies have reported an aging-related loss of subunits of the NMDA
and AMPA types of glutamate receptors in the hippocampus as well as a decline in
glutamate-mediated excitatory transmission [70, 88-91]. The loss and/or diminished
function of NMDA and AMPA receptors can contribute not only to impaired synaptic
transmission, but also to ultrastructural changes that occur in the PSD of synapses
in the aging hippocampus. Previous studies have addressed the issue of aging-related
changes in hippocampal levels of NMDA and AMPA receptors in different animal
models, ages, and regions, using a variety of technical approaches [92-94]. NMDA
receptor binding in subdissected hippocampus of Sprague-Dawley rats revealed an
overall decrease in NMDA receptors between very young (3 months) and old animals
(25 to 29 months) in CA1l and CA3, but not in DG [95]. In whole hippocampus,
NMDA subunits NR1 [89, 90, 96], NR2A [97], and NR2B [88, 89, 96, 97], as well
as the AMPA subunits GluR1 and GluR2 [88, 89, 96, 97], have been reported to
decline with age. Moreover, recent studies using Western blot analysis of subdis-
sected hippocampal subregions indicate a decline in NMDA and AMPA subunits
across the lifespan in CA1 and CA3, and to a lesser degree in DG (black bars, Figure
8.3) [36, 39, 98]. Interestingly, by including a middle-aged group (18 months) as
well as a young (10 months) and an old group (28 months), these studies were able
to reveal that all of the aging-related subunit declines, except for the AMPA subunit
GluR2 in CA3, occurred not between middle and old age, but between young and
middle age (Figure 8.3).

Based on the functional significance of glutamate receptor subunits, it is likely
that declines in NMDA and AMPA receptor subunits are associated with impaired
synaptic plasticity. For example, as both NMDA and AMPA receptor subunits are
essential for LTP induction and maintenance [86, 88, 99, 100], the aging-related loss
and/or functional impairment of glutamate receptors can contribute to the LTP deficits
in the brains of aged animals [14,101-105]. Declines in NMDA and AMPA receptors
each induce cellular changes. Specifically, the aging-related decrease of functional
NMDA receptors in rats has been shown to lead to impaired synaptic transmission
and LTP induction, and thus to compromised synaptic plasticity [76, 78, 88, 89, 96,
97]. As AMPA receptors mediate most of the fast excitatory synaptic transmission and
their number is the major determinant of synaptic efficacy [85], an aging-related loss
of these receptors is also associated with impaired synaptic transmission and
compromised synaptic plasticity [106]. Moreover, a diminished expression of AMPA



198 Brain Aging: Models, Methods, and Mechanisms

CA1 CA3 DG
< p
@ 144 . . — .
8 5 - z
ER-RES l#—‘—\ # .
NR1 8 & 1.0
8¢
S~ 081
2 061
o
«©
@ 144 N .
3312 ‘:l -
g o # #
(4] o
NR2A & g '°
& F 081
S 061
C
2 141 X .
3 5 > - — # u
&3 1.2 f '_I; . | [
NR2B 3 g 10
N g
g ~ 0.8
S
p=4
fe
141 .
9 5 * *
88 121 # # R #
GluR1 g g 1.01
Lo
S~ 081
S 061
5
w141 . . *
8312 | * ;
6o ] #
GluR2 B 9 104 ul
8 1.
Lo
S - 081
S 0s!
Young Middle-Aged Old Young Middle-Aged Old Young Middle-Aged Old

Il = Ad Libitum [_|= Caloric Restricted

FIGURE 8.3 Relative subunit levels of NMDA (NR1, NR2A, NR2B) and AMPA (GIuR1,
GluR?2) subtypes of glutamate receptors in CA1, CA3, and DG (dentate gyrus) of young (10
months), middle-aged young (18 months), and old young (28 months) F344 x BN rats that
were fed ad libitum (AL, black bars) or caloric restricted (CR, white bars) beginning at 4
months of age. *p < 0.05 for indicated comparisons; #p < 0.05 compared to age-matched AL.

receptors in both perforated and nonperforated synapses may have a deleterious effect
on cognitive function, even when the synapse number is constant [38]. Without AMPA
receptors, glutamatergic synapses in hippocampus are functionally silent. Thus, a loss
of AMPA receptors may transform functional synapses into silent ones during aging
and contribute to aging-related cognitive impairment [48, 49].

The hippocampal levels of NMDA/AMPA receptors also have been correlated
directly with cognitive performance, particularly on spatial learning and memory
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tasks [88, 107]. For example, experimental reduction of NMDA or AMPA receptors
or of their specific subunits using transgenic rodent models has resulted in deficits
in spatial learning and memory [63, 64, 78, 88, 108—110]. Similarly, spatial learning
and memory were impaired by administration of NMDA receptor antagonists
[111-113]. Moreover, in aged animals with impaired MWM performance, both
decreased levels of NMDA and AMPA receptor subunits and impaired synaptic
transmission via those receptors have been reported [88, 89, 91, 96, 97]. Finally,
even in the absence of a global aging-related decrease in hippocampal glutamate
receptors, glutamate receptor subunits levels are correlated with cognitive perform-
ance. For example, although neither Western blot analysis nor confocal immunocy-
tochemistry revealed an overall or region-specific difference in hippocampal NR1
levels between young and aged animals [107], individual spatial learning perform-
ance correlated with NR1 immunofluorescence levels in hippocampal CA3 neurons.
These findings suggest that dendritic NR1 is generally preserved in the hippocampus
of aged rats but the levels of this receptor subunit in selective elements of hippo-
campal circuitry are linked to spatial learning.

VII. FACTORS THAT CONTRIBUTE TO AGING-
RELATED CHANGES IN HIPPOCAMPAL SYNAPSES:
POTENTIAL THERAPEUTIC STRATEGIES

Although synaptic changes such as those described in this chapter may contribute to
aging-associated learning and memory impairment, the mechanisms underlying these
changes have not been characterized fully. Nevertheless, microenvironmental changes
in the aging brain may be key elements in the functional decline that occurs across
the lifespan. In particular, evidence suggests that insulin-like growth factor-1 (IGF-1),
estrogen, and calorie restriction are microenvironmental factors that may have signif-
icant impacts on the structure and/or function of synapses in senescent animals.

A. INsuULIN-Like GRowTH FacTOR-1 (IGF-1)

IGF-1 is a growth factor that can influence a broad range of physiological processes
in the brain (see Chapter 12). Importantly, brain levels of IGF-1 have been associated
with spatial learning and memory performance on the MWM [11, 97]. IGF-1 has been
shown to support diverse aspects of synaptic function, including nerve regeneration
and synaptogenesis at the neuromuscular junction and in the DG of hippocampus
[114-118]. In addition, IGF-1 exerts trophic effects on both the pre- and postsynaptic
compartments. Presynaptically, the extent of axonal sprouting in rat DG correlates
with the level of IGF-1 expression [119]. Postsynaptically, IGF-1 stimulates dendritic
branching of cortical neurons in organotypic slice culture [120]. Moreover, it is essen-
tial for the maintenance of dendritic length and complexity as well as the density of
dendritic spines on pyramidal cells in frontoparietal cortex [121]. These findings
suggest that IGF-1 exerts a significant influence on the formation and maintenance of
neuronal connectivity in the rodent central nervous system.

Serum and brain levels of IGF-1 [122], as well as brain levels of the type 1 IGF
receptor [123], have been reported to decline in the aging brain. Moreover, aged rodents



200 Brain Aging: Models, Methods, and Mechanisms

demonstrate a compromise of the IGF-1 signal transduction pathway [124]. Interest-
ingly, intracerebroventricular (ICV) infusion of IGF-1 in old rats not only increased
hippocampal protein levels of IGF-1 by 100% [97], but also enhanced performance on
the place discrimination and the repeated acquisition tasks of the MWM [11]. Despite
this cognitive improvement, ICV infusion of IGF-1 had no effect on relative synapse
number in either CA3 stratum lucidum [37] or CA1 stratum radiatum [58]. Although
IGF-1 infusion did not change the number of CA3 or CAl synapses in old rats, it
increased both PSD length and the relative number of MSB synapses in CA1 [58].

The PSD elongation and increased MSB synapses following IGF-1 infusion are
likely to represent different phases of a continuous process, including a synaptic
strengthening involving both the NMDA and AMPA subtypes of glutamate receptor
[44]. Studies have shown that IGF-1 infusion increases NR2A and NR2B receptor
subunits in the hippocampus of old rats [97]. Moreover, the IGF-1 signaling pathway
interacts with the intracellular cascade of NMDA receptors [125]. Specifically, following
the enhancement and subsequent activation of NMDA receptors in IGF-1 infused ani-
mals, calcium enters the cell more readily and elicits the phosphorylation of GluR1-
containing AMPA receptors [126, 127]. The subsequent transposition of these AMPA
receptors into the PSD was associated with increased PSD length and subsequent
synaptic perforation [44]. Thus, the PSD elongation induced by IGF-1 appears to be a
morphological correlate of an increased active transmission zone, as well as enhanced
synaptic complexity, membrane recycling, and synaptic efficacy [44, 45, 50, 51, 55,
56]. As MSB complexes evolve from rearrangement of preexisting simple synapses and
also can form following enhancement of synaptic efficacy [42, 53]. Collectively, these
observations suggest that IGF-1-induced increases in PSD length and in MSB synapses
may improve synaptic function and consequently underlie the reported amelioration of
cognitive performance following IGF-1 infusion in old rats.

B. ESTROGEN

Recent evidence has indicated that hormonal changes associated with reproductive
senescence affect not only the structures involved in hypothalamic function, but also
structures such as hippocampus that have been functionally related to cognition.
Estrogen has been shown to enhance verbal memory and the capacity for learning
new associations in both naturally and surgically menopausal women [128]. A study
by Roberts et al. [129] demonstrated that peri- and postmenopausal primates are
significantly more impaired than young and age-matched premenopausal monkeys
in learning and memory on a task of delayed response that is sensitive to aging-
related cognitive decline. That study demonstrated that age-related cognitive decline
is accelerated in menopausal animals and suggested that changes in circulating
estrogen levels that occur with aging may influence learning and memory. Rat studies
in young animals have yielded inconclusive results on the role of estrogen in learning
and memory, with some studies reporting enhanced spatial learning when estrogen
levels are high during the estrous cycle and others finding no difference in perform-
ance [130, 133]. However, another rat study that examined the direct effects of
estrogen demonstrated improved learning and memory performance on the MWM



Subtle Alterations in Glutamatergic Synapses 201

task in ovariectomized animals receiving intra-hippocampal estrogen injections com-
pared to those receiving saline injections [134].

Estrogens have been shown to regulate multiple aspects of hippocampal synaptic
plasticity that could influence memory. For example, dendritic spine density fluctu-
ates during the rat estrous cycle; dendritic spine density on CA1 neurons increases
on days when levels of estrogen are high (i.e., proestrus), as compared to days when
estrogen levels are low (i.e., estrus) [135, 136]. The direct effects of estrogen on
morphological aspects of synaptic plasticity also have been examined. In those
experiments, rats given estrogen replacement following an ovariectomy showed an
increase in the number of synaptic boutons in CA1 relative to animals given vehicle
[137]. Moreover, a decrease in spine density was observed on CAl neurons in
animals that were ovariectomized compared to ovary-intact rats, and this decrease
was reversed by estrogen replacement [138—140].

Current neurobiological evidence in young animals suggests that one mechanism
by which estrogens alter synaptic plasticity is through NMDA receptors, as estrogen-
induced increases in dendritc spine density were blocked by NMDA antagonists
[141, 142]. Moreover, estradiol increased NMDA agonist binding in the CA1 region
of the hippocampus but had no effect on AMPA receptors [143]. Estrogen also
exhibited subunit specific effects by increasing the intensity of NR1 immunofluo-
rescence in the dendrites of CA1 pyramidal neurons [144]. Functionally, estrogen
increased both the slope and amplitude of the NMDA receptor-mediated LTP [145]
and reduced the threshold for LTP induction [146]. Consistent with these observa-
tions, NMDA receptor-dependent LTP was enhanced on days of proestrus when
estrogen levels are high [147, 148].

These data reveal that estrogen can regulate synaptic plasticity in the hippocam-
pus of young animals and indicate that this sex steroid can directly impact brain
regions and circuits that play roles in cognitive performance. The question remains,
however, as to what role estrogen plays in the aging hippocampus. To date, very
few experiments have examined the relationship between estrogen, aging, behavior,
and glutamate receptors. Two studies have demonstrated that MWM performance
is enhanced in estrogen-treated aged rodents [149, 150]. In addition, spine density
and NMDA receptor composition in CA1 has been examined in ovariectomized and
estrogen-treated aged rats. The results demonstrated that spine density compromised
by aging was not responsive to short-term estrogen treatment [107]. However,
synaptic NR1 composition was responsive to estrogen in aged rats. Estrogen-treated
ovariectomized rats had fewer spines containing higher NR1 levels compared to
vehicle-treated controls. In addition, NR2A and NR2B levels were maintained in
both estrogen- and vehicle-treated animals [151].

C. CALORIC RESTRICTION

Another microenvironmental manipulation that potentially could affect synapses in
the aging brain is caloric restriction (CR). CR refers to the proportionate reduction
of all dietary components and it is the only nongenetic method that has been shown
to extend life expectancy in a broad range of species, including rodents. Specifically,
rats or mice restricted to 60% of the calories consumed by animals fed ad libitum
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(AL) live 20 to 40% longer than AL animals [152—-154]. Not only does CR extend
lifespan, but it also retards aging by delaying the onset of various diseases as well
as by attenuating spatial learning and memory deficits [153, 155, 156]. For example,
the aging-related impairment on MWM performance in old F344 X BN rats was
ameliorated by CR [157]. Similarly, life-long CR ameliorated the aging-related
impairment of spatial learning and memory in C57B1/6 mice [158]. Aging-related
changes in synaptic plasticity and neurotransmitter systems can be ameliorated by
CR as well. Specifically, CR prevents the deficit in LTP induction in the hippocampus
of old F-344 rats and may do so by ameliorating the compromise of NMDA-mediated
transmission in the aging brain [158-160].

Recent studies in our laboratory suggested that aging-related declines in subunits
of hippocampal NMDA and AMPA receptors in F344 X BN rats do not occur in
rats on a CR diet. As described previously and illustrated in Figure 8.3, in both CA1
and CA3, levels of most NMDA and AMPA subunits decrease significantly between
young and middle age and remain stable thereafter in AL rats. In contrast, subunit
levels are significantly lower in young CR compared to young AL rats, and those
lower levels are maintained across the lifespan in CR rats. In CA3, the levels of
most receptor subunits are significantly higher in old CR compared to old AL rats.
Importantly, this difference is not due to elevated subunit levels in old CR rats, but
rather to significantly reduced subunit levels in old AL rats. In DG, only NR1 and
GluR1 subunits decrease with age in AL rats. Nevertheless, as in CA1 and CA3,
those subunits are significantly lower in young CR compared to young AL rats and
remain stable at middle and old age. Accordingly, CR changes the progressive pattern
of aging-related declines in NMDA and AMPA receptor subunits and induces a
metabolic stability for these glutamate receptor subunits. Importantly, in both AL
and CR rats, ultrastructurally identified synapses in CA1 and DG were stable across
the lifespan. Thus, despite some regional and subunit variations, NMDA and AMPA
receptor subunit levels in AL and CR animals across the lifespan reveal three overall
trends that are more evident in CA1 and CA3 than in DG. First, there is an aging-
related decline in NMDA and AMPA receptor subunit levels in AL rats. Second,
subunit levels are lower in young CR than in young AL rats. Third, subunit levels
of most NMDA and AMPA receptor subunits are the same in young, middle-aged,
and old CR rats.

The available evidence suggests that the capacity of an organism to maintain
steady state is a prime determinant of longevity. Senescence-related loss of function
is due to impairment of a homeostatic state and CR enhances longevity by increasing
metabolic stability [161]. Evidence suggests that metabolic stability is a better
predictor of longevity than metabolic rate, and an organism’s ability to maintain
stable levels of free radicals may be more important than how fast it produces them
[162, 163]. CR delays deleterious consequences of aging by inducing a stable state
of biological parameters that normally demonstrate aging-related declines [164,
165]. Moreover, in the presence of continued CR, a stable state in those parameters
is maintained across the lifespan [161, 164]. Thus, it may be that changes in critical
biological parameters result in functional decline in the aging brain, and CR may
eliminate such changes by inducing a stable state in those parameters.
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FIGURE 8.4 A schematic diagram illustrating age-related changes in excitatory synapses
and the effects of IGF-1, estrogen, and caloric restriction on these synapses. Aging is asso-
ciated with a decrease in synaptic glutamate receptors. Both IGF-1 and estrogen increase
glutamate receptor subunit levels and IGF-1 also increases the number of multiple spine
bouton synapses. Caloric restriction decreases glutamate receptor subunit levels in young
animals, but then maintains those levels across the lifespan. Note the black and white ovals
represent AMPA and NMDA glutamate receptor subunits, the open circles represent synaptic
vesicles, and the dark gray zone represents the postsynaptic density.

VIII. SUMMARY

Aging-related cognitive impairment is reflected in performance deficits on hippo-
campal-dependent tasks such as the MWM test of spatial learning and memory.
Although changes in hippocampal synapses are likely to underlie this cognitive
impairment, there is little, if any, aging-related loss of synapses. Consequently, it
appears that overall synapse loss is not a determining factor for this aging-related
impairment of cognitive performance. In contrast, subtle synaptic changes, including
loss of glutamate receptors in hippocampal subregions, occur across the lifespan
(Young-Ad Libitum > Old-Ad Libitum; Figure 8.4) and these subtle changes may
well contribute to aging-related cognitive impairment. Significantly, several manip-
ulations that have been associated with amelioration of aging-related cognitive
impairment also modify the aging-related changes that occur in the numerically
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stable population of hippocampal synapses. For example, IGF-1 can increase the
number of MSB synapses (Old + IGF-1; Figure 8.4) and estrogen can increase the
number of NR1 subunits in the PSD (Old + Estrogen; Figure 8.4). NMDA and
AMPA subunit levels in young CR rats are lower than in young AL rats; however,
in CR rats, those subunit levels of glutamate receptors do not change between young
and old age (Young-CR > OId-CR; Figure 8.4). In summary, future studies of
hormonal and metabolic interventions that can impact subtle, but functionally inte-
gral aspects of synapses may provide clues to potential therapeutic strategies for the
amelioration of cognitive decline in the elderly.
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I.  INTRODUCTION

The hippocampus is an anatomical region that is critical for certain types of learning
and memory that are vulnerable to the effects of normal aging. Early data indicated
that these cognitive deficits could be attributed to age-related neuronal loss. However,
in the mid-1990s, it was discovered that frank neural degeneration was not a con-
sequence of the normal aging process. First observed in rodents, this finding has
since been replicated in primates, including humans (reviewed in [1] and [2]). Given
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the fact that hippocampal neuronal number is relatively preserved, even at very
advanced ages, dysfunctions associated with neuronal integrity (e.g., proper encod-
ing, gene expression and cell signaling) have become an important avenues of
exploration as causative factors of age-related mnemonic impairment [3-5]). Indeed,
as this chapter discusses in detail, age-related deficits in signal transduction do occur
and are presumed to reflect deficient transfer of information both within the hippo-
campal formation and between the hippocampus and other brain structures critical
for proper cognitive function (e.g., [6-8]).

The animal model that we have used to investigate the behavioral relevance of
age-related changes in signal transduction mechanisms is reliable and well-estab-
lished [9, 10]. Briefly, hippocampal-dependent spatial memory is assessed in young
and aged male Long-Evans rats in the Morris water maze. Using data from probe
trials that are interpolated throughout our training protocol, an individual measure
of spatial learning ability is derived for each rat (i.e., a “spatial learning index”). As
shown in Figure 9.1, plotting individual young and aged rat spatial performance
using the spatial learning index reveals that this measure reliably distinguishes two
groups of aged rats: (1) those that learn on par with the young cohorts (i.e., aged-
unimpaired rats) and (2) those that perform outside the range of young rats,
demonstrating impairment on the task (i.e., aged-impaired rats) [9]. The variability
in spatial learning performance observed in this population of aged rats both mimics
that observed in humans and affords investigators the opportunity to not only com-
pare neurobiological factors that change as a function of age but, also, to directly
link such changes to a functional behavioral measure of hippocampal integrity.
Among aged rats, the correlation between individual learning indices and neurobi-
ological measures related to the efficacy of signal transduction mechanisms is the
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FIGURE 9.1 Individual Learning Index scores from three separate experiments. The
data show that the behavioral phenotype of young (6 months old) and aged (25 to 27 months
old) Long-Evans rats is measured in a reliable manner. (Source: From Nicolle [5]. With
permission.)
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FIGURE 9.2 Ga,,,-coupled phosphoinositide signaling cascade. When the receptor is acti-
vated by agonist, it will interact with a trimeric G protein, causing the Goy,, to release a
bound molecule of GDP and to replace it with a molecule of GTP. The signal is transduced
to PLCP1, which liberates DAG and IP; from PIP,. Both DAG and IP; can affect PKC and
intracellular calcium levels. Receptor/G protein coupling can be measured by either the
GTPy>S or GTP-Eu binding assays. The production of IP; can be measured by the incorpo-
ration of [*H]myo-inositol into [*H]IP,/IP,/IP; and the production of DAG can be measured
by the incorporation of [*H]cytidine into [*’HJCDP-DAG.

primary methodology used in our studies. Although all data in this chapter are related
to this one particular model, both the neurobiological and behavioral changes have
been replicated in other strains of rodents and even primates. The approaches and
techniques described here should be useful and applicable to other animal models
of cognitive aging.

The acetylcholine muscarinic and metabotropic glutamate receptors that are
coupled to phosphoinositide (PI) turnover are particularly relevant in the study of
the aged hippocampus because they are located postsynaptically on the granule cells
of the dentate gyrus and pyramidal cells of hippocampus proper [11]. Indeed, these
are the same hippocampal neurons that are maintained in number, even at very
advanced ages in subjects with severe memory impairment [12, 13].

The muscarinic M1, M3, and M5 receptor subtypes and the metabotropic
glutamate receptor subtypes mGluR1 and mGIuRS5 are coupled to PI turnover via
the G-protein o subunit /11 (Go,). Figure 9.2 diagrams the intracellular events
that follow stimulation of Ga,,-coupled receptors. In brief, Ga,,, activates phos-
pholipase C-f1 (PLCB1) [14-16], which in turn liberates inositol 1,4,5-trisphosphate
(IP;) and diacylglycerol (DAG) from phosphatidylinositol bisphosphate (PIP,). IP,
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and DAG increase intracellular calcium and protein kinase C (PKC), two signaling
molecules tightly linked to synaptic plasticity (reviewed in [17]).

The remainder of this chapter systematically presents data in the phosphoinosit-
ide cell signaling pathway using the combined approach of behavioral characteriza-
tion described above and neurobiological assessments of different levels of intracel-
lular signaling cascades with functional behavioral characterization that provides a
measure of hippocampal integrity. Specifically, animals are initially behaviorally
characterized to provide a measure of hippocampal function and, subsequently, the
hippocampus and related structures are dissected and examined for changes in the
machinery necessary for proper signaling within and between neurons. This approach
allows us to determine whether age-related changes in cell signaling relate to, and
perhaps contribute to, cognitive deficits that emerge in aging. First, we present data
on the quantification of the protein “machinery” needed for signal transduction:
determination of receptor and effector levels of various components of the signaling
cascade. Second, we describe the quantification of the functional ability of this
machinery to generate downstream signaling in the hippocampus of young and aged
rats and its relevance to age-related cognitive decline.

1. QUANTIFICATION OF PROTEIN MACHINERY

As described above, there are proteins at all levels in the second messenger signaling
cascade that work in concert to stimulate PI turnover. Importantly, if expression of
any of these proteins was decreased in the aged brain, the result could significantly
contribute to deficient neuronal communication and, ultimately, impaired learning
and memory processes. Thus, the quantification of the availability of key proteins
involved in the second messenger signal transduction cascade is an essential first
step in investigating this signaling pathway as a causative factor in age-related
cognitive decline. The critical machinery includes the G-protein receptor, G-protein
subunits, and downstream enzymes and precursor molecules necessary for transduc-
tion. Neurotransmitter receptor and downstream effector levels can both be examined
using Western blotting techniques in hippocampal tissue homogenates. Receptor
binding can also be assayed in a more regionally specific manner using hippocampal
slices.

A. RecepTor BINDING

Receptor binding, measured in tissue homogenates or slices (using autoradiography),
is a well-established pharmacological method that has several advantages, which are
described below. First, the method accurately quantifies the density of neurotrans-
mitter receptor binding sites using a radiolabeled standard scale. Second, such assays
conducted in fresh-frozen tissue sections or homogenates require relatively little
tissue, such that tissue from the same subjects used for receptor quantification also
can be used for additional studies of receptor function (e.g., assessment of receptor-
stimulated GTPy*S binding, discussed in Section IV of this chapter), providing
several measurements related to cellular signaling in the same animal. Finally,
because receptor binding autoradiography affords anatomical specificity, regional
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TABLE 9.1
Regional [*HIPZ Binding in
Young and Aged Rats

Young Aged
Brain Region n=4 n=38

Dorsal Hippocampal Formation
CAl 28717 303 +£8
CA3 140 £ 6 1539
Dentate gyrus 285+ 10 306 +7

Ventral Hippocampal Formation
CAl 283+13 303+9
CA3 168 + 14 187 +8
Dentate gyrus 151 +14 160 + 23

Note: Binding site densities reflect mean
+ SEM (fmol/mg tissue wet weight).

Source: Modified from Smith, T.D. et al.,
Neurobiol. Aging, 16, 161, 1995. With
permission.

changes may be identified that could be missed in assays using tissue homogenate
preparations.

An early study in young and aged behaviorally characterized Long-Evans rats
quantified muscarinic M1 receptor binding using an autoradiographic approach. Data
from that study and others indicated that aging does not affect the binding density
of [*H]pirezipine, an M1 antagonist, in the hippocampus (Table 9.1) [18]. The
preservation of M1 receptors in the aged hippocampus of Long-Evans rats was later
confirmed by immunoprecipitation of M1 receptor subunits and also in membrane
preparations (Figure 9.3). Each method reported similar results: a maintenance of
M1 receptor levels across the lifespan. This result has been replicated by other
laboratories in Long-Evans rats [19] and with a variety of techniques (e.g., Western
blotting, which is described in detail below). All data to date have supported the
conclusion that M1 receptor levels are not altered as a function of chronological age.

B. WESTERN BLOTTING

Western blotting was also used to analyze components of the PI turnover protein
machinery that are downstream of the effector (e.g., Ga,,,, phospholipase C1 (PLC
B1), protein kinase C (PKC)). This method has the advantage of using antibodies
that are usually more specific to receptor subtypes than agonists. However, Western
blot data are more difficult to quantify accurately compared to receptor autoradiog-
raphy using isotopes. We therefore developed a rigorous Western blot technique that
affords the standardization of large numbers of animals assayed, out of necessity,
in separate gels.
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FIGURE 9.3 M1 Western blot data from the hippocampus of young and aged Long-Evans
rats. Panel A shows representative Western blots for M1. The lanes numbered 1, 2, and 3
mark the standard curve, with lane 1 containing the lowest standard concentration. Y: 6 months
old, U: 26 months old, aged unimpaired, I: 26 months old, aged impaired. Panel B shows the
data plotted by behavioral group + SE from three separate experiments. (Source: From Zhang
et al. [26]. With permission.)

Such standardization is required as large numbers of animals are necessary to
afford statistical power sufficient to link changes in protein level to spatial learning
performance (a typical behavioral cohort for our experiments includes 24 rats: n =
8 young, n = 16 aged). Tissue homogenates from dissected hippocampus are nor-
malized to equal protein concentrations across all animals in the study. The immu-
noreactivity for the protein of interest is then quantified by performing a Western
blot on the tissue homogenate of total protein or in a preparation of membrane
protein. Our stringent methodology includes constructing a standard curve of at least
three protein concentrations that bracket the optical density of the samples (Figure
9.3 and Figure 9.4). Such a curve serves two purposes. First, it is included on both
the right and the left side of the gel to provide an assessment of equal side-to-side
transfer of protein from the gel to the blotting membrane. Second, it is important
that the standard curve be linear to avoid saturation of the signal with high levels
of immunoreactivity that could result in a ceiling effect, a particular problem when
using chemiluminescent reagents to visualize the immunoreactivity. Many labora-
tories use actin immunoreactivity to verify equal protein loading of each sample but,
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because levels of actin could be altered in the aged brain, the use of a standard
protein curve better alleviates this potential confound.

Although chemiluminescent detection of secondary antibodies is a common and
effective method used to quantify immunoreactivity levels, near-infrared (IR) imag-
ing has four- to eightfold greater sensitivity compared with the traditional chemilu-
minescent detection [20]. IR imaging possesses a 16- to 250-fold wider quantifiable
linear range than traditional chemiluminescent detection. Moreover, by imaging at
the infrared wavelengths, a cleaner background and higher signal-to-noise ratio can
be achieved, as compared to the visible wavelength range used by other detection
systems. Another advantage of IR imaging is that it can detect two different proteins
at the same time in the same lane using two secondary antibodies that fluoresce at
different wavelengths (e.g., red and green). This approach avoids problems associ-
ated with antibody stripping (e.g., inconsistent protein loss or confusion due to
inadequate stripping). Although our lab uses the Odyssey Imaging system (LI-COR
Biosciences, Lincoln, Nebraska), it should be noted other systems are also available
that are sensitive to analysis of Western blots generated with near-infrared secondary
antibody labels (e.g., Quantum (Qdot) Western Blotting Kits, QuantumDot Corpo-
ration, Hayward, California).

Chemiluminescent visualization was used for detection in our early studies
designed to quantify protein immunoreactivity of Ga,,,; and PLCB1 from the hippo-
campus of spatially characterized young and aged Long-Evans rats [5]. Experimental
samples fall within the linear range of the standard curve and quantification of the
immunoreactivity intensity indicated that there was no loss of the Ga,,, protein
with age, and expression of this protein did not correlate with spatial learning
impairment. Importantly, however, Ga,,, activated PLCB1 and, in contrast to the
Gayy, results, PLCB1 immunoreactivity significantly decreased by 20% in the aged
hippocampus [5]. This age-related decrease was not, however, correlated with spatial
learning impairment among aged rats (R = —0.27, ns). These data strongly suggest
that a different component of the signaling pathway (either instead or in addition to
the changes in PLCP1 levels) contributes to cognitive dysfunction in a subset of the
aged rats.

As described above, PLCB1 liberates IP; and DAG, which can increase PKC
levels. Muscarinic receptor activation can increase the calcium-activated PKCy iso-
form [21]. In addition, learning has been associated with the increase of PKCy
immunoreactivity in the hippocampus and also the translocation of PKCy from the
cytosol (soluble) to the membrane-bound (particulate) fraction [21, 22]. In aged
Long-Evans rats, we have analyzed PKC levels (y, a, 8, isoforms) using Western
blotting in soluble and particulate hippocampal protein fractions. Higher PKCy
levels, but not PKCa or f3,, in the soluble fraction were associated with greater
memory impairment in the aged rats. These data suggest that lack of translocation
of PKCy to the particulate fraction could contribute to impaired hippocampal-
dependent learning [23].

As levels and binding densities of key proteins in Long-Evans rats were
unchanged or minimally affected by age, it suggested that dysfunction downstream
of the agonist binding to the receptor contributes to dysfunctional cellular signaling
and failed communication between neurons. The remainder of this chapter focuses
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on several functional assays that we have used to investigate muscarinic and metabo-
tropic glutamate receptor function in the hippocampus in relation to age-related
cognitive impairment. Each assay varies in the type of tissue required (fresh or fresh-
frozen) and in the number of “molecular steps” from agonist activation to output
measure. Together, however, an approach of using a variety of assays that are
designed to systematically assess individual transmitter systems and second mes-
senger signals has yielded a significant amount of data that demonstrates a contri-
bution of blunted cellular signaling to age-related cognitive impairment. The meth-
odology described below, applied to these and other signaling pathways in aging
and other neurological conditions, should continue to elucidate neurobiological
underpinnings of cognitive dysfunction.

I1I. QUANTIFICATION OF RECEPTOR-MEDIATED
SIGNALING

A. ReCEPTOR-MEDIATED PHOSPHOINOSITIDE TURNOVER

As shown in Figure 9.2, Ga,,,-coupled receptors stimulate the generation of phos-
phoinositides (PI). In the PI turnover assay, tissue minces are prelabeled with a
radioactive precursor to phosphoinositide, [P H]myo-inositol. Agonist binding to the
receptor stimulates the incorporation of the [*H]myo-inositol into [*H]IP-1. Lithium
is included in the assay to allow for the accumulation of [*H]IP-1. Without lithium,
the radiolabeled polyphosphoinositides would be quickly degraded [24]. Agonist
stimulation is calculated as the net value over basal (unstimulated) levels. The net
stimulation is then examined using a curve-fitting program that fits the data to a
sigmoidal dose response curve (we use GraphPad Prism, San Diego, California, for
these analyses). Basic pharmacological assessment of individual dose response
curves provides information regarding the basal metabolism, the concentration of
the agonist that stimulates the half maximal effector response (ECs,) and maximal
effector response (E,;,x)- An example of the type of data obtained using this protocol,
integrated with the assessment of cognitive function, is shown in Table 9.2 and
Figure 9.4 [5]. An analysis of the data by chronological age demonstrates a stability
of basic metabolism, measured by the basal cellular incorporation of [*H]myo-
inositol and the basal PI turnover activity (Table 9.2). Stimulation of PI turnover by
the metabotropic glutamate receptor agonist 1S,3R ACPD in these same animals
revealed no change in the Hill slope or the ECy,, but a significant decrease in the
Eyax in the aged group of about 50% compared to the young group. The functional
implications of the age-related change in E,;,x are apparent when the data are
analyzed based upon performance on the hippocampal-dependent spatial learning
task in the Morris water maze. A simple regression between the E,,,x and the spatial
learning index demonstrated a highly significant relationship between cognitive
performance and the magnitude of PI turnover stimulated by agonist, such that the
PI response was generally attenuated to a greater degree in aged rats with the greatest
spatial learning impairments.

A strength, but also a limitation, of the PI turnover assay is the requirement for
freshly dissected brain tissue. The benefit of fresh tissue is that it allows for a more
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TABLE 9.2
Parameters of 1S,3R ACPD-stimulated PI turnover

in young and aged rats = SEM

Young Aged
Cell-associated radioactivity (dpm) 8421 = 987 7898 = 466
Basal [*H]IP1 release (dpm) 497 + 33 446 + 31
Log EC,, -5.17+0.10 -5.11 +0.08
Hill slope 1.20 = 0.18 1.78 £ 0.36
1S,3R ACPD Ej\*° 562 =27 414 + 24

2 dpm with basal dpm subtracted.
> p <0.05.

Source: From Nicolle et al., [S]. With permission.
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FIGURE 9.4 Maximal mGluR-mediated phosphoinositide turnover plotted as a function of
spatial learning ability. Individual data points for young and aged rats are shown for the 1S,3R
ACPD E,;,x. The solid line indicates the linear regression between PI turnover and learning
index for young and aged animals grouped together. (Source: From Nicolle [5]. With permis-
sion.)

accurate representation of in vivo conditions compared to studies that use previously
frozen tissue. For PI turnover, the only assay component that must be added exog-
enously is the radiolabeled precursor, [*H]myo-inositol. Assays using frozen tissue
require the addition of other cellular components to mimic the in vivo conditions,
such as PIP, or GDP. However, although this assay provides very valuable informa-
tion, it is very difficult to run this assay on more than one animal’s tissue sample at
a time due to the magnitude of assay and the temporal considerations involved in
using freshly dissected tissue. Therefore, the comparison of the data across subjects
is suspect to inter-assay variability and special care must be taken to control from
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such confounds. We control for sample variability by including an [**C]IP-1 standard
in all the columns used for separation of the inositol phosphates. The experimentally
generated inositol phosphates labeled with tritium ([*H]) are in contrast to the known
amount of ['*C]IP-1 added to each sample. When the samples are read in the liquid
scintillation counter, the two different isotopic signals can be separated to allow for
normalization of the experimentally generated inositol phosphates to the extraction
of the standard ["“C]IP-1.

B. RecerToR-MEeDIATED GTP BINDING

Receptor-stimulated GTP binding directly measures the initial interaction between
the receptor and its G-protein(s). It measures the agonist-stimulated exchange of
GDP for GTP on the G-protein a-subunit using a non-hydrolysable GTP analogue,
either the traditional radioactively labeled GTPy*»S (guanosine-5'-O-(3-[**S]thio)-
triphosphate) or the fluorescently labeled GTP-Eu (europium) [25]. Normally,
GTPases quickly remove the GTP to terminate the cellular signal. However, because
the GTP is nonhydrolysable and remains bound to the activated G protein o subunit,
it accumulates and provides a measure of the magnitude of receptor coupling. Both
the GTPy*S and the GTP-Eu assays can be performed in previously frozen tissue
homogenates.

As an alternative to the traditional GTPy*S binding assay, the GTP-Eu binding
assay was developed with the consideration of moving the G-protein coupling assay
to a nonradioactive format [25]. The GTP-Eu binding assay uses the nonhydrolysable
lanthanide chelate europium instead of *S to label the GTP. Quantification of the
europium label is based on the well-established quantification of lanthanide chelates
using time-resolved fluorescence (TRF). The unique fluorescence properties of lan-
thanide chelates include their long lifetime, usually longer than several hundreds
microseconds; compared to an organic fluorescence reagent’s lifetime of several
nanoseconds. Most importantly, they also have a large Stokes shift that reduces the
nonspecific fluorescent signal and creates a high signal-to-noise ratio. Typically, the
lanthanide chelate complexes are excited by UV absorption (340 nm for europium
in particular), and emit light of wavelength longer than 500 nm (615 nm for europium
in particular). Finally, the fluorescent peak profiles of lanthanide chelates are sharp,
with half-widths of 10 to 20 nm.

In young and aged behaviorally characterized Long-Evans rats, we used mus-
carinic receptor-stimulated GTP-Eu binding to analyze an upstream component of
the impaired receptor-mediated PI turnover [26]. Our results indicate that upstream
to the age attenuation of PI turnover, there is a similar age-related decrease in
muscarinic receptor-stimulated GTP-Eu binding in the hippocampus of aged rats.
In addition, this change is most significant in the aged rats with learning impairment
(Figure 9.5). This result suggests that the age-related deficit in receptor-mediated PI
turnover occurs early in the signal transduction cascade at the interface between the
receptor and the G-protein o subunit.

An advantage of the receptor-stimulated GTP binding assays, whether GTPy*S
or GTP-Eu, is that inter-assay variability is reduced due to the processing of triplicate
samples from each subject simultaneously, either in test tubes (GTPy*>S) or in a
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FIGURE 9.5 Oxotremorine-M-mediated GTP-Eu binding in the hippocampus of aged rats.
Data were expressed as percentage of young group + SE and plotted by behavioral group.
The aged impaired rats had significantly less oxotremorine-M stimulated GTP-Eu binding
than either the young or the aged, learning unimpaired groups. * p < 0.01. (Source: From
Zhang et al. [26]. With permission.)

96-well plate (GTP-Eu). This methodology is in contrast to the limitation of running
tissue from a single animal per assay, as when measuring PI turnover. Running all
cohorts in a single assay decreases the variability across experiments and thus
increases the reliability of the assay. A technical limitation of the receptor-stimulated
GTP binding assays, however, is the availability of sub-type specific agonists that
couple to the G-protein signaling system of interest. For example, the popular
muscarinic agonist oxotremorine-M stimulates not only the Ga.;,, PI-coupled recep-
tors (M1, M3, and M5 subtypes) but also Goy,, adenyl cyclase-coupled receptors
(M2 and M4 subtypes). Therefore, if age-related changes in oxotremorine-M-medi-
ated GTP binding occur in areas of the brain that contain both PI and adenyl cyclase-
coupled muscarinic receptors, it is not possible to determine if deficiencies result
from both muscarinic receptor subtypes or if, rather, one subtype is particularly
vulnerable to the effects of age. Although the relative contribution of receptor
subtypes to GTP binding may be determined using subtype specific antagonists, the
results should still be interpreted cautiously.

Another technical consideration in GTP binding assays involves the specifics of
the buffer composition across neurotransmitter systems. In our laboratory, we noted
that the magnitude of the metabotropic glutamate receptor-stimulated response was
much lower than the muscarinic receptor-stimulated response. After optimization of
the ion composition of the buffers, however, we were able to obtain an optimal signal
using the mGluR Type 1 agonist 3,5-dihydroxyphenylglycine (DHPG). The differ-
ences in the buffer compositions are shown in Table 9.3, and such considerations
are important when examining a variety of transmitter systems.
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TABLE 9.3

lonic Concentrations in Buffer for Muscarinic
(OXOTREMORINe-M) and Metabotropic Glutamate
Receptor (DHPG) Agonists

Agonist MgcCl, GDP NaCl EGTA EDTA

Oxotremorine-M 5SmM 10 uM 100mM 0.2 mM —
DHPG I0mM 50uM 100 mM ImM | mM

IV.  FUNCTIONAL ASSAYS USING TISSUE SLICES FOR
REGIONALLY SPECIFIC ANALYSES

The anatomical specificity that is absent in studies using tissue homogenates can be
accomplished using film autoradiographic techniques. Film autoradiography has
been used for imaging of receptor stimulation of the upstream GTPy>’S incorporation
and the more downstream incorporation of [*H]cytidine into [*H]CDP-DAG. In
addition, the methods used for tissue preparation in the GTPy*’S binding assay are
amenable to traditional receptor binding; adjacent tissue sections can be analyzed
for receptor binding using highly quantifiable, traditional radioligand autoradiogra-
phy techniques to provide a measure of receptor level in the same animals.

A. RecePTOR-STIMULATED GTPY3>S AUTORADIOGRAPHY

GTPy*S autoradiography is elegantly described in [27] and is only briefly described
here. Like the homogenate assay, this assay provides a measure of the receptor-
mediated activation of G-protein, with the added refinement of anatomical resolution.
Slides from a large number of individual subjects can be prepared and frozen, and
subsequently processed together to eliminate inter-assay variability. Comparable sets
of sequential tissue sections can be analyzed for responses to several agonists or for
receptor binding autoradiography. Additionally, adjacent sections can be histologically
stained to assist in defining anatomical boundaries for anatomically specific analyses.
Although we have not used this assay in our study of young and aged Long-Evans
rats, it has been used to quantify the regional responses to drugs of addiction in rodents
(e.g., [28, 29]) and is a direction of future research in cognitive aging.

The added anatomical specificity of GTPy*S autoradiography can be offset by
the amount of time it takes to image and quantify the data. For example, examination
of muscarinic receptor-stimulated GTPy*S binding in hippocampal homogenates
from 24 rats will take approximately 1 week, taking into account membrane prep-
aration, determination of membrane protein in a BCA assay, and the actual running
of the receptor/GTPy*S binding assay. In contrast, an anatomical study will require
about tenfold more time due to the sectioning of the tissue (~2 weeks), assay (~1
day), exposure to film (varies from days to weeks), then the careful imaging of
anatomical regions and sub-regions and subsequent number crunching and data
analysis. Nevertheless, these temporal considerations indeed may prove necessary
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and worthwhile to fully understand the underlying signaling deficiencies that con-
tribute to age-related memory impairment. Notably, in our studies of behaviorally
characterized young and aged rats (described in Section IV.A of this chapter), we
discovered subregion-specific neurobiological changes that were not detected in
studies using homogenate studies (compare [3] with [30]).

B. Receptor-Stimulated [*H] CDP-DAG
Autoradiography

To analyze the effectiveness of agonists to stimulate PI turnover further downstream
from the G-protein while maintaining anatomical resolution, a method originally
described by Hwang et al. [31] can be employed. This method takes advantage of
an insoluble product of PI turnover cascade: the generation of membrane-bound
cytidine diphosphate diacylglycerol (CDP-DAG). Using [*H]cytidine as a precursor
and in the presence of Li* (a reagent that inhibits the recycling of IP; and allows
the accumulation of [*H]CDP-DAG [32]), the receptor-stimulated incorporation of
[*H]cytidine into membrane-bound [*H]CDP-DAG can be visualized and quantified
using traditional autoradiography techniques. An example of muscarinic receptor-
mediated [*H]JCDP-DAG in young and aged rats is shown in Figure 9.6.

In young and aged learning-impaired Long-Evans rats, anatomical visualization
of muscarinic receptor-mediated PI turnover using [*’HJCDP-DAG autoradiography
revealed that basal PI turnover was decreased in the subiculum and the dentate gyrus
but not in CA1 or CA3 [30]. Notably, these differences were only detected when
using the more time-consuming, regionally specific autoradiographic approach

FIGURE 9.6 (SEE COLOR INSERT FOLLOWING PAGE 204) Representative autoradio-
grams and histologies from a young rat and an aged, learning-impaired rat. Left: basal
[*H]CDP-DAG levels. Middle: increased incorporation of [*H]JCDP-DAG after stimulation
with 100 uM oxotremorine-M. Right: the oxotremorine-M section was subsequently stained
with toluidine blue. Areas of quantification are indicated by outlines on the top right panel.
S, subiculum; H, hilus; DG, dentate gyrus; CA2/3 and CAl, fields of the hippocampus.
(Source: From Nicolle et al. [30]. With permission.)
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FIGURE 9.7 Muscarinic receptor-mediated [PHJICDP-DAG = SEM in regions of the hippo-
campus in young and aged, learning-impaired rats. (Source: From Nicolle et al. [30]. With
permission.)

(described in Section III.A in this chapter). Indeed, the specific agonist-stimulated
response was also affected by age in a subregion-specific manner; aged learning
impaired rats showed a significantly blunted response that was restricted to the
subiculum (-36%), CA3 (-22%), and CAl (-27%), whereas receptor-mediated
signaling in the dentate gyrus and hilus was maintained (Figure 9.7). In summary,
whereas assays using homogenates are a practical starting point in understanding
changes in receptor level, binding, and signaling, negative data should be interpreted
cautiously as regionally specific changes may be obscured when analyses are con-
ducted on homogenates that contain a number of anatomically distinct regions.

Perhaps the most challenging aspect of [*HJCDP-DAG autoradiography is the
sectioning of 15-um sections from a 350-wm slab of dissected hippocampus. To
stabilize the 350-um slab, it can be horizontally placed flat on the bottom of a plastic
embedding cup filled with Tissue Tek and then sliced using a cryostat. The first 15-
um sections from the outer edges of the slab should be disposed and not used for
analysis due to the potential damage on the surface of the tissue slice.

There is some concern that freezing tissue prior to assay is detrimental to
receptor/G-protein complexes. However, guanine nucleotides inhibit agonist binding
in frozen tissue sections, providing evidence of maintained function of the recep-
tor/G-protein complex [33]. In addition, in 1991, O’Neill et al. [34] demonstrated
the presence of functional G-proteins and phospholipase C in frozen tissue. It has
been noted by this lab and others, however, that the strength of the signal diminishes
with longer tissue storage at low temperatures.

V. CONCLUSIONS

Studies in behaviorally characterized aged rat have demonstrated that decrements
in muscarinic and metabotropic glutamate receptor function in the hippocampus are
related to cognitive impairment. Alterations in signal transduction have been
observed as far upstream as receptor/G-protein coupling and as far downstream as
PI turnover, although the molecular machinery, measured by Western blotting
and receptor autoradiography, remains intact. Receptor-mediated Go,, signaling
ultimately influences intracellular calcium levels, via the IP; receptors on the
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endoplasmic reticulum or via protein kinase C and interaction with cell membrane
calcium channels. Regulation of calcium signaling has far-reaching consequences,
from modulation of synaptic plasticity to cellular toxicity. Our recent data indicating
that age-related alterations in receptor signaling occur very early in the cascade at
the level of the G-protein suggest that receptor/G-protein coupling is a mechanism
to consider for repair and/or protection in the aged brain.
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I.  INTRODUCTION

Aging is associated with multiple sensory and motor impairments, including hearing
loss, poor eyesight, reduced muscle strength, and increased reaction time. In many
cases, sensory-motor deficits involve changes in the transduction or output systems
and the knowledge concerning senescence of the processing mechanisms permits
compensation through adjuncts, such as hearing aids and corrective lenses. In con-
trast, senescence of the central nervous system mechanisms involved in cognition
is not well understood, creating a challenge for treating the impairment in short-
term memory and increased forgetting associated with normal aging. In addition,
overlaid upon the memory deficits and response slowing, is dementia linked to
Alzheimer’s or Parkinson’s disease. In considering the mechanisms of aging-related
changes in cognitive function, several questions arise:

e How do the cellular properties of neurons change during normal aging?

* Do the changes represent the decline in neural function per se, or com-
pensation for senescence of a more fundamental process?
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* Are these properties different from age-related disease, or is Alzheimer’s
disease an inevitable consequence of a long life?

Certainly there is some interaction between diseases of the elderly and normal
aging, because the appearance of these diseases increases with age. Nevertheless,
there are important differences between the cognitive decline due to neurodegener-
ative ailments, which are more prevalent in the elderly, and memory deficits that
arise in healthy elderly individuals. Unlike neurodegenerative diseases, cognitive
changes associated with senescence are not linked to overt brain lesions or a signif-
icant loss of neurons [1, 2], although normal aging may be accompanied by some
loss of neuronal elements, including changes in the branching of axons and in the
number or size of synaptic contacts [3]. More important may be the fact that aging
is associated with a shift in the timing or level of transmission through neural
structures. The transmission properties of neurons and the functional connectivity
between neurons determine the fidelity of sensory processing, computational capa-
bility, and the reliability of motor output. In turn, changes in transmission properties
or functional connectivity can provide developmental control on the emergence of
behavior, and may represent a mechanism for recording and integrating experience.
As such, a decrease in transmission through a brain structure or a shift in the ability
to modify synaptic connections could constitute a functional lesion that may form
the basis for cognitive decline during aging.

Due to the invasive nature of studies that directly record cell discharges and
synaptic responses from brain structures, it currently is not feasible to measure
transmission properties in humans. Surface electrodes have been used, however, to
detect and characterize age-related changes that may contribute to functional lesions.
As humans age, the amplitude of sensory-evoked responses wane and the response
latency increases [4]. Changes in the latency of transmission through sensory systems
could contribute to age-related impairments in the temporal processing of sensory
information [5, 6]. Studies in aged animals indicate that conduction velocity (i.e.,
the speed at which that an action potential travels down the axon) decreases for
neocortical, cerebellar, and peripheral sensory and motor neurons [7-15]. The cause
of this reduced conduction velocity is unclear, but it may result from alterations in
the myelin sheath [16, 17].

Il. CELL EXCITABILITY AND
AFTERHYPERPOLARIZATION

Cell excitability, the propensity to elicit an action potential by intracellular injection of
current, is reduced in the hippocampus and cerebellum of aged animals [7, 18]. The
hippocampus is one of the most intensely studied regions of the brain in terms of aging,
due to the fact that memory processes that depend on the hippocampus are highly
susceptible to disruption with advanced age [19]. One conspicuous characteristic of
aging hippocampal neurons is an increase in the magnitude of the Ca*-dependent, K*-
mediated afterhyperpolarization (AHP) (Figure 10.1). The amplitude of the AHP is
consistently increased and prolonged in the hippocampal CA1 pyramidal neurons during
senescence in male and female rats [20-27] and in rabbits [28-33].
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Young

Young (High Ca2*)

FIGURE 10.1 The amplitude of the AHP increases during aging and as a function of extra-
cellular Ca?". The figure illustrates representative hyperpolarizing responses recorded intrac-
ellularly from CA1l pyramidal cells in aged (A) and young (B) rats. The amplitude of the
AHP is measured as the difference between the response and the resting membrane potential
(dashed line). (C) The AHP is Ca** dependent, as such elevation of the Ca?* in the recording
medium from 2 mM to 4 mM is associated with a marked increase in the AHP amplitude in
young rats. Note that in this and subsequent figures, action potentials are truncated or removed
to better show the AHP.

A. RecuiaTioN oF AHP BY CA2* AND K* CHANNELS

Importantly, generation of AHP depends on Ca?*, and altered Ca?* regulation during
neural activity is thought to contribute to the age-related increase in AHP. In young
animals, the amplitude of AHP can be increased by raising the level of Ca?*in the
extracellular recording medium (Figure 10.1C). Indeed, under conditions of elevated
extracellular Ca?*, no age difference is observed, suggesting a ceiling effect on the
underlying process [27, 34]. An increase in AHP can also be observed by application
of L-type Ca’ channel agonists. Reports from various groups have demonstrated
that the age-associated augmentation of the AHP is linked to Ca?* influx through
voltage-gated Ca?* channels (VGCC) [35, 36], partially the L-type Ca?* channel [27,
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FIGURE 10.2 The AHP amplitude depends on Ca?* influx from voltage-dependent L-type
Ca?* channels and release of Ca?* from intracellular Ca?* stores. Each panel shows a relatively
large AHP recorded from a CA1 pyramidal neuron from aged rats and elicited by a train of
five action potentials (Control). In each case, the AHP is reduced by application of (A) the
L-channel blocker nifedipine; (B) depletion of intracellular stores by cyclopiazonic acid
(CPA); or blockade of Ca?* release from intracellular stores by ryanodine (C).

30, 37-40]. In addition, a recent report demonstrated that Ca’* release from intra-
cellular calcium stores contributes to the enhanced AHP amplitude during aging
[25]. Finally, age-related changes in Ca?* buffering or extrusion could contribute to
altered Ca?* homeostasis [41, 42], leading to a prolonged Ca?* response [43]. Taken
together, the results indicate that Ca>* from several sources could contribute to the
larger AHP during aging (Figure 10.2).

In addition to the Ca*-dependent triggering of AHP, changes in K* channels
that underlie AHP could be altered with advanced age. The AHP has at least three
temporally distinct components that depend on Ca?* and involve distinct K* currents.
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The AHP is a composition of fast (FAHP), medium (mAHP), and slow (sAHP)
components [44]. In turn, these components are mediated by three outward K*
currents (I, I,yp and sl,p) [45—-48]. The fAHP is of short duration (1 to 10 ms)
and follows closely after the initiation of the action potential [44, 49, 50]. The current
underlying the fAHP, I, is due to the activation of large conduction Ca?*-dependent
BK channels. BK channel activity contributes to repolarization of the action poten-
tial, and inhibition of this channel following multiple action potentials results in
spike broadening and a reduction in the fAHP [44, 50, 51]. An examination of the
fAHP in aged animals indicates, however, that this component is not altered and
thus does not contribute to the enhancement of later components [31].

The fAHP is followed by a prolonged phase of hyperpolarization that involves
the opening of other Ca?*-dependent K* channels; an increase in this later stage
underlies the enhancement of the AHP in the aging neurons [30, 33]. This later
phase is the result of two overlapping components: mAHP and sAHP. The mAHP
commences within 5 ms of the generation of the action potential, is mediated by
I,up and lasts for hundreds of milliseconds (100 to 300 ms). This hyperpolarizing
response results from the activation of several K+ channels, including M-channels,
h-channels, and calcium-activated small conductance SK channels [45, 52, 53].
Apamin, a selective blocker of SK channels, selectively suppresses a component of
the mAHP and increases excitability by shortening the interspike interval [45, 54].
In aged animals, apamin reduces the AHP by approximately the same magnitude as
that observed following L-channel blockade [55].

Relative to the mAHP, the SAHP has a slower onset and an extended duration,
up to several seconds [44—46, 56]. While the properties of the K* channels underlying
the sl,;;p have been described, the exact identity of the channel remains unknown.
The sl,,pis carried by K*-selective channels that are voltage independent and require
Ca?* for their activation [44, 49, 53]. Furthermore, the sSAHP is reduced by activation
of a number of G-protein coupled receptors, including dopamine [57-60], acetyl-
choline [31, 61-63], serotonin [61, 64, 65], norepinephrine [61, 66], histamine [67],
and metabotropic glutamate receptors [68, 69]. In addition to local neuromodulators,
the amplitude of the AHP is under hormonal regulation [27, 70]. In considering the
mechanism for the age-associated increase in the AHP, it may be important that the
responsiveness to many neuromodulators that act through G-protein coupled signal-
ing appears to decrease with advanced age [19, 71-76]. As such, the increase in this
delayed hyperpolarization may not be due to changes in extrinsic modulators, per
se. Rather, the age-related growth of the AHP probably is linked to factors intrinsic
to the cell involving the regulation of Ca?*, expression or function of various K*
channels, and G-protein coupled signaling. Advancement in this area will depend
on better characterization of how these processes or channels change with age.

B. FUNCTIONAL SIGNIFICANCE OF SENESCENT CHANGES IN AHP

The larger AHP of older animals has important ramifications for the induction of
synaptic plasticity and the transmission of information through the hippocampus.
For example, the AHP hinders the membrane potential from reaching the threshold
for generating an action potential. As such, the hyperpolarization acts to restrain the
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firing frequency of the cell [46, 47, 51, 77]. The progressive decline in firing fre-
quency in response to sustained depolarization, termed “spike frequency accommo-
dation,” is largely due to the activation of the currents underlying the AHP. An aging-
related increase in spike frequency accommodation is observed concurrent with the
increase in the AHP. Thus, the characteristics of the AHP are responsible for regu-
lation of the cell excitability and may be essential for normal integration of neu-
rotransmission. Changes in the intrinsic mechanisms that control the AHP (intracel-
lular Ca?* stores, L-channels, and K*-channels), or alterations in the capacity for
extrinsic regulation of these processes by neuromodulators, could disrupt processing
in the hippocampus.

One might expect that the decrease in cell excitability would be observed as a
decrease in the average rate of cell discharge activity. For the most part, however,
an age-related decrease in spontaneous activity is not observed [11, 78-81]. In the
hippocampus, there is no aging-related difference in overall rates of cell discharge
activity recorded from freely moving animals, suggesting some form of compensa-
tion. Furthermore, the characteristics of cell discharge in the hippocampus to a
familiar spatial environment are not altered during senescence [82—84]. The ability
to maintain discharge activity could result from changes in the coupling of synaptic
inputs to neuronal discharge, as a reduction in the threshold of neuronal discharge
due to synaptic activation has been reported [85, 86]. In contrast to the similarity
in firing in familiar environments, age-related differences are observed in the ability
of these cells to alter discharge characteristics in response to novel aspects of the
environment. The failure to exhibit or maintain modifiability may relate to deficits
in synaptic plasticity mechanisms [87].

III. SYNAPTIC CHANGES
A. MECHANISMS OF DECREASED SYNAPTIC STRENGTH

A number of researchers have suggested that changes in synaptic function provide
a principal physiological correlate of brain aging and memory decline [88-91].
Within the aging hippocampus, a decrease in transmission can be observed for
Schaffer collateral synapses connecting region CA3 to region CA1 [92-96] and for
perforant path synapses from the entorhinal cortex to granule cells of the dentate
gyrus [86, 97-99].

There are three possible mechanisms for decreased synaptic strength: (1) loss
of synaptic contacts, (2) decreased transmitter release, and (3) reduced postsynaptic
responsiveness to transmitter. Electrophysiological recordings in the dentate gyrus
demonstrate a decrease in the fiber potential, a measure of the number of axons
activated [86, 97-99]. In addition, a loss of afferent input is supported by anatomical
evidence of a diminished number of perforant path synapses and reduced expression
of presynaptic biochemical markers, synaptophysin and GAP-43 [100-105]. The
idea that aging is associated with a decrease in perforant path input has been
challenged by others, however, who have not observed evidence for an age-related
decline in synaptic contacts [106—108], even in the face of a loss of afferent input
[109]. The discrepancy may be due, in part, to compensatory changes related to
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sprouting of surviving afferents and enlargement of remaining synapses. In fact, the
ratio of the synaptic response to the fiber potential amplitude is increased in aged
animals, suggesting that the loss of perforant path input may be compensated for
by an increase in the strength of surviving synaptic contacts [86]. Thus, confronted
with age-related deafferentation of perforant path afferents, synaptic plasticity pro-
cesses may preserve transmission and hippocampal memory function, while memory
deficits may be observed in animals in which this synaptic plasticity is deficient [3,
110].

Although changes in synapse number or presynaptic function may be important
for other brain regions or other transmitter systems [111], in region CA1, the decrease
in glutamatergic synaptic transmission does not appear to be due to a decrease in
the number of morphologically identified synaptic contacts [112] or a change in
presynaptic biochemical markers [108, 113]. Furthermore, the evidence indicates
that reduced transmission in the hippocampus is not due to a presynaptic decrease
in the release of glutamate [114]. As noted above, hippocampal neurons exhibit a
decreased responsiveness to several neurotransmitters and neural modulators. In the
case of glutamatergic synapses, the evidence indicates that reduced transmission is
related to changes in postsynaptic responsiveness, linked to Ca?*-dependent synaptic
plasticity [3, 19, 91, 115].

In terms of biochemical markers, there is considerable controversy concerning
the level of expression of postsynaptic glutamate receptors in region CAl (for a
review, see [38]). Nevertheless, it is clear that the decrease in synaptic strength is
associated with a decrease in the level of depolarization associated with activation
of ionotropic alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)-
type glutamate receptors [94, 95]. Studies on the responsiveness of the other major
ionotropic glutamate receptor, the N-methyl-D-aspartate receptor (NMDAR), indi-
cate that NMDAR responses are reduced to the same extent as AMPA receptors
[116, 117] or are unchanged [95], suggesting a differential contribution of receptor
subtypes to synaptic weakening. Importantly, AMPA and NMDA receptors contrib-
ute differentially to the induction and expression, respectively, of long-term synaptic
plasticity at this synapse.

B. ALTERED SYNAPTIC PLASTICITY THRESHOLDS
1. Mechanisms of LTP and LTD

Much research has focused on the modifiability of synaptic transmission in the
hippocampus, due to the fact that synaptic plasticity is one of the foremost models
for a memory mechanism. Another important consideration is that brain aging has
been linked to disruption of Ca?* homeostasis (see above and Chapter 14) and the
major forms of long-term synaptic plasticity (long-term potentiation (LTP) and long-
term depression (LTD)) are Ca?*-dependent processes. Induction of LTP requires a
substantial rise in intracellular Ca?*, mainly through NMDAR activation, and the
subsequent activation of Ca**-dependent protein kinases. In turn, the kinases phos-
phorylate proteins, such as the GluR1 subunit of the AMPA receptor, which mediate
the expression of LTP. In contrast, a modest rise in Ca?* results in induction of LTD
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FIGURE 10.3 Frequency-response functions for young adult (open circles) and aged (filled
circles) animals. The cross-over point from a net LTD to net LTP is indicated by the dashed
line. As the stimulation frequency increases, there is an increase in intracellular Ca?*. In the
case of adults, as the stimulation frequency increases, a small LTD is observed followed by
a smooth transition from net LTD to net LTP. The function for aged rats is based on experi-
mental evidence and indicates a lower threshold for LTD, resulting in an expanded frequency
range over which LTD can be induced. In addition, older animals exhibit a notable plateau
with no change in synaptic strength for intermediate frequencies (~5 Hz), resulting in an
increase in the threshold for LTP requiring higher frequency stimulation. The plateau/higher
threshold is thought to be due to a larger AHP in aged animals, which limits the extent of
depolarization needed for NMDA receptor activation.

through activation of protein phosphatases that dephosphorylate AMPA receptors.
Due to the differential level of Ca?* involved in the generation of the various forms
of synaptic plasticity, any treatment that modifies Ca?* influx to the cytoplasm can
influence the direction and degree of synaptic plasticity. The dependence on differ-
ential intracellular Ca?* levels in determining the form of synaptic plasticity underlies
the observation that stimulation patterns for the induction of LTP and LTD tend
toward high- and low-frequency patterns, respectively (Figure 10.3). Theoretical
models suggest that synaptic plasticity is a function of synaptic activity, such that
low-frequency stimulation induces LTD. As neural activity increases, there is a
transition from net LTD to induction of LTP [118, 119]. A basic assumption of these
models is that the threshold frequency for synaptic modification can “slide” or is
modifiable. Changes in synaptic plasticity thresholds can be identified by plotting
the change in synaptic strength as a result of different conditioning stimulation
frequencies (Figure 10.3). This relationship between synaptic modification and stim-
ulation frequency is referred to as the frequency-response function. The thresholds
for induction of LTD and LTP, as defined by afferent activity, are thought to reflect
activity-dependent changes in the level of intracellular Ca?*, which in turn activate
Ca?*-dependent enzymes.
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2. Senescent Changes in the Induction of LTP and LTD

In general, aging is associated with a shift in synaptic plasticity favoring decreased
synaptic transmission (i.e., LTD) and a reduced ability to enhance synaptic trans-
mission through LTP. Indeed, the impairment in LTP may begin in middle age [120].
It has been suggested that the shift in synaptic plasticity, favoring LTD over LTP,
contributes to the decrease in synaptic transmission observed in aged animals [19].
In considering the mechanism for synaptic plasticity involvement in regulating
synaptic transmission during aging, it is important to note that the shift in synaptic
modifiability is not due to a change in the expression mechanisms. For example,
there is no age-related difference in the maximal LTP magnitude observed under
conditions in which a strong burst of synaptic stimulation is delivered [53, 121-123].
In addition, maximal LTP can be observed in aged animals when single pulses are
combined with strong postsynaptic depolarization [124], or when weak stimulation
is combined with increased Ca?* in the recording medium [125]. This indicates that
the NMDA receptor/Ca?*-dependent signaling pathways for the induction of LTP
are intact in the aged brain.

Similarly, the increase in LTD in aged animals is not due to an enhancement in
the expression mechanism or an increase in the maximum amplitude of LTD. Robust
LTD can be observed in adults when Ca?* levels are elevated in the recording media
[121]. In addition, a substantial level of LTD can be observed using more effective
induction protocols involving paired-pulse, low-frequency stimulation [126, 127].
In fact, administration of multiple episodes of the paired-pulse, low-frequency stim-
ulation produces similar levels of LTD in aged and adult animals [128]. Thus, it can
be concluded that the age-related difference in synaptic modifiability is not due to
a change in the expression mechanisms.

One possibility for the aging-related shift in the balance of LTP and LTD is an
adjustment in the induction mechanisms that are engaged to initiate synaptic mod-
ifications. The original reports of increased susceptibility to LTD in aged animals
hypothesized that altered Ca?* regulation resulted in a shift in the threshold for
induction of synaptic plasticity over the lifespan [19, 91, 121]. Indeed, the ability
to generate LTD using the weaker 1-Hz stimulation protocol decreases as animals
mature from juvenile to adult [127, 129], and the propensity to produce LTD is once
again augmented with advanced age [24, 121, 130]. The dependence on Ca?* regu-
lation of LTD induction is readily demonstrated by altering the Ca?*:Mg?* ratio in
the recording medium. Whereas LTD is observed for aged animals and little or no
LTD is observed for adult animals under Ca>*:Mg?* conditions that mimic cerebral
spinal fluid, LTD can be readily observed in adults if the level of Ca?* is increased
relative to Mg?*. Moreover, elevation of the Ca**:Mg?* ratio may prevent LTD in the
oldest animals due to a shift in intracellular Ca** levels beyond the range needed
for LTD induction, or possibly due to increased susceptibility to toxic effects of
higher Ca?*in the oldest animals.

Interestingly, an age-related reduction in susceptibility to LTP is observed when
stimulation parameters are set near the threshold for LTP-induction [24, 93,
131-133]. The induction mechanism for LTP involves the activation of NMDA
receptors through the coincident binding of glutamate to the receptor and sufficient
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postsynaptic depolarization to remove a Mg?* block of the NMDA receptor channel.
In turn, impairments in LTP induction could arise due to weakened synaptic depo-
larization or disruption of NMDA receptors. Evidence has been provided that NMDA
receptor function may be compromised due to altered Ca>* homeostasis leading to
increased activity of the Ca?*-dependent phosphatase, calcineurin [25]. Calcineurin
activity depends on a modest rise in intracellular Ca**, and aged memory impaired
animals exhibit an increase in calcineurin activity [134]. In turn, calcineurin can act
on NMDA receptors to reduce Ca?* influx [135, 136].

The idea that induction of LTP is subdued as a result of a reduction in NMDA
receptor activation is supported by research showing that induction deficits can be
overcome by strong postsynaptic depolarization [124]. Indeed, there are several
reasons to believe that an inability to achieve sufficient postsynaptic depolarization,
a prerequisite for NMDA receptor activation, may be more problematic for LTP
induction during aging. First, the reduced synaptic strength of aged animals may
result in a reduced afferent cooperativity in depolarizing the postsynaptic neuron
and an inability to reach the level of depolarization needed for NMDA receptor
activation. Moreover, we have proposed that the inability to depolarize the cell is
compounded during patterned stimulation due to the larger AHP (Figure 10.4). In
fact, we suggest that it is the large AHP that underlies much of the LTP impairment
[19, 91], and may even mask a propensity for enhanced LTP induction during aging
[25]. Normally, there is a relationship between the frequency of afferent stimulation
required for LTP induction and the level of depolarization [137] but, as noted above,
a large and long-lasting AHP is observed following an action potential in older
animals. The large AHP disrupts the integration of depolarizing postsynaptic poten-
tials and the duration of this disruption is a function of the extent and duration of
the AHP [19, 91, 115]. The disruption would increase the level of stimulation needed
for LTP, resulting in the plateau in the frequency response function (Figure 10.3).
Our research shows that pharmacological manipulations that reduce the AHP shift
the frequency response functions such that LTP can be observed for much lower
stimulation frequencies that would normally not elicit LTP in young or aged animals.
For example, blockade of VGCCs [54] or inhibition of Ca?* stores [25] reduces the
AHP and facilitates induction of LTP (Figure 10.5). The process can be reversed
such that an increase in the AHP following the addition of an L-channel agonist
prevents LTP induction by 5-Hz stimulation [25]. Thus, an interesting aspect of this
work is the fact that while induction of LTP depends on a large rise in intracellular
Ca?*, LTP induction is facilitated by blocking several Ca** sources that contribute
to the AHP.

A complementary method for investigating the relationship between the AHP
and LTP threshold is to reduce the AHP through manipulation of the potassium
channels. For example, blockade of SK channels by apamin increases cell excitability
and facilitates LTP-induction [54]. Moreover, deletion of the Kvf1.1 subunit results
in enhanced cell repolarization during repetitive firing by preventing A-type potas-
sium channel inactivation. In turn, the normal spike broadening and increased Ca?*
influx through VGCCs is impaired by rapid repolarization. In aged Kvf31.1 knockout
mice, the AHP is reduced, LTP is facilitated, and spatial memory is enhanced [138].
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FIGURE 10.4 Model illustrating the relationship between altered Ca?* regulation and syn-
aptic function during aging. The filled arrows indicate the direction of physiological alteration
occurring during aging, and the open arrows indicate how age-related changes interact with
other physiological processes. An age-related change in Ca?* regulation (decreased NMDAR
function and increased contribution from VGCCs and intracellular stores) increases intracel-
lular Ca?* during low-frequency neural activity, which facilitates LTD induction and increases
the amplitude and duration of the AHP. In turn, a reduction in the level of depolarization due
to a decline in cooperativity as a result of decreased strength of synaptic contacts and a larger
AHP acts to impair NMDAR activation and subsequent LTP induction. The shift in the balance
of LTP/LTD, favoring LTD, acts to decrease synaptic transmission. The insets illustrate the
increase in the AHP (upper right) and decrease in synaptic strength (bottom) observed for
aged animals.

The results emphasize that the source of Ca** provides an overriding control of
synaptic modifiability, shifting the threshold frequency of LTP induction.

The shift in Ca?* sources, increased AHP, and altered Ca?* signaling involving
a shift in the activity of phosphatases and kinases, also give rise to increased
susceptibility to induction of LTD during aging. The induction of LTD depends on
a modest rise in Ca*, which activates a signaling cascade to dephosphorylate
glutamate receptors. Recent studies indicate that induction of LTD depends on
suppression of NMDA receptors through a process in which Ca?" influx through L-
channels activates the Ca?*-dependent phosphatase, calcineurin, resulting in reduced
NMDA receptor function [137]. In aged animals, blockade of NMDA receptors can
reduce, but does not necessarily prevent, LTD [54]. In fact, LTD induction is facil-
itated by treatments that enhance potassium channel currents, hyperpolarizing the
cell and limiting NMDA receptor activity [139]. Treatments that reduce the AHP,
including blockade of L-channels [54], depletion of Ca?* stores [133], or treatment
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FIGURE 10.5 The LTP threshold is regulated by the AHP amplitude in aged animals. Nor-
mally, no change is observed following 5-Hz stimulation (Figure 10.3). However, LTP is
induced by treatments that reduce the AHP, such as L-channel blockade or inhibition of Ca?
release from intracellular Ca?* stores (Figure 10.2). (A) Time course of the synaptic response,
including induction of LTP following 5-Hz pattern stimulation for aged rats during depletion
of Ca?* stores by CPA. (B) The reduction in the AHP by CPA can be reversed by application
of the L-channel agonist, Bay K8644. (C) Under conditions in which the AHP is once again
increased by Bay K8644, induction of LTP by 5-Hz stimulation is blocked.
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with estrogen [27, 130], impair LTD induction in aged animals. Thus, as for LTP,
the source of Ca?* is important in determining synapse modifiability and LTD
depends on Ca?* from VGCCs and intracellular stores rather than NMDA receptors.

The results paint a picture of a shift in Ca?>* homeostasis (Figure 10.4), such that
aging cells exhibit reduced Ca?* influx from NMDA receptors and an increased
contribution from VGCCs and intracellular stores to intracellular Ca?* during neural
activity [19]. In addition, it is likely that aged neurons exhibit changes in intracellular
buffering and processes for extrusion of Ca?*. Collectively, this shift results in
changes in Ca?*-related physiology, including an increase in the AHP and impaired
LTP induction, at least under physiological Ca**:Mg?** conditions.

The change in homeostasis, which shifts the cell away from Ca?* influx through
NMDA receptors, may be neuroprotective against Ca>*-mediated damage and thus
act as compensation for increased vulnerability to neurotoxicity [140]. Alternatively,
the shift in Ca?* homeostasis could result from an age-related increase in oxidative
stress [141-143]. Reactive oxygen species could induce a rise in intracellular Ca%
through release of Ca?* from Ca?* binding proteins (i.e., decreased buffering), and
oxidation of calcium regulatory proteins (calmodulin, SERCA, PMCA) would dis-
rupt intracellular stores, and increase entry through Ca?* channels [142, 144]. In the
hippocampus, oxidative stress has effects that mimic aging: increasing Ca?* influx
through L-channels [145, 146], increasing the function of Ca?*-dependent K* chan-
nels [23, 147], and decreasing NMDAR function [148]. Furthermore, oxygen radicals
can influence the activity of Ca?*-dependent enzymes. The unstable superoxide (O-)
or high levels of H,O, (beyond the physiological range) inhibit calcineurin in tissue
homogenates [149, 150]. However, in intact tissue, reactive oxygen species increase
calcineurin activity, either through changes in the calcineurin inhibitory protein [151]
or altered Ca?* regulation involving increased Ca?* from intracellular stores and
VGCCs, leading to impaired induction of LTP [149]. Future research will be required
to determine whether treatments designed to reduce oxidative stress can reverse
senescent physiology or ameliorate cognitive decline (see Chapter 15).

IV. THE RELATIONSHIP BETWEEN SENESCENT
PHYSIOLOGY AND COGNITION

Extensive research has been put forth to ascertain a role for LTP in encoding memory
and the role of LTD in memory processes now is being examined. Although the
relationship between synaptic plasticity and memory function is far from clear, the
available data suggest that aged memory-impaired animals exhibit alterations in
hippocampal morphology, biochemistry, and physiology that are linked to a shift in
the susceptibility to induction of synaptic plasticity [3, 19]. It is probable that LTD-
like processes are involved in hippocampal-dependent cognition; however, the exact
role is unclear. Behavioral studies offer at least two possibilities: (1) an essential
role for LTD in encoding memory and (2) LTD as a mechanism for degradation of
memory consolidation. Evidence that exposure to novel environments can promote
the induction of LTD and reversal of LTP [152, 153] led to the suggestion that LTD
contributes to memory storage. In contrast, reports that behavioral stress also
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promotes the induction of LTD and reversal of LTP [154, 155] suggest that LTD
contributes to memory impairment. Interestingly, several animal models of diseases
associated with impaired memory exhibit enhanced susceptibility to LTD induction,
supporting the idea that increased susceptibility to LTD is linked to memory impair-
ments [156—159]. Similarly, behavioral characterization of mice with genetic manip-
ulations of phosphatases involved in the LTD signaling pathway suggests a role for
LTD in memory [160-163]. Unfortunately, the relatively brief temporal window for
memory encoding or consolidation and a lack of regional specificity for genetic
manipulations has made it difficult to provide a precise correlate of hippocampal
LTD mechanisms with specific phases of memory [164, 165].

In contrast to genetic models that manipulate protein expression, aging is asso-
ciated with Ca?" dysregulation, which encourages the activation of signaling cascades
that mediate LTD. Thus, it might be concluded that aging results in altered Ca
regulation leading to an increase in the AHP, and that the reduced cell excitability
and increased susceptibility to LTD represent a functional lesion in the memory
system. Furthermore, these data point to the importance of mechanisms inherent in
the cell (e.g., Ca?* and K* channels) in regulating the synaptic plasticity threshold.
Related to this is the possibility that aged animals exhibit deficits in metaplasticity.
Metaplasticity refers to the process by which previous neural activity modifies
subsequent synaptic plasticity [166]. Tangential evidence is provided by studies
demonstrating that learning is associated with a reduction in the amplitude of the
Ca?*-dependent AHP [26, 55, 167, 168]. In addition, several reports indicate that
learning or behavioral conditioning modifies synaptic function [169-171]. Together,
the results imply that prior neural activity associated with training can influence the
AHP. In turn, a decrease in the AHP would shift synaptic plasticity thresholds,
promoting LTP. Thus, memory-impaired animals may be unable to activate meta-
plasticity processes to influence cell excitability and synaptic function. This idea
remains to be tested.
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I.  INTRODUCTION

Within the past decade, the growing prevalence and sophistication of functional
neuroimaging methods have revolutionized the study of cognition and development
in the human species; in particular, it has opened a new window on the relationship
between the structural and functional bases of cognition and how they change during
adult development and aging. We can now observe not only the long-term plasticity
of brain structure during normal and pathological development, but also how changes
in cognitive performance co-vary with neural function on time scales that range from
the momentary to many years. This allows us to observe how human behavior differs
as a function of advancing age, and also allows us to more directly observe the
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neural changes that correspond to those behavioral differences, and eventually, to
discover which of the myriad developmental changes that occur during aging are
responsible for the beneficial and detrimental aspects of the aging process. Although
the emphasis is on the developmental processes that occur during normal aging, this
chapter addresses, to some extent, the manner in which these methods also make
possible investigations of the pathological changes that often accompany aging,
including those associated with Alzheimer’s disease, and may allow discrimination
between such pathological processes and normal processes. In turn, such discrimi-
nation will make possible more accurate and earlier diagnosis of these pathologies
and allow more targeted treatment for the individuals most at risk.

It should be stated at the outset that there is not presently (and there may never
be) a single encompassing theory of the neurocognitive changes that occur during
aging. Several reviews, however, have suggested a two-component view of aging in
which one component is associated with normal aging processes, while a second
component is associated with pathological processes [1—4]. The first of these com-
ponents revolves around changes in the volume and function of the prefrontal cortex
(PFC), related frontal-striatal and frontal-parietal circuits, and their associated neu-
rotransmitter systems, including dopamine [5, 6]. The neural circuits in this com-
ponent are associated with high-level cognitive operations referred to as executive
control or attentional control [7-9]. Attentional control refers to the ability to mod-
ulate and coordinate multiple component processes to maintain focus on task-
relevant information in the face of distraction, an ability at which normal older adults
can perform notoriously poorly [10—12]. The effects of aging on this component are
supported by evidence that age-related structural declines in the PFC are among the
largest in the brain, that functional measures consistently observe large age-related
changes in the PFC and related structures, that behavioral measures of cognitive
functions such as strategic attentional control are disproportionately impaired during
aging, and that neurotransmitter systems active in the PFC show large age-related
changes [13-15]. Additionally, white matter tracts in the frontal lobes exhibit an
age-related loss of integrity that might affect memory circuits involving the frontal
cortices [16, 17]. Developmental changes in this component appear to be a conse-
quence of normal aging, as such changes are observed even in individuals without
dementia symptoms, develop gradually throughout adulthood, and are correlated
with age-related declines in behavioral memory measures.

The second component, in contrast to the changes observed during normal aging,
involves pathological age-related changes centered in the medial temporal lobes
(MTL) that are primarily associated with Alzheimer’s disease. These appear to begin
with volume losses in the entorhinal cortex, an important relay between the hippo-
campus and association cortices, and progressively affect the hippocampus proper.
The progression from normal aging to frank Alzheimer’s dementia can occur in a
graded fashion, lasting perhaps a decade or longer. However, pathological changes
in entorhinal cortex often occur prior to clinical diagnosis of Alzheimer’s disease
[18, 19]. Therefore, individuals in a prodromal stage of pathology may be inadvert-
ently included in samples of apparently normal elderly participants [20]. Fortunately,
behavioral measures of cognitive impairment can be used to predict progression
from normal aging to mild cognitive impairment (MCI) to Alzheimer’s disease so
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that individuals with pathology can be selectively excluded on the basis of such
performance.

This chapter focuses primarily on recent advances in the functional neuroimag-
ing of human cognition that have led toward a converging view that neural circuits
involving prefrontal function and the related capacity for attentional control are key
components of the developmental changes associated with normal aging. Along the
way, this chapter discusses the neurocognitive correlates of attentional control, how
aging affects these behavioral and neurological relationships, how these effects differ
from those seen in age-associated pathology, how individuals vary in their suscep-
tibility to such effects of aging, and what implications such individual differences
hold for our understanding of the aging brain.

II.  STRUCTURE-FUNCTION RELATIONSHIPS

In its own way, the cognitive neuroscience of aging is primarily a methodological
enterprise, relying almost entirely on continually evolving techniques of in vivo
imaging, each with its own limits and advantages. As such, any discussion of the
cognitive neuroscience of aging must address a number of methodological challenges
faced by the field. Because the emphasis of this volume is as much on methods as
it is on models and mechanisms, this chapter largely treats these methodological
issues within the context of discussions regarding the theoretical issues that those
methods help to address. However, to better understand the most basic methodolog-
ical issues faced by the application of methods of functional neuroimaging to the
study of aging, we first address the relationship of age-related changes in structure
to age-related changes in function.

A. VOLUMETRIC CHANGES IN FRONTAL-STRIATAL GRAY MATTER

Although both postmortem and in vivo studies have found the brains of older adults
to have lower volumes of gray matter than the brains of younger adults [21, 22],
the changes in regional volume are not uniform. Some regions, such as the PFC,
show particularly dramatic changes in volume, while other regions, such as the
occipital cortex, are relatively unaffected by normal aging [5, 14, 22, 23]. The largest
age-related volumetric changes in older adulthood appear to occur in the PFC [21,
22, 24], with cross-sectional estimates of average volume loss of approximately 5%
per decade after the age of 20 [23]. The largest age correlation with regional volume,
both at baseline and follow-up in a longitudinal study, was in the lateral PFC, with
an estimated rate of loss of 0.91% per year [5]. Orbito-frontal PFC declines were
nearly as large, with an estimated annual loss of 0.85% [5]. In contrast, patients
with Alzheimer’s disease show the greatest degeneration in the inferior PFC [25],
although deterioration of PFC is not observed early in the disease [26]. Somewhat
smaller age-related declines are observed in the striatum, a subregion of the basal
ganglia that includes the caudate and putamen and is heavily involved in dopamin-
ergic circuits connecting to the PFC. Cross-sectional estimates place striatal volume
declines at about 3% per decade [27], while longitudinal estimates of caudate volume
declines are approximately 0.75% per year [5, 28].
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It should be noted that the above measurements generally refer to gross volu-
metric estimates obtained via MRI. Other chapters in this book discuss neuroana-
tomical changes related to normal aging at the neuronal and molecular level. Age-
related changes in gross volume of specific brain regions are important for placing
in context the functional changes associated with aging. Studies of structure-function
relationships are carried out by correlating structural volume measurements with
behavioral performance, either across individuals or across time. Such research relies
on the variability of neural structures both within and across developmental popu-
lations. In contrast, however, other imaging methods, particularly those that rely on
measurements of regional blow flow, do not explicitly factor into their analyses the
potential impact of developmental changes in neural structure. At a broad level, one
might expect that in regions where older adults exhibit declines in structural volume,
such as the PFC, there will be less neural tissue and hence less functional activation
in neuroimaging studies. However, functional imaging studies observe a wide range
of patterns during normal aging, including decreased, stable, and increased activation
patterns. Knowledge of the age-related effects on the volume of underlying structural
regions informs interpretation of these functional changes.

B. ANTERIOR WHITE MATTER DEGRADATION

In addition to the effects on gray matter, aging also affects white matter density and
the prevalence of white matter lesions [29, 30]. Diffusion tensor imaging (DTI) is
a technique in which MR technology is used to detect the direction and magnitude
of water diffusion through cellular tissues [31]. Diffusion varies across different
tissues and fluids, with cerebrospinal fluid presenting near-random diffusion, and
white matter tracts exhibiting highly constrained diffusion directionality. Directional
diffusion can therefore be used to measure the integrity and coherence of white
matter tracts and their relation to cognition [32]. DTI studies have found that the
greatest white matter alterations with aging are in the PFC and the anterior corpus
callosum, although most regions show some age-related decline in white matter
integrity [16, 17, 33] (Figure 11.1). These effects on frontal white matter appear to
be related specifically to normal aging, as patients with Alzheimer’s disease do not
display increases in anterior white matter atrophy beyond those of age-matched
controls [16, 34].

As a structural measure, the integrity of white matter tracts can be correlated
with performance on a variety of behavioral tasks in an effort to determine whether
regional connectivity is associated with age-related cognitive decline. White matter
abnormalities have been associated with poor performance on tasks of processing
speed, attentional control, and immediate and delayed memory, but not with declines
in general intelligence measures [35]. White matter abnormalities and integrity of
white matter fiber bundles have been associated with performance on attention tasks
such as the Stroop color-word task [36, 37]. These findings support an interpretation
in which age-related changes in the white matter of the frontal cortex mediate
behavioral patterns of cognitive aging in nondemented older populations. The selec-
tive loss of anterior white matter integrity with age is also likely to influence the
interaction of the PFC with other structures, including the hippocampus and striatum.
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C. RecioNAL BLoob FLow AND FUNCTIONAL NEUROIMAGING

Although the methods of functional neuroimaging are many and varied, this chapter
focuses primarily on two of the most widely used: (1) positron emission tomography
(PET) and (2) functional magnetic resonance imaging (fMRI). Briefly, both PET,
which usually uses injections of radioactively labeled oxygen, and fMRI, which
relies on the natural blood oxygen-level dependent (BOLD) response, are measures
of regional cerebral blood flow, and are therefore indirect measures of neuronal
activity. Recent studies using simultaneous population cell recording and fMRI have
shown a strong correlation between local population firing and regional BOLD
responses [38—40]. Because these measurements depend on small changes in regional
blood flow, vascular changes throughout the body may affect the results from these
techniques. Of special concern are the effects of vascular conditions prevalent among
older adults, including hypertension, atherosclerosis and arteriosclerosis, and prior
incidence of heart attack or stroke. Most studies of normal older adults exclude
participants with any such conditions, but it is nearly impossible to guarantee that
no participants with undiagnosed vascular conditions are admitted. It is therefore
important to characterize the hemodynamic response function (HRF) exhibited by
older adults and to compare this HRF with that of younger adults. The results of
such methodological studies are particularly important for the interpretation of age
differences in functional imaging studies, as group differences in HRF characteris-
tics, if not properly accounted for, could conceivably affect any conclusions regard-
ing age-related differences in regional cerebral blood flow.

A number of studies have examined precisely this issue, primarily using fMRI to
determine age differences in the timing and shape of the BOLD response during simple
sensory or motor tasks (reviewed in [41]). Across several studies, older adults display
a smaller spatial extent, or the number of above-threshold voxels, compared to younger
adults, often accompanied by a lower signal-to-noise ratio for older adults [42-47].
However, when comparable above-threshold voxels were examined, the majority of
studies have observed no differences between younger and older adults in the amplitude
or in the variance of the BOLD response in primary motor cortex and/or primary visual
cortex [42-44, 46-48]. Several studies have reported a slower return to baseline in
older than in younger adults in either the visual or motor cortex [42—44]. In studies
directly comparing BOLD responses in the visual and motor cortices, age differences
appear to be moderately larger in visual than in motor cortex [42, 43]. In general, the
pattern of results across studies indicates that age differences in hemodynamic respon-
sivity in sensory-motor brain regions are relatively slight [41].

Two specific studies are of particular interest. First, when direct stimulation was
applied to the motor cortex using transcranial magnetic stimulation, no age differ-
ences in the BOLD response were observed, indicating that the regional vascular
response to direct neural stimulation is not affected by aging [49]. Second, a study
that investigated BOLD responses during a cognitive inhibition task found no sig-
nificant age differences across a variety of prefrontal and other cortical sites [50].
This study demonstrated that the lack of age differences in BOLD reactivity gener-
alizes to cortical regions that are more directly associated with cognition, and is not
constrained to sensory-motor areas.
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Although age differences in the HRF appear to be relatively slight, most of the
studies have investigated responses within primary sensory and motor cortices, rather
than in the prefrontal, parietal, and striatal regions that appear to be most age
sensitive. Despite limited evidence that HRFs in these regions do not change with
normal aging [50], it remains possible that some critical regions exhibit different
HREF profiles in older and younger adults. To make plausible inferences about the
effects of aging, researchers look for age by condition and age by region interactions
to show that age is related to some, but not other, neurocognitive functions. Such
interactions cannot be explained by HRF differences alone, unless one assumes that
the regions differ in their HRFs to precisely the degree that age differences are
apparent.

l1l. ATTENTIONAL CONTROL

As previously noted, attentional control (or executive control) refers to the ability
to modulate and coordinate multiple component processes in an effort to maintain
focus on task-relevant information in the presence of distraction. There is presently
a large literature regarding the nature and potential numerosity of such attentional
control mechanisms [10—-12]. For present purposes, the discussion is restricted to
several of the most commonly studied attentional control processes in which the
effects of aging have been addressed using functional neuroimaging methods. These
include working memory (sometimes more specifically referred to as updating),
inhibition, and task switching (or shifting).

Numerous studies have described age-related declines in a variety of control
processes in normal elderly populations [10, 12]. In large part because normal older
adults exhibit deficits in attentional control processes that are similar to those dis-
played by patients with frontal lesions, neuropsychologists have long speculated that
deficits in prefrontal cortical function are a main cause of age-related declines in
cognitive function, including failures to suppress interfering information, commis-
sion of perseverative errors, and an inability to organize the contents of working
memory [13, 14].

A. ATTENTIONAL CoNTROL AND PFC FuNCTION

In studies involving younger adults, a consistent network of regions involved in
attentional control has been identified [51]. Collette and Van der Linden [52] sum-
marized the results of PET and fMRI studies of the control processes of updating,
inhibition, shifting, and dual-task coordination. Their review found that several
regions in prefrontal and parietal cortices were activated across many studies, despite
the diversity of tasks and control processes sampled. Prefrontal regions included
dorsolateral PFC [Brodmann area (BA) 9 and 46], ventrolateral PFC (BA 44 and
45, sometimes including BA 47), frontopolar cortex (BA 10), middle frontal cortex
(BA 6 and 8), and anterior cingulate cortex (ACC, primarily BA 32). Parietal regions
included the inferior parietal lobule (BA 7), superior parietal lobule (BA 40), and
the temporal-parietal junction (BA 39). Although not every control process activated
all these regions, and not every study of a particular process found the same set of



258 Brain Aging: Models, Methods, and Mechanisms

regions, there was enough overlap among process-to-activation associations for the
authors to conclude that “executive functioning seems to be better conceptualized
in terms of interrelationships within a network of cerebral areas rather than associ-
ations between one executive function and a few specific prefrontal cerebral areas.”
[52, p. 122]. A meta-analysis of activations across studies of executive working
memory (or updating) and switching processes came to a similar conclusion. That
study found that while both types of processes activated dorsolateral PFC, ACC,
and parietal cortex, certain areas tended to show more activation during switching
than in working memory (primarily ACC and left-lateralized parietal cortex), while
other areas tended to show more activation during working memory than switching
(primarily dorsolateral PFC, medial parietal cortex, and frontopolar cortex) [8].
These results suggest that a prefrontal-parietal network underlies attentional control,
with component processes being more or less dependent on particular regions within
this network.

B. WORKING MEMORY

Working memory refers to those processes used to maintain and manipulate infor-
mation online for short periods of time, such as when holding several digits and the
results of carrying operations in mind while performing mental arithmetic. Many
neuroimaging studies have associated activation within the PFC with working mem-
ory processes, finding that the maintenance of information is associated with
ventrolateral PFC activation, while the manipulation of information is associated
with activation in the dorsolateral PFC [53-55]. Additionally, activation in these
PFC regions during working memory performance is associated with activation in
posterior regions, particularly within the parietal cortex, so that working memory
function appears to be subserved by a larger frontal-parietal network [56].

Older adults exhibit declines in working memory performance, and several
neuroimaging studies have observed concomitant age-related changes in prefrontal
and parietal activation [57-61]. Of interest, behavioral studies revealed that older
adults perform nearly as well as their younger counterparts on maintenance tasks,
but that steep age-related declines are observed during tasks requiring online manip-
ulation of information [62]. In keeping with this pattern and with the association
between maintenance and ventrolateral PFC and between manipulation and dorso-
lateral PFC, one study found that older adults had activation similar to younger
adults in ventrolateral PFC, but reduced activation in dorsolateral PFC at high
memory loads [61]. Another study, which investigated the ability to intentionally
refresh information held in working memory, found an age-related decline in a region
of dorsolateral PFC (BA 9), although age equivalence was also observed in several
other PFC sites [63]. In a recent review that included nine studies of age-related
effects on PFC activation during working memory, the main pattern was one of
increased activation in older compared to younger adults in left dorsolateral PFC
regions [64] (Figure 11.2). This age-related increase in activation primarily occurred
during conditions of short delay periods or when older adults performed as well as
younger adults. In the same review, ventrolateral PFC regions were found to exhibit
somewhat more activation in younger compared to older adults, although this pattern
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FIGURE 11.2 (SEE COLOR INSERT FOLLOWING PAGE 204) Summary of age-related
effects on functional activation in prefrontal and parietal cortex during working memory. In
blue: sites of decreased activation during aging (younger > older); in red: sites of increased
activation during aging (older > younger). It can be noted that sites of increased activation
in the PFC during aging are predominantly left-lateralized in dorsolateral and posterior
ventrolateral PFC. Sites of decreased activation during aging are bilateral and predominantly
located in more anterior sites in ventrolateral PFC. Activation sites were taken from studies
using various working memory tasks, both verbal and nonverbal. Activations were included
only if the source study unambiguously indicated the peak voxel of activation and a significant
age effect at that voxel. Points indicate a spherical region 6 mm in diameter around each peak
voxel. Activations are summarized from [57, 58, 61, 125, 126, 149, 150].

was slight, with several studies observing similar activations in younger and older
adults [64].

Given the general pattern of age-related declines in working memory perform-
ance, it may seem counter-intuitive that older adults sometimes exhibit greater
activation in dorsolateral PFC regions. One study, in which reaction times during
retrieval from working memory were correlated with activation in the dorsolateral
PFC across participants, found a positive correlation in younger adults (i.e., slower
latencies were accompanied by greater activation) and a negative correlation in older
adults (i.e., faster latencies were accompanied by greater activation) [60]. The authors
suggested that such reversed correlations could occur if there is a sigmoid relation-
ship between neural activation and performance and if aging is accompanied by a
decrease in neural efficiency (resulting in a rightward shift in this sigmoid function),
so that older adults require more activation than younger adults to achieve optimal
levels of performance [60]. A subsequent study has also observed reversed relation-
ships between activation and working memory performance across age groups, again
suggesting that normal aging is accompanied by decreased neural efficiency, and
hence increased activation, in PFC regions during working memory tasks [65].

In general, older adults appear to exhibit similar or increased activations in PFC
and parietal regions compared to younger adults when performing easier task condi-
tions in which their behavioral performance is similar to that of younger adults. In
contrast, under more difficult task conditions in which their behavioral performance
is worse than younger adults, older adults tend to exhibit reduced levels of activation
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in working memory-related regions of PFC and parietal cortex. This suggests that the
reduced neural efficiency experienced by older adults leads them to recruit attentional
control processes to support performance at the same level as younger adults, but that
once task demands exceed the capacity limits of older adults, they can no longer
effectively use attentional control in the service of task performance.

C. INHIBITORY CONTROL

The concept of inhibitory function has come to play a large role in understanding
age-related differences in cognition. Hasher and Zacks [66] proposed that older
adults experience a selective deficit in the ability to inhibit distracting task-irrelevant
information, and that this deficit could potentially account for a wide range of age
differences in memory and attention. Many studies were subsequently conducted
that support this view, including a number of studies that implicate an age-related
inhibitory deficit in the working memory failures of older adults [67-70]. However,
this overarching theory remains controversial, as a number of studies have failed to
find age-related differences in several hallmark inhibitory tasks [71, 72].

It is important to distinguish this type of cognitive inhibition from inhibition at
the neural level. In particular, this theory does not propose that normal aging is
accompanied by a decline in the function of inhibitory neural connections or in
inhibitory neurotransmitters. Rather, the theory would predict that certain neural
mechanisms supporting the identification and suppression of task-irrelevant infor-
mation will be adversely affected during normal aging. One such mechanism
involves the function of an area of right ventrolateral PFC, namely the inferior frontal
gyrus (BA 47, sometimes extending into BA 45). This region has been implicated
in both human and primate studies in the suppression of previously attended infor-
mation that, due to changing task contexts, is currently task irrelevant [73]. Surpris-
ingly, very few studies of normal older adults have investigated the effects of aging
on neural correlates of inhibition, and only a limited number of these have specifi-
cally investigated the right inferior frontal gyrus.

One of the most commonly used inhibitory tasks is the Stroop color-word task
[74], in which participants must name the color of ink in which a word is printed
while simultaneously suppressing the impulse to read the color represented by the
word’s content (e.g., respond “blue” to the word RED printed in blue ink). Two
functional imaging studies have investigated the neural correlates of age-related
effects in this task [75, 76]. While Langenecker and colleagues [75] found no
activations in the PFC and parietal cortices that were larger in younger than in older
adults, Milham and colleagues [76] reported a number of such activations in bilateral
regions of ventrolateral and dorsolateral PFC and parietal cortex. However, both
studies observed activations in ventrolateral PFC and in parietal cortex that were
larger in older than in younger adults. Of special interest, both studies observed that
older adults exhibited greater activation than did younger adults in right inferior
frontal gyrus (BA 47). In the study by Milham and co-workers, this pattern was also
observed in the homologous left inferior frontal gyrus. This increased activation was
observed despite larger behavioral interference effects in the older adults [75, 76].
These results suggest that increased activation in this region does not accompany
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better inhibition, but that, similar to the age-related effects on working memory,
older adults may experience decreased neural efficiency in regions related to atten-
tional control and therefore require greater activation of these areas in efforts to
support task performance.

In another study, age differences in inhibitory control were investigated in a
paradigm wherein participants generated verbs to nouns that had either few or many
appropriate verb pairings, finding that older adults exhibited greater activation than
younger adults in the right inferior frontal gyrus [77]. The verb generation task
involves selection among competing alternatives when many appropriate verbs come
to mind, but this selection may, in part, invoke inhibitory processes that are engaged
to suppress the non-selected items. Of interest, the left inferior frontal gyrus (BA
45) has been implicated in the selection process, specifically in the capacity to resolve
interference among competing responses [78]. In the verb generation task, younger
adults exhibited greater activation than older adults in this region of left inferior
frontal gyrus [77]. Similarly, older adults’ failures to resolve interference from
irrelevant, but recently encountered, responses have been found to be accompanied
by decreased activation in left inferior frontal gyrus (BA 45) [79]. In the same study,
however, older adults exhibited increased activation in right inferior frontal gyrus
(BA 47) [79]. Together, these results suggest an age-related deficit in attentional
control mechanisms related to selection among interfering alternatives that is cor-
related with activation in left inferior frontal gyrus, while simultaneously implicating
an inefficient inhibitory mechanism that results in increased activation in right
inferior frontal gyrus. One intriguing possibility, suggested by age-related degrada-
tion in frontal white matter tracts that connect the left and right hemispheres, is that
aging may be associated with an inability to coordinate between these two normally
related control capacities, such that neural systems that inhibit irrelevant represen-
tations become hyper-activated as those systems that select among competing alter-
natives fail to provide appropriate interference resolution.

D. TASK SWITCHING

Task switching, sometimes known as shifting, refers to the ability to fluidly and
accurately alternate between multiple rule sets that govern task responding [80].
Switching has been associated with a prefrontal-parietal network similar to that
involved in working memory, although it appears to rely somewhat more heavily on
activation in parietal regions of this network [8, 81]. Numerous studies have inves-
tigated the behavioral effects of aging on task switching, generally finding that older
adults exhibit disproportionately large dual-task or switch costs relative to younger
adults, although these age differences tend to be most pronounced for between-block
switch costs rather than for within-block switch costs [82-84]. Despite the natural
translation of task switching paradigms into blocked and event-related functional
imaging methods, imaging studies of age differences on task switching are remark-
ably scarce.

DiGirolamo and colleagues [85] conducted a study in which participants were
trained to respond (based on a color cue) to a digit stimulus consisting of several
copies of a single digit (e.g., 7777); participants either determined whether the
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digit’s value or the number of copies of the digit was greater than or less than 5.
Switch costs were measured across blocks — participants responded to both single-
task (nonswitch) blocks and dual-task (switch) blocks. Older adults were slower
to perform each single task, but also exhibited a larger switch cost than younger
adults. When directly comparing activation in switch blocks to nonswitch blocks,
younger adults displayed activation in a large number of regions, many of them
in the prefrontal-parietal network associated with attentional control. These regions
included bilateral ventrolateral and dorsolateral PFC, left-lateralized inferior fron-
tal gyrus (BA 47), and bilateral parietal cortex (BA 7/40). In the same contrast,
older adults did not display any above-threshold regions of activation. However,
this was not because these regions were under-activated in older adults; rather,
when compared to fixation, the older adults were found to display activation in
these regions during both switch and non-switch blocks [85]. In contrast, younger
adults displayed above-threshold activation in these regions almost solely during
switch blocks. That is, the older adults were utilizing the PFC and parietal regions
involved in attentional control to almost the same extent during both switch and
non-switch conditions. The authors interpreted this as evidence that older adults
relied on attentional control even in the easier non-switch conditions to support
task performance, whereas younger adults only required such control processes
during the switch condition [85].

In a study involving dual-task performance of an operation span working
memory task, younger and older adults performed single-task or dual-task blocks
in which they either attended to a memory or arithmetic task, or simultaneously
performed both task types [86]. In this study, when comparing dual-task performance
to single-task performance, older adults exhibited activation in left hemisphere
dorsolateral PFC (BA 9) and ventrolateral PEC (BA 44) sites, as well as in parietal
cortex (BA 7). In contrast, younger adults did not exhibit activation in any of these
regions, suggesting that they did not require activation of the attentional control
network to switch attention during a sub-span working memory task. However, when
the group of younger adults was split into relatively good and poor performers
according to memory accuracy in the dual-task condition, an interesting pattern
emerged. The young poor performers, but not the good performers, exhibited
increased activation in the same region of dorsolateral PFC (BA 9) as did the older
adults [86]. This suggests that this region of PFC underlies task switching, but is
only required when participants are challenged by the difficulty of the alternating
tasks. Although the authors did not discuss it, young poor performers and older
adults both exhibited activation in areas of left superior parietal cortex (BA 7),
suggesting that this region may play a similar role in supporting task switching [86].

E. RELATIONS AMONG ATTENTIONAL CONTROL PROCESSES

Throughout the discussions of working memory, inhibition, and task switching, it
can be observed that age differences appear in a number of recurring PFC and
parietal regions. Although these different types of attentional control have been found
to be distinct from one another in behavioral studies [11], it can often be difficult
to disentangle their involvement in various task domains. For example, it can be
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argued that task switching is required during the performance of any complex
working memory task, in that participants must constantly shift between maintaining
the current contents of working memory and updating those contents as new infor-
mation becomes available from each aspect of the task or tasks being attended. In
a similar fashion, one can argue that inhibition is required during task switching, in
that each shift requires not only the reactivation of the now-current rule set to govern
task responding, but also invokes the suppression (or inhibition) of the just-prior
rule set. Indeed, each of these attentional control processes appears to rely on the
same general prefrontal-parietal network [8, 52, 81]. However, each control process
may rely to a greater or lesser extent on certain regions within this network. For
example, working memory manipulation appears to involve the dorsolateral PFC
(BA 46), while inhibition relies upon the inferior frontal gyrus (BA 47), and task
switching involves regions of the dorsolateral PFC (BA 9) and parietal cortex (BA
7). Such differences among various attentional control processes may provide impor-
tant clues to specialized functions within this network and within individual regions
of the PFC [64]. A common thread appears to be that older adults exhibit declines
in such attentional control regions when task difficulty exceeds their capacity for
successful responding, but exhibit increases in control regions under conditions
where they are able to successfully perform the task. Such age-related increases in
activation can occur even when these conditions do not appear to require control
processes in younger adults.

F. THE RoLe oF DoPAMINERGIC CIRCUITS IN ATTENTIONAL
CoNTROL

In addition to the volumetric and functional age-related changes in the PFC, various
neurotransmitter systems in the PFC and striatum undergo age-associated changes.
Of these, one of the most important, in that it has been repeatedly associated with
attentional control and displays large age-related changes, is the dopamine system.
Age-related declines have been observed in dopamine concentration, transporter
availability, and D2 and D3 receptor density [15, 87-91]. Age-related declines of
about 8% per decade in D2 receptors begin by age 40 and are associated with lower
glucose metabolism in the PFC, the anterior cingulate, and caudate nucleus [89, 92].
By age 60, normal older adults display 58% declines relative to younger adults in
striatal uptake of a dopaminergic analogue (Parkinson’s patients exhibit declines of
85%) [93]. Dopamine transporter availability has been estimated to decline at a rate
of 4.9% per decade in the caudate and 4.2% per decade in the putamen [15] (Figure
11.3). These declines in dopaminergic function are highly related to performance in
episodic memory and attentional control tasks, accounting for up to 96% of the age-
related variance in these tasks [6, 15, 94]. Computational models have found that
age-related cognitive deficits can be accounted for by changes in a gain parameter
modeled after declines in dopamine levels in PFC [95, 96]. Such results suggest that
treatment with dopaminergic agents similar to those given to Parkinson’s patients
might also benefit individuals experiencing the undesirable effects of normal aging
on memory and attentional control.
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FIGURE 11.3 (SEE COLOR INSERT FOLLOWING PAGE 204) Striatal dopamine trans-
porter availability in a representative individual from younger, middle, and older age groups.
(Source: Reproduced from [15]. With permission.)

IV. EPISODIC MEMORY
A. NORMAL AGING AND THE MEDIAL TEMPORAL LOBES

Although this chapter focuses on age-related changes in attentional control, the vast
majority of studies regarding the cognitive neuroscience of aging have investigated
age-related changes in episodic memory. Age effects on episodic memory are well-
documented and several reviews have explored the brain bases of age-related mem-
ory deficits [3, 97-99]. The importance of the hippocampus and related medial
temporal lobe (MTL) structures to declarative memory makes them of particular
interest for understanding developmental and pathological changes [100]. Despite
the observation of relatively large decrements in declarative memory function during
normal aging, evidence regarding age-related volumetric and functional declines in
the MTL has been equivocal. In populations of normal older adults screened to
exclude possible early dementia or MCI, age-related declines in hippocampal volume
are often minimal. In recent cross-sectional studies, no significant correlation
between hippocampal volume and age was observed [101, 102]. However, longitu-
dinal estimates of MTL volume declines during normal aging tend to be somewhat
larger than cross-sectional estimates. Adult lifespan studies (with participants in their
20s to 80s) with intervals of 5 years have estimated the rate of decline in hippocampal
volume at 0.79 to 0.86% per year [5, 103]. Declines in entorhinal cortex volume
were smaller, with the estimated rate of change being approximately 0.33%, although
this accelerates somewhat in later life [103]. Recent advances in MRI resolution and
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analytic techniques are beginning to allow closer examination of age-related effects
on volumetric measurements within individual hippocampal subregions. Such stud-
ies have found that although the entorhinal cortex and CAl region appear to be
preserved during normal aging, the subiculum and dentate gyrus do display age-
related declines in nondemented individuals [104].

The relatively modest age-related changes in volume are not substantially related
to memory function in normal populations. Researchers have failed to find correla-
tions between composite memory scores and the size of the hippocampus or other
MTL regions [102]. Similarly, a meta-analysis (primarily of cross-sectional studies),
involving 1880 participants across the lifespan, found that in those studies involving
older adults, the correlation between hippocampal volume and memory function was
small (r = 0.06) and nonsignificant [105]. However, a few studies have found that
after the age of 60, hippocampal volume does predict performance on some episodic
memory tasks [24, 106]. Studies using longitudinal estimates of hippocampal volume
loss have generally not observed a correlation with memory function in normal older
adults, although rates of decline in entorhinal cortex have been correlated with
memory performance [107].

Despite the modest changes in MTL volume during normal aging, functional
imaging studies of memory tend to reveal age-related decreases in MTL activation
[108-110]. Such age effects on MTL function have been found across a variety of
memory tasks, including the maintenance of pictures, encoding of subsequently
remembered words, and representing conjunctions of stimulus features [59, 108,
111, 112]. Of particular interest, each of these functional imaging studies also
observed age-related changes in PFC activation, suggesting that the MTL functions
as part of a circuit involving PFC and this circuit is the locus of age-related effects.
Supporting this notion, some studies have observed correlations between MTL
measurements and PFC activation that are modulated by aging [109, 113]. One
possibility is that reductions in MTL function could be reflected in modulations of
PFC activation as older adults attempt to process task information via alternative,
possibly compensatory, routes [98, 114].

B. PATHOLOGY IN THE MEDIAL TEMPORAL LOBES

In contrast to the modest MTL volume changes associated with normal aging, the
effects of pathological processes, as in mild cognitive impairment (MCI) and Alz-
heimer’s disease, have large adverse effects on both MTL volumes and memory
function. In particular, the entorhinal cortex, which serves as an important informa-
tion relay for the hippocampus, appears to be especially susceptible to atrophy in
individuals with MCI. The entorhinal cortex may therefore provide a basis for
identifying individuals with MCI in mixed populations and for further classifying
those individuals within MCI populations who are most likely to advance to Alz-
heimer’s status [115-117]. Declines in entorhinal cortex volume in MCI patients
relative to age-matched controls are twice as large as declines in hippocampal volume
[118]. These rates of decline tend to be largest in those normal and MCI individuals
who will later progress to Alzheimer’s status [117]. Once an individual has advanced
to MCI or Alzheimer’s status, volume declines extend into the hippocampus.
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Measurements of hippocampal volume in MCI patients find volumes that are one
standard deviation smaller than those of non-demented controls, while hippocampal
volumes in Alzheimer’s patients fall a standard deviation below those seen in MCI
patients [119]. Longitudinal measurements of hippocampal atrophy increase many-
fold from a range of 0.2 to 3.8% per year in normal elderly to a range of 4.9 to
8.2% per year in Alzheimer’s patients [120]. Functional activation in the MTL also
decreases in patients with MCI or Alzheimer’s disease relative to normal elderly
participants [121-124]. In general, these results suggest that normal aging has
modest structural effects on the hippocampus and adjacent MTL structures, although
age-related functional changes appear to affect circuits involving interactions
between the PFC and the MTL, thereby causing age-related decrements in memory
function mediated by MTL structures. Pathological processes related to MCI and
Alzheimer’s disease, however, have severe effects within the entorhinal cortex even
early in disease progress, which reduces the potential for effective hippocampal
involvement in memory function.

V. HEMISPHERIC ASYMMETRIES DURING AGING

As discussed in this chapter, during attentional control and memory tasks, normal
older adults often have a pattern of reduced activation relative to younger adults in
those PFC regions that are most activated in the younger group [50, 77, 125-127].
However, older and younger adults sometimes show equivalent PFC activation, and
older adults often display greater bilateral PFC activation on tasks in which younger
adults have unilateral activations [65, 77, 128]. This latter pattern, referred to as
reduced hemispheric asymmetry, is a well-documented phenomena in the cognitive
neuroscience of aging [98, 129, 130]. This age-related hemispheric asymmetry
reduction is often interpreted as a sign of compensatory function, implying that older
adults recruit homologous regions in the contralateral hemisphere to boost perform-
ance when confronted with declining neural efficiency. The compensatory interpre-
tation is supported by evidence that those older individuals who have the most
successful task performance also display the largest bilateral PFC activations [114,
130, 131].

An age-related reduction in hemispheric asymmetry may come about in three
different ways: (1) by a reduction in activation in the more highly activated hemi-
sphere, (2) by an increase in activation in the less-activated hemisphere, or (3) by
simultaneous decreases and increases across hemispheres. It remains unclear whether
these three routes to asymmetry would have the same causes or similar functional
consequences, yet many studies take any of the patterns as evidence for compensa-
tory reorganization. Several studies report such hemispheric asymmetry reductions
without reference to the underlying pattern, so that is nearly impossible to discern
how the asymmetry reduction came about, and by extension, how it should be
interpreted. In particular, if the asymmetry reduction is solely the result of a reduced
activation in the more highly activated hemisphere, it is unlikely that an interpretation
of compensatory function will be correct, as there is no corresponding increase in
activation that would be the basis of compensation. The clearest pattern supporting
a compensatory interpretation would be one of decreased activation in one
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hemisphere, accompanied by increased activation in the contralateral hemisphere.
Ideally, this increased activation would also be associated with improved perform-
ance within and across individuals, such that trials in which an individual displayed
the greatest contralateral activation would also be those trials in which the individual
displayed the best performance. To date, however, no study has examined intra-
individual correlations between activation and performance. Studies have examined
correlations between activation and performance across individuals, either by break-
ing older participants into groups of relatively good performers and relatively poor
performers or by examining cross-participant correlations. Of these, several have
found that good performers exhibit larger reductions in hemispheric asymmetry,
supporting a compensatory interpretation [114, 131]. Others, however, have observed
either no relation between performance and reduced asymmetry in activation, or
have found the opposite pattern of reduced asymmetry accompanied by worse
performance [129, 132-135]. Adding to the debate, MCI and Alzheimer’s patients
rarely display reduced hemispheric asymmetries, instead exhibiting declines in PFC
activation [136-138]. However, a few studies have observed increased PFC activa-
tions in MCI and Alzheimer’s patients relative to controls, a finding that may be
important for the determination of whether such additional activations should be
considered compensatory [123, 139]. Further research is clearly needed into this
issue but it appears that a simple interpretation equating greater bilateral activation
in older adults with compensatory function is likely incorrect. Rather, such hemi-
spheric interactions are likely helpful to older adults’ performance in some situations,
while harmful in others. Refined methods for relating intra- and inter-individual
variance in performance and activation will further elucidate the factors that govern
the role of reductions of hemispheric asymmetry in PFC activation.

VI. VARIABILITY WITHIN NORMAL AGING

When performing cognitive tasks, it is often observed in both behavioral and func-
tional imaging techniques that older adults exhibit not only decreases in performance,
but also increases in variability [140]. This age-related increase in variability has
been taken as an indication of the influence of pathological processes, whereas
similar variance in younger and older samples indicates normal aging [104, 141].
However, it remains possible that increased variability could accompany normal
aging, as might occur through increases in strategic options through life-long learn-
ing, plasticity in response to varied life experience, or greater variation in physical
or mental activity levels (e.g., before and after retirement). In the same vein, patho-
logical processes could lead to variance in older populations that is equivalent to,
or even smaller than, that seen in younger populations. For example, Alzheimer’s
disease might lead to less variability by imposing limits on retrieval speed, thereby
constraining the ability of patients to implement various strategies. There might be
a lower effective ceiling for performance among older adults; hence, a restricted
range of scores would lead to decreased variance. One consequence of these possi-
bilities is that it will sometimes be more informative to study regularities in individual
differences within older populations than to compare variability across age cohorts
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One such arena that holds great interest in the study of age-related individual
differences is the characterization of those older adults who tend to perform as well
as younger adults on cognitive tasks [131, 142, 143]. If the continued optimal
performance of such “successful seniors” can be understood, researchers will move
closer to determining training programs or treatments that might allow the improve-
ment of lower-performing individuals. Behavioral studies have suggested that indi-
vidual differences among older adults can be explained by performance on atten-
tional control tasks, and other PFC-related neuropsychological tests, rather than by
performance on memory tasks associated with MTL function [12, 142, 144]. As
discussed, functional neuroimaging studies have found that elderly individuals often
show greater activation in PFC regions associated with attentional control and that
such additional activations are often associated with better performance, especially
in less-demanding task conditions [60, 98, 114]. Such upregulation of PFC regions
might reflect attempts to invoke attentional control processes in the service of task
performance.

One important, yet currently unaddressed, issue that will have a large bearing
on the understanding of individual differences among older adults involves the
reliability of functional activations within individuals across time and how this
reliability differs among age groups. Several studies have examined the reliability
of functional imaging methods in younger adults, generally finding extremely high
levels of intra-individual stability [145—147]. However, the effect of aging on the
reliability of functional responses remains unknown. Preliminary evidence from a
study of repeated measurements of younger and older adults performing a working
memory task indicates that both groups exhibit high levels of reliability in functional
imaging measures, with older adults displaying reliability that is as high or higher
than in younger adults [148]. If these results are confirmed, then individual differ-
ences observed in the functional activation of older adults are likely the result of
reliable, task-related differences rather than the result of increased noise in the neural
or vascular systems of older adults.

VII. CONCLUSION

The neural correlates of cognitive performance during normal aging are complex
and varied. Older adults exhibit declines not only in memory performance, but also
in several processes related to attentional control, including working memory, inhi-
bition, and task switching. Normal aging appears primarily associated with changes
in the prefrontal cortex and a set of related neural networks, including frontal-parietal
and frontal-striatal networks. Age-related changes in volume, dopaminergic neu-
rotransmission, and functional activation within these systems appear to underlie,
to a large extent, the behavioral differences observed during normal aging. Memory
deficits in normal older adults may be attributable to failures of connections between
these prefrontal networks and the medial temporal systems that underlie memory
function. In contrast, pathological aging processes associated with MCI and Alz-
heimer’s disease appear to directly and severely affect medial temporal lobe memory
systems, while not affecting the prefrontal networks to as large a degree. This
dissociation between normal and pathological aging processes allows researchers to



Imaging Cognition in the Aging Human Brain 269

better isolate the causes and consequences of normal aging and its relationship to
cognition. Further developments in functional and structural imaging methods will
undoubtedly bring new answers while raising new questions about the relationships
between functional neuroanatomy and behavioral performance during normal aging.
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I.  INTRODUCTION

Normal function of virtually all tissues depends on adequate blood flow. As one
would expect, deficits in blood flow under basal or stimulated conditions result in
diminished metabolic capacity and impairments in function. Importantly, functional
deficits in organs and tissues are one of the hallmarks of biological aging but the
etiology of these deficits and the potential relationship between alterations in blood
flow and the deterioration of tissue function with age remain enigmatic. Empirical
and rigorous scientific evidence demonstrates that functional deterioration of many
tissues begins in early adulthood and progresses throughout life. Concurrently, there
is an increase in tissue pathology, including deposition of insoluble collagen
and tissue fibrosis. Despite the structural changes with age, which are generally
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considered permanent or irreversible, tissue function can be improved even in late
ages by several disparate types of interventions, supporting the conclusion that age-
related impairments in cellular and tissue function, and perhaps some aspects of
aging itself, remain “plastic.” Whether such “plastic” changes depend on increased
basal blood flow or the capacity to increase blood flow in response to metabolic
challenge remains unknown.

The strong relationship that exists between cellular metabolic capacity and
regional blood flow leads to the conclusion that a clear understanding of age-related
changes in the regulation of blood flow (including microvascular architecture, plas-
ticity, and vessel reactivity) is essential for understanding the progressive decline in
cellular metabolic activity and eventually tissue function with age. Nevertheless,
there are a limited number of studies that have considered the potential interrela-
tionships between these variables. The guiding principle of this chapter, and for
which there remain insufficient data, is that alterations in the vasculature have the
capacity to impact biological aging. These alterations may include, but are not limited
to, changes in microvascular density (density of arterioles, arteriolar to arteriolar
anastomoses, capillaries, and venules); ultrastructure (cellular components that com-
prise the vasculature); plasticity (e.g., elaboration, regression, or replacement of
microvessels that may occur over days, weeks, or months); and the dynamic regu-
lation of blood flow through the vasculature (e.g., vessel reactivity). Despite the
importance of each of these components, historical and technical aspects of research
in these areas isolate the scientific disciplines and they are rarely considered a
functional unit. This chapter reviews the current state of information in each of these
areas as it relates to functional changes within the central nervous system with age.

Il. EXPERIMENTAL CAVEATS AND POTENTIAL
CONFOUNDS IN AGING RESEARCH

A cursory review of age-related changes in blood flow and/or vascular density reveals
marked variability in experimental results that raises broader issues within the
context of gerontology. Studies that address the biological and cellular mechanisms
of aging are extraordinarily complex and require attention to a number of experi-
mental variables. However, even with rigorous attention to experimental details,
issues considered generally benign in other scientific experiments have the potential
to produce an immense impact on the outcome of gerontological studies. These
issues include the effects of minor changes in a single variable that, over time, have
the potential to impact a diverse array of experimental outcomes. For example, the
presence of subclinical infections or exposure to pathogens within an animal facility
clearly will produce differential effects between young and old animals. Unintended
crowding of animals within cages, noise, or other non-specific stresses produce
different effects in old compared to younger animals (including substantially greater
losses of body weight in old compared to younger animals). Subtle changes in early
husbandry experiences within a population represent a less-explored area. Within
the same animal facility, the specific details of animal husbandry (room temperature,
population density, handling characteristics) may be unique to a specific cohort of
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animals as they progress from birth to old age. Differential prenatal and early life
experiences of animals have the potential to result in modifications in the develop-
ment of specific tissues [1] and would likely impact the appearance of age-related
pathologies and potentially unique aging trajectories and lifespan. Other issues,
including specific diets, the presence of underlying pathology, and strain differences,
are likely to be important sources of experimental variance. Experimental confounds
related to methodology including, but not limited to, differential effects of anesthesia,
fixation methods, tissue atrophy, the absence of rigorous stereological methods for
counting blood vessels, and the consequences of poor categorization of cells and/or
blood vessels by region, size, and function have received little attention. These and
related experimental caveats undoubtedly have the potential to alter experimental
outcomes and hence produce artificial, exaggerated, or attenuated effects that are
labeled as “aging.” Furthermore, comparison of three age groups (young, middle-
aged, and old) has been the “gold standard” for gerontological studies but these
multiple age comparisons are rarely completed due to availability of animals, costs,
or technical limitations associated with the experimental design. Finally, the rationale
for analysis of specific ages within an animal strain has received little attention and,
as a result, one might be comparing animals at the end of their lifespan (when
endogenous organ systems are poorly regulated and substantial tissue pathology is
present) with animals of another strain at the same chronological age but in which
homeostatic mechanisms are maintained and tissue pathology is limited. Unfortu-
nately, there are no rigorous standards between laboratories for animal husbandry
in aging research and, as a result, it is not surprising (indeed it should be expected)
that results on the same dependent variable within the same tissue vary between
laboratories. In fact, it is sometimes remarkable the amount of agreement that does
exist.

I1l. FUNCTIONAL CHANGES WITHIN THE CENTRAL
NERVOUS SYSTEM

Impairments in tissue function are common phenomena in the aging population;
however, compared to other tissues, loss of function within the central nervous
system (CNS) has the potential to have more profound social and psychological
consequences and can be an important factor in loss of independence. Although
marked variability exists between individuals, there are numerous reports demon-
strating a decline in cognitive function with age unrelated to a specific disease
process. In otherwise healthy individuals, perceptual-motor performance and infor-
mation processing speed, visual and auditory attention, as well as fluid intelligence
are generally compromised with age [2, 3]. In addition, impairments in synaptic
efficacy, neurogenesis, glucose metabolism, neurotransmitter levels, and long-term
potentiation (an electrophysiological correlate of memory) are evident. Also, risk
for degenerative diseases (e.g., Alzheimer’s disease, Parkinson’s disease, among
others) increases and recovery from stoke damage is impaired. Although a number
of cellular and subcellular correlates of this decline have been identified to date,
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there is no single unifying hypothesis for the decline in function of the CNS and
increased risk of disease with age.

A. CereBrRAL BLooD FLow

Whether the decline in CNS function with age is the result of a decrease in cerebral
blood flow (CBF) remains a topic of considerable debate in which no consensus has
emerged [4]. In part, this lack of consensus is related to some of the issues discussed
previously. However, equally important is the technical difficulty in associating
functional defects that occur in highly specific brain regions with an accurate meas-
urement of flow to these same regions. Generally, the vast majority of analyses
provide a “snapshot” of alterations in CBF in a large region of brain obtained under
static conditions. However, the regulation of CBF is not static, and localized brain
regions have the ability to regulate blood flow in response to minute alterations in
metabolic requirements of the surrounding tissues. As glial and neuronal metabolism
increase, blood flow increases concomitantly to support the increased metabolic
requirements. Thus, local cellular metabolism and blood flow are tightly coupled in
the CNS. The extremely limited data assessing the dynamic processes of changes
in cerebral blood flow represent an important missing link in our analyses of age-
related changes in CBF.

Despite the limitations described above, investigators using a variety of imaging
methods have reported that CBF is significantly reduced in aged humans compared
to young adults (see, for example, [5-7]). Similar conclusions were reached when
comparing average measures of blood flow in groups of young and old subjects [8]
or correlating CBF and age in individuals [9, 10]. Significantly, age-related changes
in CBF appear to be regionally distinct [5, 6, 11-13] and may begin as early as
middle age [10]. In addition to studies of humans, regionally specific, aging-related
declines in CBF are found in both rodents and nonhuman primates [14—18]. Of
course, several mechanisms regulate flow into and through each capillary bed,
including the density of precapillary arterioles and capillaries [19], the structure of
the vessels, and the reactivity of the arterioles (discussed in [7, 20, 21]). All or some
of these mechanisms may be compromised with age.

B. MIcrOVASCULAR DENSITY

The absence of an appropriate vascular network (including arterioles, arteriolar-
arteriolar anastomoses, pre-capillary arterioles, and capillaries) supplying a tissue
has the potential to result in inadequate blood flow either under basal conditions or
conditions that require an increase in blood flow to meet metabolic demand. There
are, in fact, numerous reports of age-related rarefaction or loss of arterioles in many
tissues throughout the body (including cardiac and skeletal muscle [22-24]); how-
ever, only a few investigators have studied the effects of aging on the density of
cerebral arterioles. Knox and Oliveira [25] reported that the number of arterioles in
a strip of cortex extending from the pia to the white matter was similar in rats at 3
and 24 months of age, and Bell and Ball [26] reported an increase in arteriolar
density in the subiculum of the aging human hippocampus. More recently, a
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AGED (29-months)

FIGURE 12.1 (SEE COLOR INSERT FOLLOWING PAGE 204) Representative photo-
graphs of the cortical surface microvasculature in 13- and 29-month-old Brown-Norway rats,
as seen through a cranial window. The entire parietal cranium has been removed. The cortex
visible in this window extends from the frontal to the occipital cortex. Vascular measurements
were made over the sensorimotor cortex. (Source: From [27]. With permission.)
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FIGURE 12.2 Summary of arteriolar (left), arteriole-to-arteriole anastomotic (center), and
venular endpoint (right) density in male Brown-Norway rats. Data represent mean + SEM
for 18 young, 14 middle-age, and 13 old animals. (Source: From [27]. With permission.)

substantial age-related rarefaction of the surface arterioles that supply the parenchy-
mal vessels of the cerebral cortex was reported [24, 27]. In otherwise healthy aging
rats, the density of arterioles on the cortical surface was almost 40% lower in
senescent animals than in young adults (29 vs. 13 months of age, Figure 12.1).
Similar decreases were evident in arteriole-arteriole anastomoses and venules (Figure
12.2), suggesting that surface vessels and possibly vasculature in deeper layers of
the cortex are affected by aging. Although it is difficult to reconcile the differences
in these studies due to the specific ages, species, and brain regions compared, the
substantial changes observed on the cortical surface and corresponding decreases in
regional blood flow provide the first evidence that rarefaction of arterioles may be
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an important contributing factor to decreases in blood flow with resulting impair-
ments in cortical function.

The putative decrease in afferent vessels raises the question of whether there is
a corresponding decrease in cerebral capillaries supplied by the afferent arterioles.
As in other tissues, the length of capillary per volume of tissue arguably represents
the fundamental measure of microvascular status because it determines, at the sim-
plest level, the surface area for exchange between tissue and blood and how far a
given cell is from the source of oxygen and nutrients. Surprisingly, there is as yet
no striking consensus for the effects of aging on capillary density within the brain.
One recent review concluded that there is little, if any, decrease in capillary density
[20], whereas others report compelling evidence for an aging-related decline in
capillary density [7]. How such disparate conclusions can be drawn becomes clear
when one reviews the literature from the past three decades (summarized in Table
12.1, from [28]), which includes reports of aging-related decreases in capillary
density, stability of capillary density from adulthood through senescence, and of
increased capillary density (presumably as a result of neural atrophy). Several
possibilities exist for the different conclusions. First, although significant differences
exist among species, these differences alone do not account for the disparate findings
reported to date. All possible age-related changes in capillary density (decrease,
increase, or no change) have been reported for both humans and rats, the subjects
of virtually all available studies. Second, differential responses in localized regions
of the brain most likely contribute to the disparity in the literature, but regional
differences alone cannot explain the varied results. In some cases, the same neural
region in the same species has been examined in different laboratories and conflicting
conclusions have been drawn (e.g., rat frontal cortex: [29] vs. [30-32]; rat occipital
cortex: [25] vs. [30]; human frontal cortex: [33] vs. [34]). Third, capillary changes
with aging may be multiphasic. At least two studies suggest that capillary density
increases during late adulthood and then declines during later senescence [35, 36].
If supported, the comparison of young and old animals without the appropriate
middle-aged group may potentially bias interpretation of experimental results.
Finally, previous studies indicate that the magnitude of age-related changes in cap-
illary density, where they occur, do not exceed approximately 10 to 20%.

Taken together, the available literature suggests there is a substantial rarefaction
of surface arterioles and limited but significant changes in capillary density in some
regions of the brain, including the hippocampus and cerebral cortex. However, the
evidence for capillary loss is tenuous and more extensive studies are required. In
part, the disparate findings for capillary density changes with aging result from
methodological differences among laboratories and improved stereological methods
may resolve many of these issues [48-50]. To reliably reveal the regional and
temporal patterns of microvascular changes, however, it will be necessary to analyze
many neural areas in a single species at multiple ages using a consistent methodology.
Such studies not only are required to establish the structural bases of aging-related
changes in blood flow, but also are necessary to provide the critical baseline data
for studies of microvascular plasticity.
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TABLE 12.1
Capillary Changes in the CNS with Age
Species Region(s) Change Ages Examined Ref.
Report Aging-Related Decrease in Capillary Density
Rat (Wistar; F) Fr, Occ 12 8 vs. 27 mos [30]
Human (F, M) Precentral gyrus | (17%) 74-94 years [35]2
Human (F, M) Hipp | (16%) Avg 38 vs. avg 74 years  [26]
Rat (Wag/RIj x BN, F) Fr 1 followed 3 vs. 19 vs. 29 mos [36]
by |
Rat (Crl: CD(SD)BR, Olfactory bulb | (15%) 3-36 mos (27-36) [37]
M)
Rat (SD, M) MTB | (30%) 3-33 mos (3/6-27/33) [38]
Human (F, M) Calcarine cortex | (16%) Avg 38 vs. avg 74 years [39]
Human (F, M) Fr, Temp | (Fr only) 26-96 years (correlation [34]
analysis)
Rat (Long Evans, M) Multiple | (10-30%) 8-10 vs. 28-33 mos [40]
Rat (F344, M) CAl, Par | 18 vs. 28 mos [41, 42]
Human (F, M) Vi | (16%) Avg 31 vs. avg 79 years [43]
Human (F, M) Hypothalamus | (16%) 30-76 years (correlation [44]
analysis)
Rat (Wistar, M) Hipp, Fr, Occ | 12 vs. 27 mos [31]
Rat (Wistar, M) Hipp, Fr, Occ, | 12 vs. 24 mos [32]
Cb
Report No Aging-Related Decrease in Capillary Density
Rat (SD, ns) Occ 1 (19%) 6 vs. 30 mos [45]
Human (F, M) PCG 1T (17%) 19-74 years [35]°
Human (ns) Fr, Occ, PCG, No change 19-94 years [33]
PsCG, Temp
Rat (Wistar, F) Occ No change 3, 12, and 24 mos [25]
Human Cerebral Cortex 1 [46]
Rat (SD, F) Par No Change 12 vs. 36 mos [47]
Rat (Wistar, M) Fr 1e 3 vs. 20 mos [29]

2 Approximately 20% decrease, no statistics reported.

® Authors emphasize age-related increase in capillary density but data also reveal later decrease in

density.

¢ Apparent increase restricted to superficial region of cortex.

Abbreviations: Cb: cerebellum; F: female; Fr: frontal cortex; Hipp: hippocampus; M: male; MTB:

medial nucleus of the trapezoid body; NS: sex not specified; Occ: occipital cortex; Par: parietal cortex;

PCG: precentral gyrus; PsCG: postcentral gyrus; Temp: temporal cortex; V1: primary visual cortex.
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C. MICROVASCULAR PLASTICITY

Capillary density is highest in regions rich in synapses, somewhat lower in regions
containing primarily cells bodies, and lowest in fiber tracts [7]. Even within the gray
matter of the cerebral cortex, sensory and association regions have higher densities
of microvessels than motor regions; within a cortical region, layers and modules
with greater cytochrome oxidase activity (indicative of greater synaptic activity)
have higher capillary densities [72—74]. Thus, there must be developmentally regu-
lated mechanisms by which the elaboration of the microvasculature is matched to
the local level of neuronal signaling, presumably contributing to the differential
growth of more active regions of the brain [73, 75, 76].

In principle, microvascular density in each region of the brain could be geneti-
cally programmed. The developmental mechanisms must be dynamic, however,
because changes in neural activity during development result in predictable changes
in microvascular density. Raising animals from the time of weaning in complex
environments significantly increases synaptogenesis and the growth of neuropil in
the cerebral cortex [77, 78]. Greenough and colleagues also demonstrated that the
associated increase in metabolic demand from this paradigm produces significant
growth of new capillaries [79, 80], even after the end of the normal period of
developmental angiogenesis [81].

Conversely, decreased activity reduces vascular growth. Raising animals in com-
plete darkness is commonly used to investigate the effects of activity deprivation on
cortical development. Argandona and Lafuente [82, 83] demonstrated that dark-
rearing rats from the time of birth significantly decreased the elaboration of the
microvascular bed in the primary visual cortex. When examined as adults, the
capillary density was 22% lower in dark-reared animals than in age-matched con-
trols. Thus, the microvasculature within the CNS is actively modified during devel-
opment to maintain a match between the local level of neural activity and the level
of metabolic and vascular support necessary for that activity.

For many aspects of neural development, there are critical periods during which
specific aspects of neural structure or function change in response to alterations in
activity [84, 85]. Critical periods may be absolute, after which no significant change
is possible, or they may be relative, such that change remains possible but only in
response to greater perturbations than are required to elicit plasticity during earlier
development. A variety of studies indicate that, for the cerebral microvasculature,
plasticity is not limited to the developmental period; rather, the microvasculature in
adult animals can be altered to maintain or improve function in response to changes
in activity, damage, or other perturbations. The extent to which such plasticity is
maintained during aging has not been clearly defined but undoubtedly depends on
the specific factors eliciting the microvascular response.

Greenough and co-workers [86] have used the enriched environment paradigm
to test whether microvascular plasticity in response to increased neural activity is
limited to developing animals or is maintained in adults. These investigators dem-
onstrated that housing adult rats (2 months of age) in complex environments resulted
in microvascular growth within 10 days, just as in developing rats. Additional studies
revealed, however, that the extent of the effect was reduced with age. The response
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in middle-aged rats was less than that in young adults, and no statistically significant
change in microvascular density was elicited in old rats [87]. This age-related
decrement in microvascular plasticity is consistent with reports that synaptic and
dendritic plasticity also are reduced in old animals [79]. Thus, it is difficult to
establish whether vascular plasticity decreases with age because neuronal plasticity
declines, or whether neuronal plasticity is lost because there is insufficient vascular
plasticity to support the generation and maintenance of new synapses [87]. Clearly,
however, this type of microvascular plasticity is maintained into adulthood but
sustained only poorly, if at all, during senescence [88].

Microvascular plasticity in the adult cerebellum was also investigated to assess
the influence of learning vs. increased neural activity associated with simple motor
activity. Microvascular growth was seen after motor learning, which also elicited
synaptogenesis and growth of neuropil, and also after simple exercise, which had
no effect on synapses and neuropil [89]. Voluntary exercise increased neural activity,
as evidenced by increased glucose utilization [90], suggesting that microvascular
growth occurs to meet the greater metabolic demands of increased neuronal signal-
ing, even in adult animals. Consistent with this hypothesis, recent studies find that
chronic exercise in adult animals, with no motor learning, promotes microvascular
growth in the cerebral cortex [91, 92]. Unfortunately, to our knowledge there exists
little or no data on the effect of exercise or motor learning on vascular plasticity in
aged animals.

In addition to activity-induced angiogenesis, adult microvascular plasticity is
important clinically. The success of strategies for treating neurodegenerative dis-
eases by implanting stem cells or neurons critically depends on microvascular
plasticity to establish metabolic support for the foreign cells [93, 94]. Thus, several
laboratories have investigated the ability of the microvasculature to invade and
support new tissue or cells after implantation in the adult CNS. Following trans-
plantation, solid tissue allografts are infiltrated and supported primarily by host
blood vessels [95, 96], although some donor vessels also are maintained within the
graft [97]. Host blood vessels also elaborate to support grafts of dissociated cells
[98—100], in which microvascular growth is more effective than in solid grafts
[101]. Given that grafts can survive in aged brains [102-105], the necessary
microvascular plasticity must be maintained during senescence.

Significant microvascular plasticity also occurs in response to chronic hypoper-
fusion or ischemia [7, 106, 107]. The restoration of blood flow after arterial occlusion
relies in part on increased blood flow through collateral vessels supplying the
ischemic region [108, 109], but significant new microvascular growth also occurs
[110]. This includes both sprouting from preexisting capillaries and de novo vascu-
logenesis involving bone marrow-derived endothelial progenitor cells [107]. Similar
to the microvascular changes that accompany changes in neural activity, post-
ischemic microvascular plasticity appears to decrease in aged animals and humans
[111, 112].

Several pharmacological agents promote microvascular growth and plasticity in
the adult brain. Treatment of aging animals with a calcium channel blocker from 21
to 27 months of age, for example, significantly increased capillary density in the
cerebral cortex and hippocampus [31, 32]. Similarly, 4 to 6 weeks of treatment with



288 Brain Aging: Models, Methods, and Mechanisms

the plant alkaloid vincamine or its derivative increased capillary density in the cortex
and hippocampus of adult rats [41, 47]. The extent of microvascular response
appeared to be similar in 1-year-old and 3-year-old rats. Thus, at least for the
responses to these pharmacological agents, there is no significant decline in plasticity
during aging.

Clarifying the mechanisms that regulate microvascular growth and function in
the developing and adult brain, and establishing how those mechanisms are affected
by age, is critical for understanding the nature and functional consequences of age-
related changes in the brain and for assessing prospects for preventing or reversing
cognitive deficits. Recent studies by Sonntag et al. [27] demonstrate that, although
microvascular plasticity may be reduced, growth of precapillary arterioles can be
elicited even in aged animals. The studies also suggest a potential mechanism for
age-related changes in the microvasculature and related plasticity. Microvascular
density on the surface of the cerebral cortex was reported to decline with age [27].
Notably, the density of surface arterioles correlated with plasma insulin-like growth
factor 1 (IGF-1) levels at the time of vascular mapping. That correlation suggested
that microvascular rarefaction may be the consequence of the age-related decline in
circulating growth hormone and IGF-1, particularly given evidence that growth
hormone and IGF-1 are important anabolic growth factors that may influence many
aspects of blood vessel growth and repair [113]. Consistent with that hypothesis,
twice-daily injections of growth hormone to 30-month-old animals, sufficient to
increase plasma IGF-1, dramatically increased the number of cortical arterioles.
Thus, growth hormone and IGF-1 appear to mediate, at least in part, age-related
changes in the microvasculature and potentially cerebral blood flow [113]. Moreover,
although microvascular plasticity may decline in aged animals, it can be restored if
appropriate trophic conditions are present.

In addition to growth hormone and IGF-1, other trophic factors profoundly
influence the microvasculature. Although their potential roles in the etiology of
age-related vascular changes have not been established, both basic fibroblast growth
factor (bFGF) and vascular endothelial growth factor (VEGF) significantly influ-
ence angiogenesis and microvascular plasticity. Both factors exert a mitogenic effect
on human microvascular endothelial cells in culture [114, 115]. VEGF prevents
cultured microvascular endothelial cells from entering replicative senescence [116].
Additionally, VEGF is upregulated in spatial and temporal coincidence with angio-
genesis associated with various CNS pathologies [117-119] and is involved in
exercise-induced neovascularization [120]. Expression of bFGF is upregulated
endogenously in response to focal cerebral infarction in rats, and exogenous admin-
istration of bFGF improves functional recovery, potentially via induction of angio-
genesis in the damaged brain [121]. These factors do not appear always to benefit
the microvasculature, however, because VEGF has been implicated in the break-
down of the blood-brain barrier associated with various CNS insults [122, 123].
Thus, the roles of these factors in modulating angiogenesis are complex and require
further clarification.

In addition to trophic factors such as VEGF and BDNF, endocrine growth factors
influence neuronal turnover in the adult brain. Plasma-derived IGF-1 reverses the
decline in hippocampal neurogenesis that is produced by hypophysectomy [124]
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and also ameliorates the age-related decline in neuronal turnover [125]. These
findings suggest that IGF-1 is an important regulator of neurogenesis, and that the
decline in neuronal turnover during senescence is the result of decreased IGF-1
levels. The effects of aging on the multiple sources of IGF-1 within the CNS remain
unclear, but the decline in plasma levels of IGF-1 may be exacerbated in many
regions by decreased blood flow and by microvascular rarefaction, which also would
reduce local production of IGF-1 and potentially other important growth factors by
endothelial and smooth muscle cells.

Understanding the relationship between microvascular plasticity and neural
activity, and how aging-related changes in the microvasculature affect metabolic
support for neuronal signaling, is essential for clarifying the basis of cognitive
changes during senescence. Accumulating evidence suggests that age-related
changes in the microvasculature also may influence other critical aspects of neural
function and plasticity. As noted previously, new neurons are continually produced
in some regions of the adult brain [126—128] (see also Chapter 6), and the microvas-
culature is critically involved in regulating adult neurogenesis, both as a local source
of factors that create an appropriate milieu for neurogenesis and as the source of
blood-borne factors that influence proliferation. The production of new granule
neurons in the subgranular zone of the adult dentate gyrus occurs within “neuroan-
giogenic foci” where neuronal, glial, and endothelial precursors divide in tight
clusters [129, 130]. Proliferative precursors in other regions of the hippocampus are
not found within such a vascular niche and do not give rise to neurons, only glia.
Thus, the association between endothelial and neuronal proliferation in the subgran-
ular zone suggests that either signals originating from somatic tissues or from the
CNS act simultaneously to stimulate neurogenesis and angiogenesis, or that the
initiating signal activates proliferation of one cell type, which then stimulates pro-
liferation of the other. A recent demonstration that intracerebroventricular infusion
of VEGEF into the adult brain increases the genesis of both endothelial cells and
granule neurons is consistent with a mechanistic link between angiogenesis and
neurogenesis [131]. Also supporting this hypothesis is evidence that the reduction
in neurogenesis that follows whole brain irradiation is due, in part, to alterations in
the microenvironment, including disruption of microvascular angiogenesis [132].
More direct evidence that endothelial-produced factors regulate neurogenesis comes
from the demonstration that culturing precursor cells from the adult rodent forebrain
subependymal zone (SZ) on monolayers of endothelial cells, rather than on astro-
cytes or fibroblasts, increases neurogenesis and neuronal survival [133]. Thus, much
remains to be determined concerning the complex interactions between vasculature
and neurons.

D. MicroVASCULAR ULTRASTRUCTURE

Alterations in microvessel ultrastructure potentially contribute to alterations in both
blood flow and the transport of materials across the capillary wall, even where
capillary density is unchanged. The effects of aging on arteriolar and capillary
ultrastructure have been recently reviewed [7, 20].
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In arterioles, aging appears to decrease the distensible components of the vessel
wall (smooth muscle and elastin) and increase less distensible components (collagen
and basement membrane; see [51]). Along with thickening of the endothelial base-
ment membrane, cerebral arterioles in aged animals often contain flocculent material
and intracellular inclusions that are not evident in the vessels of young animals [52,
53]. These alterations in arteriolar structure presumably contribute to age-related
changes in arteriolar reactivity (see below).

Age-related alterations have been described in capillary endothelial cells, their
basement membrane, in pericytes, and in the astrocytic endfeet that are opposed to
the abluminal vascular surface (reviewed in [7]; see also [54]). The increase in
thickness of the basement membrane and the abnormal inclusions reported for aging
arterioles, including enlarged perivascular space, also are evident in capillaries [37,
38, 55-61]. The complete source and mechanisms of basement membrane changes
remain to be established [7], but the flocculent deposits observed in aging capillaries
have been attributed to the degeneration of pericytes [62]. The various age-related
ultrastructural changes in the capillary wall must be regulated by several mecha-
nisms, because chronic treatment with calcium channel blockers decreases the dep-
osition of extracellular collagenous fibers but has no effect on the degeneration of
pericytes [58, 59]. The functional impact of these age-related alterations in the
capillary wall are numerous, and are likely to include both increased leakage of
materials normally excluded by the blood brain barrier and reduced transport of
substances (e.g., glucose, amino acids, growth factors) that are actively transported
into the brain parenchyma. Recent studies suggest that the age-related increase in
leakage may be less than previously suggested [63], but that the decrease in carrier
function appears to be pronounced [7].

Reports of age-related changes in the shape of arterioles and capillaries were
reported in the early 20th century [64]. Although the extent of such abnormalities
during normal aging is still debated [21], there are sufficient descriptions of
microvessel looping, tortuosity, and twisting to conclude that such changes occur in
many neural regions [20, 52, 65-69]. Whether such alterations reflect primary
changes in blood vessels or secondary effects of atrophy of surrounding neural tissue
is not clear, but regardless of the specific mechanism, one would expect modification
of vessel shape to produce profound hemodynamic and rheological changes within
the microvascular bed [52, 68—71], contributing to decreased blood flow and reduced
delivery of oxygen and nutrients to the brain parenchyma.

E. SUMMARY

In many regions of the aging brain, metabolic support for neuronal signaling may
be compromised by decreased blood flow. Rarefaction of arterioles and changes in
vessel shape and structure most likely contribute to reduced flow although the
possibility of capillary rarefaction and the regulation of capillary density with age
remains an area for additional research. The metabolic impact of reduced blood flow
may be exacerbated by altered transport across the capillary wall. In addition to
influencing blood vessel structure and function, aging reduces microvascular
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plasticity such that capillaries respond less to increases in neural activity although
responses to other factors that promote angiogenesis may be maintained. The age-
related loss of plasticity certainly influences neural plasticity as well, because neu-
ronal turnover in the adult brain is linked mechanistically to capillaries and their
growth. Trophic factors produced by endothelial cells are additional important reg-
ulators of ongoing neurogenesis within the adult hippocampus, and impairments in
secretion of these factors may have independent actions on the aging brain. Thus,
aging-related changes in microvascular structure and plasticity potentially contribute
in multiple ways to the decline in cognitive function that accompanies brain aging.

IV. VASCULAR REACTIVITY
A. AGE-RELATED CHANGES IN VASCULAR REACTIVITY

Although decreases in vascular density and alterations in vessel ultrastructure have
the ability to contribute to decreased blood flow and tissue dysfunction with age,
alterations in vascular tone (basal vessel diameter) and vascular reactivity (dynamic
changes in vessel diameter) are equally important because matching blood flow to
tissue metabolic demand is critical for normal cellular function. Despite recent
advances in the field, there are conflicting reports of age-related alterations in
cerebrovascular tone and reactivity in the literature. For example, Thorin-Trescases
[134] observed no effect of age on arterial tone in isolated human pial vessels with
diameters ranging between 300—1200 microns, whereas Geary and Buchholz [135]
reported increased middle cerebral artery tone in aged Fisher-344 rats. This incon-
sistency is potentially the result of a disparity in the size and location of the vessels
examined, as well as species-based differences in vascular responses. However,
recent studies in our laboratory indicate that there are age-related changes in vascular
tone and reactivity, and that these alterations are secondary to changes in the balance
between endothelium-derived relaxing and contracting factors released from either
the micro- and/or macro-circulation (D.M. Eckman et al., unpublished data).

B. RoLE OF THE ENDOTHELIUM IN AGING

Ultimately, blood flow through a vessel depends on the close interactions of several
cell types that compose the vessel wall. Endothelial cells and smooth muscle cells
form the basis of this interaction; the complex interactions between relaxing and
constricting factors derived from endothelial cells result in a dynamic regulation of
vascular smooth muscle cell activity, vessel dilation or constriction, and hence
regulation of blood flow to tissue. Mechanistically, endothelium-dependent relaxing
factors (EDRFs) result in hyperpolarization of smooth muscle cells and dilation,
whereas endothelium-derived constriction factors (EDCFs) result in smooth muscle
depolarization and vessel constriction. The roles of each of these factors are dis-
cussed below. Despite the recognized importance of these factors in the regulation
of cerebral blood flow, there is generally little information available on age-related
changes in vessel tone and reactivity in the cerebral circulation. Therefore, data from
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SMC

FIGURE 12.3 (SEE COLOR INSERT FOLLOWING PAGE 204) The degree of vascular
constriction (vascular tone) regulates blood flow and depends on a close communication
between endothelial cells (ENDO) and smooth muscle cells (SMC). Endothelium-dependent
relaxing factors (EDRFs) include endothelium-dependent hyperpolarizing factor (EDHF),
NO, and PGI,. These compounds result in hyperpolarization of smooth muscle cells and
dilation. Other factors such as endothelium-derived constriction factors (EDCFs), including
PGH, and TXA, result in smooth muscle cell depolarization and vessel constriction. Many
of the reported endothelium-dependent dilations depend on the actions of PKA/PKG and
PKC. These kinases act on various intracellular targets that regulate/modulate [Ca?*]; and/or
directly influence ion channel activity. With aging, the contribution of endothelium-derived
relaxing factors (EDRFs) decreases, whereas the contribution of endothelium-derived con-
tracting factors (EDCFs) increases in many vascular beds. A decrease in endothelium-derived
NO and PGI, leads to a relative decrease in the production of PKA/PKG, reducing membrane
hyperpolarization, and increasing vascular tone. Furthermore, aging-associated elevation in
PGH, and/or TxA, could increase PKC, thus decreasing K*-channel activity and leading to
greater increases in vascular tone. The additive effects of decreased PKA/PKG activity along
with elevated PKC activity result in membrane depolarization, increasing [Ca?*]; entry via
voltage-dependent Ca?* channels (VDCCs), leading to increased vascular tone/decreased
blood flow in the cerebral circulation. (Source: Modified from [177]. With permission.)

other vascular beds are presented such that they might provide some insight into
potential age-related changes in the cerebrovascular system.

1. Endothelium-Derived Relaxing Factors (EDRFs)

a. Nitric Oxide (NO)

The contribution of nitric oxide (NO) to the modulation of vascular tone has been
the focus of multiple human and animal studies. The primary source of NO in the
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cerebral circulation is endothelial nitric oxide synthase (eNOS). As the name sug-
gests, eNOS is located in the endothelial cells that line the lumen of the blood vessel.
NO diffuses to vascular smooth muscle cells where it increases cGMP formation
through the activation of cyclic guanylate cyclase (cGC). Activation of this pathway
results in the dilation of vascular smooth muscle via multiple mechanisms. While
the role of NO signaling in healthy aging-associated vascular dysfunction is not well
understood, there are both human and animal studies that provide compelling data
suggesting that altered vascular function associated with advancing age may be
attributed, at least in part, to perturbations in NO signaling [136—-144]. For example,
in carotid arteries from aging mice [143], as well as forearm vessels of healthy
elderly humans [142], vessel dilation following acetylcholine (ACh) administration
(which stimulates endothelial NO production) is significantly reduced, suggesting a
blunted production of NO occurs in endothelial cells with age. However, both of
these studies also showed reduced vessel dilation in response to sodium nitroprusside
(SNP), which directly donates NO to smooth muscle cells. Taken together, these
data suggest both endothelial-dependent NO production and endothelial-independent
NO sensitivity are altered with aging. In contrast, at least one study reported no age-
related differences in coronary artery responses to ACh or nitroprusside have been
observed in 24-month-old male F344 rats [145]. These inconsistent findings may
reflect methodological differences but more importantly suggest that the mechanisms
of age-related vascular dysfunction may be unique to each vascular bed and species.

The mechanisms underlying the disrupted NO signaling with aging identified
thus far appear to be complex. In the systemic circulation, both an increase and a
decrease in nitric oxide synthase (NOS) activity have been reported [146, 147], as
well as an age-associated decrease in agonist-induced vascular cGMP levels [141,
148-150]. In middle cerebral arteries from Fisher-344 rats, Geary and Buchholz
[135] demonstrated an increase in arterial tone with advancing age, a finding that
appears to be, at least in part, secondary to the dysfunction of eNOS-sensitive
mechanisms. Others report declines in the levels of the § subunit of soluble guanylate
cyclase (sGC) and reduced sGC activity [141], reduced protein kinase G-1 (PKG-
1) activation [151], and decreased eNOS mRNA expression [144, 147, 152] and
phosphorylation [153]. Finally, either unchanged [145, 154] or increased eNOS
protein expression has been reported in aged vasculature [138, 154—-159].

b. Endothelium-Derived Hyperpolarizing Factors
(EDHFs)

It is well accepted that endothelium-derived hyperpolarizing factors (EDHFs) are
important regulators of vascular tone in resistance-size arteries. However, the role
of EDHFs in modulating vascular tone in the aging systemic circulation, especially
in cerebral circulation, has received little attention. Interestingly, aging appears to
significantly impair EDHF-mediated relaxations in isolated human gastroepiploic
arteries, distal microvessels [160], and gracilis arterial segments [161]. In contrast,
the magnitude of EDHF-mediated relaxation of renal arteries from WKY rats appears
unaffected by increasing age [162].
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2. Endothelium-Derived Contracting Factors (EDCFs)

a. Endothelin

There are limited data regarding the role of the potent vasoconstrictor, endothelin,
in the modulation of vascular tone with age. Barton and colleagues [152] reported
a rise in plasma endothelin-1 (ET-1) levels with increasing age in old female
Ro-Ro Wistar rats (32 to 33 months). Furthermore, they have shown attenuated ET-
1-induced constriction in the aorta but not the femoral artery of old female rats
[152]. In contrast, the contractile response to ET-1 has been shown to increase in
coronary arteries from aged Wistar-Kyoto [163] and Fisher-344 rats [145], as well
as in basilar arteries from aged female rats [164]. Selective inhibition of endothelin-
A receptors in young animals abolishes ET-1-induced coronary artery constriction,
whereas inhibition of these receptors in aged animals has no effect on ET-1-induced
constriction [145]. Thus, the role of endothelin in the modulation of vascular tone
and reactivity in the aging vasculature appears complex and requires further inves-
tigation.

b. Prostanoids

The role of prostanoids, which include prostaglandins, prostacyclin, and thrombox-
ane, in vascular regulation is well known. These molecules are created from arachi-
donic acid by cyclooxygenase (COX-1 and COX-2) and prostaglandin H synthase
(PGHS-1 and PGHS-2) in most mammalian cells. In vasculature, prostanoids, espe-
cially thromboxane, stimulate vasoconstriction. Recent data suggest that aging
results in a significant increase of thromboxane A, and the prostaglandins PGE,,
PGF,alpha, and PGI, [165, 166]. Other studies have shown that the blunted vasodila-
tory response of aged vessels to administration of ACh or SNP, while partially
attributable to dysregulation of NO, could be partially or completely reversed by
inhibition of COX [138, 167] or PGHS2 [168]. Additionally, Davidge and colleagues
[167] found that COX inhibition reversed an age-related hypersensitivity to admin-
istration of the vasoconstrictor phenylephrine [167]. Furthermore, age-related
impairments in vasodilatory responses can be ameliorated by thromboxane A,/PGH,
receptor blockade [138, 167, 168]. Finally, age-associated endothelial dysfunction
appears to occur as early as 12 months of age via inhibition of the synthesis of COX-
2-derived constrictors as well as superoxide anions [169], suggesting an important
role for prostanoids in the vascular dysfunction seen with aging.

C. Reactive Oxygen Species (ROS)

There are extensive data suggesting that oxidative stress plays an important role in
the mechanisms of aging in multiple tissues [170] (see also Chapter 15). This concept
is supported by data revealing a direct correlation between the activity of superoxide
dismutase (SOD), an endogenous antioxidant, and lifespan in several species [171].
Although it is well recognized that changes in the antioxidant profile occur with
advancing age, relatively little is known regarding the role of oxidative stress in
aging-associated vascular dysfunction. In cultured aortic vascular smooth muscle
cells from 16-month-old mice, reduced SOD activity has been shown to result in
increased levels of reactive oxygen species (ROS) as well as increased lipid perox-
idation and damage to mitochondrial DNA[172]. In aging rats and mice, increased
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ROS production has been linked to decreased NO bioavailability [143, 173], with
concomitant quenching of NO by the formation of peroxynitrite followed by nitration
and inhibition of mitochondrial MnSOD [174]. These alterations have the potential
to interfere with endothelial NO signaling, resulting in increased vasoconstrictive
tone in aged vessels. Indeed, coronary arterioles from aging rats show significantly
diminished flow-induced, NO-mediated dilation as a result of increased O,~ anion
and peroxynitrite production [144]. In contrast to the above data, at least one study
reported that, despite increasing oxidative stress in both male and female Fisher-344
x Brown Norway rats with advancing age, vascular function appears to be preserved
in mesenteric arteries [175]. Thus, specific vascular beds may be sensitive to
increased oxidative stress associated with age, whereas others may be relatively
insensitive to such effects.

C. SUMMARY

Perturbations in multiple signaling pathways (NO, EDHF, ROS, prostanoids) have
been described in different vascular beds in the healthy aging animal. The majority
of the research to date suggests that endothelium-dependent responses are attenuated,
primarily due to decreased NO production and/or impaired downstream signaling
in the NO pathway. The apparent decrease in endothelium-dependent vasodilators
coincides with an increase in endothelium-dependent vasoconstrictors in many vas-
cular beds. Additionally, there is an evolving literature suggesting that both ROS
and prostanoids may be responsible for elevated vasoconstrictor activity. As most
of the aforementioned information is derived from peripheral vascular studies, the
mechanism(s) underlying cerebral vascular dysfunction in the aging animal remain
unknown. It is well accepted that the cerebral circulation is highly autoregulated.
Small changes in arterial tone result in rapid adjustment of regional cerebral blood
flow to meet neuronal and metabolic demands. Although it can be argued that the
effects of aging on cerebral circulation are predictable based on other vascular beds,
the diversity of changes observed in other vascular beds with age argue against this
position [176]. In addition, the basic control mechanisms in the cerebral circulation
are unique compared to other vascular beds and include, but are not limited to,
features such as the blood-brain barrier, perivascular innervation, intracellular com-
munication between neurons, perivascular glial cells, and smooth muscle cells, a
high tissue metabolic rate, lack of anoxic tolerance, and the presence of collateral
arteries in some species. Therefore, extrapolation of findings from other vascular
beds to the cerebral circulation is difficult, and further studies of the altered regulation
of the cerebrovasculature in aged animals are necessary.

V. CONCLUSION

Cerebrovascular aging can be viewed from several perspectives, including alterations
in vascular density (the number of capillaries and arterioles), vascular plasticity (the
dynamic regulation of vessel density or structure), and vascular reactivity (the adjust-
ment of vessels to acute metabolic changes that occur in tissues). There is evidence
that in otherwise healthy humans and animals, age-related changes occur in each of
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these variables. Data on vascular changes in the brain with aging are limited by the
absence of highly controlled studies, as well as by the complexities common to
gerontological investigations. Nevertheless, there are substantial data that the density
of some cerebral vessels, especially precapillary arterioles, decreases with age.
However, the analysis of capillary density can be more challenging, and the intro-
duction of stereological analyses may aid in the development of more precise
analyses and resolve some of the current controversies. Certainly the growth of new
vessels appears to be compromised with age, which has important implications for
management of disease processes including stroke. Finally, matching acute metabolic
changes to alterations in blood flow is critical for normal tissue function. Unfortu-
nately, the majority of data on microvascular reactivity has been gathered from
peripheral vascular beds. Whether changes in the cerebrovasculature are similar to
those in the periphery remain to be established. However, each vascular bed appears
to have unique regulatory properties and therefore additional direct studies will be
required. The underlying basic question to be addressed is whether age-related
alterations in blood flow or transport of nutrients from blood to brain limit tissue
function in highly localized areas of the brain and directly or indirectly lead to
impaired function. Obviously this is a complex question that will require non-
invasive imaging techniques that are still in development. Once these studies are
complete, the detailed studies of vascular density and vessel reactivity that are
ongoing can be integrated to determine whether pharmacological interventions can
be designed to improve function.
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I.  OVERVIEW

There is great interest in uncovering the mechanisms that underlie age-related
changes in cognitive function. This task is complicated by the observation that there
is considerable variation in the effects of aging across individuals. Although animals
exhibit an age-related decline in performance of cognitive tasks on average, it is
clear that some aged animals display cognitive performance comparable to that of
younger animals while other animals are severely impaired. This phenomenon has
been described across a wide variety of organisms, including humans [1, 2], primates
[3], and rodents [4, 5]. One factor that may contribute to variable age-related changes
in brain function is individual differences in the stress system. These differences in
the stress system could arise through natural genetic variation or through dissimilar
environmental exposure to stressors over the lifespan of the individual.

During a stressor, a wide variety of hormones are released through and regulated
by a system termed the hypothalamus-pituitary-adrenal (HPA) axis. These hormones
exert their effects in numerous central and peripheral sites to produce adaptive effects
(see [6] for a review), including the mobilization of energy from storage sites, mainte-
nance of the immune system, and inhibition of nonessential processes such as

305



306 Brain Aging: Models, Methods, and Mechanisms

reproductive function. Collectively, these functions enable “fight or flight” behaviors to
remove the organism from immediate danger, while later restoring bodily homeostasis.

Although many hormones are released in response to stress, much research has
focused on the role of glucocorticoids (GCs). It is important to note, however, that
stress and elevated GC levels are not equivalent, though their effects on behavior,
plasticity, and other measures may be similar. GCs are synthesized in the adrenal
glands, released directly into the peripheral circulatory system, and readily cross the
blood-brain barrier. Two forms of GC receptors, the mineralocorticoid receptor (MR)
and glucocorticoid receptor (GR), are each widely distributed throughout the brain
[7-10], enabling GCs to have tremendous influence on brain function. The primary
GC in humans and other primates is cortisol, whereas the main GC in rodents is
corticosterone.

Links between GCs and peripheral signs of aging were first proposed after clinicians
observed that patients with Cushing’s syndrome (also called hypercortisolemia; char-
acterized by excessive secretion of GCs via the adrenal glands) exhibit pathologies often
seen in aged individuals [11, 12]. These problems include heart disease, osteoporosis,
hypertension, Type II diabetes, depression of the immune system, and loss of muscle.
The idea that GCs might contribute to brain aging did not emerge until the early 1970s.
At that time, studies had revealed that one particular region of the brain, the hippocam-
pus, was especially enriched for GC receptors [13], and the contribution of the hippo-
campus to reducing activation of the HPA axis was beginning to be appreciated [14].
It was also known that the hippocampus was especially vulnerable to both normal and
pathological changes observed with aging [15, 16]. These factors led scientists to
propose a glucocorticoid hypothesis of aging [17-20]. This hypothesis predicted that
life-long exposure to normal levels of GCs would cause deleterious effects of GCs to
accumulate in GC-sensitive neurons, such as those of the hippocampus. Moreover,
because hippocampal dysfunction could reduce hippocampus-mediated inhibition of
the HPA axis [21], GC secretion was predicted to gradually increase over time, leading
to an acceleration of both damage and dysfunction.

In accordance with the GC hypothesis of aging, basal plasma levels of GCs [22-24]
and other hormones in the HPA axis [23, 25] increase in senescent rodents. Additionally,
older rodents exhibit exaggerated endocrine stress responses; peak levels of stress
hormones are unaffected with age, however GC levels take longer to return to basal
levels [22, 26]. In contrast, the relationship between GC levels and aging is not as
straightforward in primates. Generally, studies of nonhuman primates [27, 28] and
humans [29, 30] reveal no increase in basal levels of GCs with aging until considering
extremely aged cohorts. However, aged primates and humans do show some alterations
in measures of HPA axis activity. For example, older primates exhibit higher cortisol
levels and prolonged elevation of cortisol in response to some types of stimuli relative
to younger primates [28, 32]. Some studies of aged humans have reported mild alter-
ations in the diurnal cortisol rhythm [32-34]. Interestingly, several recent studies have
suggested that age-related changes in HPA activity exhibit high levels of variability in
primates, and identified sub-groups of rhesus monkeys [35] and humans [36-38] that
have increasing and high basal cortisol levels with aging. These sub-groups were iden-
tified by tracking cortisol levels in individuals across a span of years, a time-consuming
approach that is rarely used. Because cortisol levels vary widely within a day, due both
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to an innate diurnal rhythm and to the recent experiences of the individual, repeated
measures over time likely produce a more reliable indicator of cumulative GC exposure.

The nature of individual differences in HPA function in human populations is not
well understood, but there are a variety of sources that may contribute to group
differences in GC secretion, which could, in turn, drive differences in susceptibility
to GC-accelerated aging. One factor that may contribute to sub-populations with
increased GC release is the presence of neuropathological conditions in that sub-
population. There are a number of conditions, including Alzheimer’s disease [39] and
depression [40], that result in high levels of cortisol, which have been speculated to
contribute to accelerated brain aging [41]. A second factor that may contribute to
individual differences in GC secretion is cumulative exposure to stress. Some chronic
stressors in rodents [42, 43] and primates [44, 45] produce elevated basal GC levels.
Similarly, in human populations, stressors such as caregiving or chronic illness can
result in increased basal GC secretion [46, 47]. Another factor that may shape HPA
axis activity is early life experiences. In rodents, unpredictable prenatal stress (pro-
duced by stressing the pregnant dam) causes life-long increases in HPA activity [48,
49]. In contrast, mild postnatal stress (short-term separation of the pups from the
mother) is sufficient to reverse the effects of prenatal stress, and causes decreased
activity of the HPA axis [50, 51]. Handling rodents during infancy causes long-lasting
increases in GC receptors in the hippocampus, which enhances negative feedback of
the HPA axis [51]. In these rat models of early experience, prenatal stress accelerates
brain aging while mild postnatal stress of a form most readily construed as “stimilation”
slows brain aging [52, 53]. A fourth modulator of HPA axis activity is genetic influ-
ences. It has been shown that people with genetically small hippocampi are more
vulnerable to the pathological effects of stress [54]. It has also been shown that the
human gene for GR has three single nucleotide polymorphisms, two of which produce
a mild augmentation to psychosocial stress (reviewed in [55]).

Collectively, this evidence suggests that GC-mediated HPA activity is altered
by aging, at least in a subset of the aged population. Whatever the underlying cause
of age-related changes in GCs, many studies have now contributed to our under-
standing of the effects of GCs on neuronal function. These studies have revealed
that stress and GCs have profound consequences for learning and memory and
synaptic plasticity. Additional data have revealed that stress and GCs also contribute
to neuronal atrophy, changes in rates of neuronal turnover, and perhaps to neuronal
death. Subsequent work has provided evidence that these GC- and stress-induced
changes are present in senescent animals, and have also demonstrated that interven-
tions designed to reduce HPA activity can reduce signs of brain aging. By under-
standing the ways in which stress and GCs exacerbate brain aging, we also gain
insight into ways to promote healthy brain aging.

Il.  STRESS AND GLUCOCORTICOID EFFECTS ON
LEARNING AND MEMORY

The ability of stress and GCs to affect learning and memory has been extensively
documented, particularly in the hippocampus where GC receptors are highly
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expressed. It has been shown that the levels of GCs at the time of learning and
testing, as well as the cumulative history of GC exposure prior to learning and
testing, are each capable of influencing learning and memory. In rodents, transient
alterations in GC levels produced by a single injection of exogenous corticosterone
cause concentration-dependent, biphasic modulation of brain function. Both low and
high physiological levels of circulating GCs impair multiple measures of brain
function, including learning and memory, whereas middle levels facilitate these
measures, giving a characteristic “inverted-U” shaped dose-response curve (see [56]
for a review). Stressors given immediately prior to assessment of learning and
memory may similarly impair [57, 58] or facilitate [59] memory. The effects of
repeated stress or GC exposure appear more uniform. Chronic stress consistently
impairs measures of brain function. For example, chronic stress has been shown to
adversely affect hippocampus-dependent spatial learning [60—63]. Deficits in hippo-
campus-dependent learning after chronic stress have also been noted for other
organisms, including the tree shrew [64] and humans [65]. The effects of chronic
stress on hippocampal function appear to be mediated by GCs, despite other stress-
induced neuroendocrine changes. Removal of the adrenal glands prior to chronic
stress is sufficient to prevent stress-induced memory problems [60]. Also, repeated
injections of high physiological levels of exogenous GCs are sufficient to impair
hippocampus-dependent task performance in rodents [60, 66].

Studies in humans also support a link between high circulating GC levels and
poor learning and memory, although these impairments are not specific to hippo-
campal function. However, two studies in nonhuman primates have indicated that
GC receptors are expressed in the frontal and prefrontal cortices at levels similar to
or greater than the hippocampus [10, 68], predicting that GC effects on memory
may not be greatest in hippocampus-dependent tasks in the primate. Injection of
synthetic cortisol in young adults during the peak (highest level) or trough (lowest
level) of the diurnal rhythm of endogenous secretion produced an impairment or
facilitation of memory, depending on the time of injection [68]. That is, at the highest
levels (the combination of both exogenous and endogenous GCs), acutely elevated
GCs impaired performance, while at the lowest levels, performance improved.
Repeated injections of synthetic cortisol over ten days in healthy, young adult
humans have been shown to produce deficits in tasks depending on the frontal cortex
[69]. In humans with clinical depression, cortisol levels are elevated during the
cicadian trough overall and levels are predictive of memory performance: high levels
of cortisol correlate with poor task performance [70]. Finally, hypercortisolemic
patients with Cushing’s syndrome have been shown to have impaired performance
on both cortical [71] and hippocampal [72] tasks. Thus, long-term exposure to high
GC levels is capable of impairing learning and memory.

The effects of aging on learning and memory are similar to those produced by
GCs and stress in younger animals. For example, rodents show age-related impair-
ment of hippocampal function on a variety of hippocampus-dependent tasks such
as spatial navigation [73, 74], the radial arm maze [75, 76], and contextual fear
conditioning [77, 78]. Aged rats also show impairments on behavioral tasks that
depend on frontal cortices, including medial frontal [79] and orbitofrontal [80, 81].
However, for all of these tasks, age-dependent impairment of learning and memory
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is quite variable, with subsets of animals exhibiting impairment and other cohorts
showing little or no impairment [73—75, 81-86]; such variability can reflect important
factors, such as strain or developmental history. Aged primates, including both
monkeys [3, 87, 88] and humans [36, 38, 89, 90] show deficits in learning and
memory, particularly in tasks that depend on the frontal cortices or hippocampus.
In general, small sample sizes in these studies have precluded examining many of
the factors that give rise to variability in these endpoints.

There is evidence to suggest that age-related impairments in learning and mem-
ory are related to GC levels. Increased HPA activity correlates with age-related
cognitive impairment in rodents [4, 52, 91] and humans [5, 37], such that the greater
the degree of cognitive impairment, the greater the measures of HPA activity.
Adrenalectomy of rodents in mid-life, coupled with low-dose supplementation of
exogenous GCs, retards age-related memory deficits [92]. In humans, elderly persons
with subjective memory impairment have elevated basal cortisol levels [93]. Also,
elderly humans with persistently high levels of basal cortisol measured across several
years exhibited poorer performance on a hippocampus-dependent delayed memory
task than elderly persons with lower cortisol levels [36, 38]. Finally, in humans with
elevated basal cortisol levels, administration of metyrapone, a drug that maintains
cortisol secretion at low basal rates, has been shown to reverse age-related memory
impairments [94].

I1l.  STRESS AND GLUCOCORTICOID EFFECTS ON
PLASTICITY

Studies examining synaptic plasticity in animal models have demonstrated that
putative cellular substrates for learning and memory are also regulated by stress and
GCs. Acute administration of corticosterone to young adult rodents produces parallel
effects on behavioral indicators of memory and synaptic plasticity; low to medium
doses of corticosterone produce dose-dependent increases of hippocampal long-term
potentiation (LTP, an increase in synaptic strength [95]),; whereas high doses impair
LTP [96, 97]. High levels of exogenous corticosterone administered to young adult
rats also reduce hippocampal prime burst potentiation (PBP, a form of LTP [98] in
which stimulation patterns are designed to mimic stimulation of the hippocampus
under natural conditions) [96, 99]. Similar reductions in PBP are observed after
acute, intense psychological stress [100] or exposure to predator odor [101].
Repeated stress in young rats causes multiple changes in hippocampal electrophys-
iological measures, including reduction of stimulation thresholds, reduction of field
EPSP amplitude, and a decrease in frequency potentiation (FP; a form of short-term
plasticity in hippocampus [102] of the field EPSP) [103]. Intense, acute stress [104]
and repeated stress [105] also impair LTP in young rats. Both acute and repeated
stressors facilitate long-term depression (LTD [106], a reduction in synaptic strength)
[107, 108].

Studies suggest that some of these effects on synaptic plasticity are mediated
by GCs released during stress. For example, chronic injection of high physiological
levels of GCs impairs hippocampal LTP in young rats [97]. Similar decrements in
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LTP have been observed after 3 months of elevated corticosterone in middle-aged
rats [60]. These studies demonstrate that GCs alone are capable of reducing plasticity
in hippocampus. Adrenalectomy of adult rats reduces the ability of stress to diminish
LTP [109]. Adrenalectomy also reduces afterhyperpolarizations in neurons of hippo-
campal slice preparations, enabling those neurons to fire action potentials in quicker
succession; in contrast, bath application of GC agonists to hippocampal slice prep-
arations from adrenalectomized rats enhances afterhyperpolarizations, indicating that
GCs reduce the excitability of hippocampal neurons [110]. High levels of GCs also
increase voltage-gated calcium currents in neurons [111, 112].

There are numerous studies that suggest that GC-induced changes in electro-
physiological measures exist in aged animals. Paralleling the effects of stress and
GCs, aging reduces both LTP, especially with lower intensity of stimulation [113,
114], and FP [115]. Aging rats also show increases in LTD [116]. Reductions in
stimulation threshold and field EPSP amplitude, observed after stress in young rats,
also are observed with normal aging [103]. Also, GC-sensitive afterhyperpolariza-
tions in hippocampal neurons are greater in aged rats relative to young rats [117].
Finally, aged rats show increased calcium-dependent neuronal activity in hippocam-
pus [118], and have large L-type calcium channel currents [119, 120], which con-
tribute directly to impairment of synaptic plasticity [121].

IV. STRESS AND GLUCOCORTICOID
CONTRIBUTIONS TO NEURONAL ATROPHY AND
CELL DEATH

Some studies suggest that stress and GCs may lead to neuronal death, but this
conclusion is not without controversy. In rodents, chronic injection of exogenous
stress levels of corticosterone in young rats produced neuronal loss of CA3 compa-
rable to that seen in aged rats [19], but it has also been shown that this effect is
observed only if treatment begins when the rats are juveniles and does not happen
if prolonged corticosterone exposure occurs only during adulthood [122]. Thus, high
levels of corticosterone do not always cause neuron loss. Stress is even less likely
to produce overt neuronal death than GC exposure [123]. Only truly exceptional
levels of stress have ever been shown to cause neuron loss in the brain. Wild-born
monkeys that died in captivity exhibiting multiple signs of severe social subordina-
tion stress (gastric ulcers, bite wounds, increased adrenal weight) have been shown
to have stress-related changes in hippocampal neurons. These monkeys showed
reduced numbers of hippocampal neurons and pronounced atrophy in those hippo-
campal neurons that remained [124].

Unlike stress or GCs, it is clear that senescence is accompanied by cell loss,
and this cell loss is indirectly linked to GC exposure. In the rat, age-related neuronal
loss in hippocampus is greatest in Ammon’s horn pyramidal neurons, and minimal
in the dentate gyrus [92, 125]. Because receptors for GCs are highest in Ammon’s
horn, and less dense in dentate gyrus [126, 127], this anatomical pattern of neuron
loss implicates GC actions in age-related decline of hippocampal volume. Removal
of endogenous corticosterone by adrenalectomy of rodents in middle-age attenuates
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this age-related loss of hippocampal neurons [92]. Both cognitive impairments and
elevated corticosterone levels are correlated with hippocampal neuron loss in rats
[4]. Finally, rats with low HPA activity as a result of postnatal handling as pups did
not show age-related loss of hippocampal neurons, in contrast to their nonhandled
littermates [51, 53]. Thus, GC levels clearly accelerate neuron loss in aged rodents.

One recent proposal [128] has suggested an interesting mechanism by which
GCs, through GR-mediated signaling, may contribute to cell death. According to
this hypothesis, high levels of GCs must first pass through the cell membrane and
bind to the cytoplasmic GR. The activated GR acts through a combination of
nongenomic (depolarization of the mitochondrial membrane [129]) and genomic
mechanisms (increasing gene transcription of pro-apoptotic proteins such as Bax
that further depolarize the mitochondria). Factors promoting apoptotic cell death,
such as cytochrome c, are released from mitochondria upon sustained depolarization.
Thus, GC-mediated apoptosis of neurons [130] is hypothesized to be mediated by
direct and indirect actions of GR on mitochondria.

It is not clear whether healthy aging in humans is accompanied by neuron loss,
nor is it clear whether high levels of cortisol in humans could lead to cell death. In
the few studies to quantify hippocampal neuron numbers in postmortem human
brains, the number of hippocampal neurons decreased with age in area CAl, the
dentate gyrus, and the subiculum [131, 132]. Using MRI techniques to estimate
volumetric changes in brain structures, volumetric loss in healthy subjects is par-
ticularly pronounced in various cortical regions, including frontal and parietal cor-
tices, but there appears to be little volumetric loss in subcortical areas such as
hippocampus, thalamus, and the amygdala [134]. Young and middle-aged humans
with elevated cortisol due to Cushing’s syndrome exhibit loss of hippocampal volume
[134]; however, this effect is reversed when treatment is given to normalize corti-
costerone levels [135]. Although volumetric loss in human cases could be accounted
for by cell death, the simple reversibility of volume loss in Cushing’s patients with
high cortisol suggests that at least some volumetric changes are more likely due to
reversible dendritic atrophy.

An abundant literature illustrates strong links between stress, GCs, and neuronal
atrophy. In rodents, chronic stress has been shown to cause neuronal atrophy in
numerous brain regions, including the inferior colliculus [136], medial prefrontal
cortex [137], and the hippocampus [138]. Administration of exogenous corticoster-
one [139-141] or a synthetic GC [141] to young rodents produces neuronal atrophy
in the same regions showing atrophy after chronic stress. In primates, exposure to
chronic and severe social stress caused atrophy in hippocampus, frontal and pre-
frontal cortices, and the cingulate cortex [124]. Implantation of a cortisol pellet
directly into the hippocampus of adult monkeys caused extensive atrophy of local
neurons after 1 year of cortisol exposure [142]. Administration of high levels of a
synthetic GC to pregnant rhesus monkeys caused both hypercortisolemia (chroni-
cally elevated levels of cortisol) and marked hippocampal atrophy in the offspring
[143].

If one accepts the premise that volumetric loss in humans is likely to reflect
atrophy, then links can be made between stress, GCs, and atrophy in humans. For
example, high levels of exogenous steroids administered to treat autoimmune disease
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in young and middle-aged humans caused brain atrophy, and the atrophy was
reversed in several patients when steroids were no longer used [144]. As mentioned,
patients with high cortisol levels due to Cushing’s syndrome have small hippocampal
volumes [134] but hippocampal volumes increase after treatment to reduce cortisol
levels [135]. Smaller hippocampal volumes have been reported in patients with
stress-related psychiatric disorders including PTSD [145], borderline personality
disorder with abuse [146], and depression [147], and dissociative identity disorder
[148].

Caution must be used, however, when correlating psychiatric disease with alter-
ations in brain volumes, as it is possible that volumetric differences precede the
disease. Such a finding was recently demonstrated for smaller hippocampal volumes
in patients with PTSD [54]. Researchers identified monozygotic twin pairs, one of
whom had combat exposure (“combat exposed”) during military experience and the
other without combat experience (“unexposed”). Of those pairs, a subset of the
combat-exposed twins had developed PTSD after their combat experience, and the
remainder did not; none of the “unexposed” subjects developed PTSD. By conduct-
ing volumetric MRI analysis of the hippocampus, the researchers were able to show
that the combat veterans with PTSD had smaller right hippocampal volumes relative
to individuals without PTSD. However, the identical twins of the combat-exposed
veterans with PTSD also had smaller hippocampi relative to individuals without
PTSD. This strongly suggests that small hippocampi constitute a risk factor for
developing PTSD, and suggests that the “hippocampal atrophy” observed in some
PTSD patients can reflect a preexisting condition and is not the result of trauma.
Smaller hippocampi may reduce the ability of the hippocampus to inhibit the HPA
axis during a stressor [21], thereby increasing the individual’s exposure to cortisol
and other stress hormones during a traumatic event.

There are several studies that indicate that neuronal atrophy accompanies aging
but few studies quantify atrophy in animal models of aging. This is likely because
the techniques (such as Golgi staining) are labor intensive and the analysis is time
consuming. Studies in senescent rats show reduction in dendritic branching of the
hippocampus [149] and the anterior cingulate cortex [150]. The largest age-related
decline in human subjects is in the prefrontal lobes [151, 152] but volumetric
reductions also are observed in other cortices and a small reduction has been reported
for the hippocampus [152]. Interestingly, these areas that show atrophy in humans
are also the areas that have been shown in nonhuman primates to contain high levels
of GR. However, there is no direct evidence that altering GC levels in either human
or nonhuman primates affects the aging process.

V. STRESS AND GLUCOCORTICOID REGULATION
OF NEUROGENESIS

New neurons are generated in the adult brain via mitotic cell division, a phenomenon
termed “neurogenesis.” These new neurons have been shown to migrate from the
subventricular zone and subgranular zone to the olfactory bulb and hippocampus
respectively, and also to the neocortex, where they integrate with the local circuitry.
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Neurogenesis has been shown in several species, including the rat [153, 154],
nonhuman and human primates [154—156], and the tree shrew [157], but occurs in
limited fashion. That is, even within the olfactory bulb and hippocampus, new
neurons comprise only a very small portion of the total number of neurons in the
structure. Although the functional purpose of neurogenesis is highly debated, the
fact that these newborn neurons mature, form synapses, and integrate into neural
networks suggests that they may play an important role in hippocampal function
(see [158] for a review; see also Chapter 6).

Neurogenesis has been shown to be very sensitive to stress and GCs. A wide
variety of acute stressors reduce proliferation of hippocampal cells [157-159].
Chronic stressors also produce similar effects on hippocampal proliferation
[161-163]. Prolonged and high levels of corticosterone reduce neurogenesis in rats
[164], as does transient elevation of circulating GCs via a single injection of a high
dose of corticosterone [165]. Increased basal corticosterone levels in the offspring
of a female rat stressed while pregnant is correlated with reduced hippocampal
neurogenesis [166]. Adrenalectomy reverses the ability of acute stressors to impair
neurogenesis in young rats [167]. Adrenalectomy of young rats also reverses corti-
costerone-induced impairment of neurogenesis [164].

Age-related changes in neurogenesis parallel those changes observed after stress
and GC treatment in younger animals. In rodents, tremendous decreases in hippo-
campal cell proliferation accompany senescence [168—170]. Within a cohort of aged
rats, significant correlations have been observed between basal corticosterone levels
and levels of hippocampal neurogenesis; those aged rats with the highest levels of
corticosterone also had the lowest levels of neurogenesis [171]. In mice, neuronal
precursor cells in older animals express higher levels of both MR and GR than
precursor cells of younger animals, suggesting that cell proliferation is likely more
sensitive to corticosterone as aging progresses [172]. In agreement with this sug-
gestion, increased sensitivity to GCs with age has been suggested in tree shrews;
older animals exhibited greater inhibition of hippocampal cell proliferation in
response to chronic stress than younger animals [173]. Rodents adrenalectomized
in mid-life do not show age-related increases in corticosterone levels, nor do they
show age-related decline of neurogenesis [171, but see 174]. Adrenalectomy of aged
rats is also capable of increasing hippocampal cell proliferation to levels comparable
to that of young rats, suggesting that high corticosterone levels in aged rats act to
suppress neurogenesis [170]. No studies have examined the effects of stress on
neurogenesis in aged animals; but because aged animals show such a large
suppression of neurogenesis, it may be that neurogenesis is not capable of further
suppression.

VI. CONCLUSIONS

An extensive body of work has substantiated the idea that repeated or prolonged
exposure to GCs has a deleterious impact on brain function, and has also provided
evidence that GCs likely contribute to age-related decline in brain function. These
stress- and GC-mediated effects on age are evident across behavior, electrophysio-
logical, and anatomical levels. Despite the sophistication of our knowledge of the
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effects of stress and GCs across many dimensions of brain function, future research
will undoubtedly continue to expand our understanding of the ways by which this
occurs and suggest new therapeutic targets for intervention within a subset of people
whose brain function is disproportionately affected during senescence.
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I.  Ca** HYPOTHESIS OF AGING

It is now more than two decades since the first proposal of a “Ca?* hypothesis of
aging” [1]. In its mature formulation, the hypothesis aimed to provide a working
hypothesis for explaining not only the aging process but also Alzheimer’s disease
(AD). Drawing on many neurophysiological processes and mechanisms, the hypoth-
esis contained six interrelated key elements [2], providing an extremely wide explan-
atory blanket. The exposition of these elements is worth repeating not only for
historical reasons and to illustrate the breath of the proposal, but also because it still
represents the source of some misunderstandings.
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The first element of Khachaturian’s construct was simply that the cellular mech-
anisms that participate in Ca?* homeostasis also play an important role in the process
of aging and neurodegeneration. Consequently, altered Ca?* homeostasis can account
for a number of age-related changes associated with either aging or AD. The second
element was that normal aging and the process of neurodegeneration, as in AD, must
be seen as part of a continuum of processes associated with development and
restructuring of the nervous system throughout life. Thus, the morphological changes
in AD, such as dendritic pruning and loss of synapses and neurons, involve the same
mechanisms that are responsible for neuroplasticity in the developing or mature
brain. As an extension of the previous point, the third element of the hypothesis
concentrated on the plasticity of the nervous system architecture seen, at any time
point, as a balance between growth/regeneration and decaying/degeneration pro-
cesses. In many of these processes the intracellular Ca?* ([Ca>*];) plays a crucial role
and, from this perspective, the neuronal dysfunction of the aged or the AD brain
results from an imbalance between the two types of opposing processes, an imbal-
ance that can result from a breakdown of the homeostatic mechanisms regulating
[Ca?],. The next, rather contentious element dealt with the temporal dimension of
the aging/neurodegenerative processes and proposed that the functional product of
the perturbation in [Ca*]; homeostasis and time is a constant. Thus, small changes
in [Ca?*]; (as those resulting, for example, from a less efficient Ca?* extrusion pump,
or an enhanced Ca?* channel activity) exerted over a long period of time would have
the same functional or morphological effects as a massive, but acute insult. It is
clear now that the actions of Ca?* in different temporal domains (i.e., over millisec-
onds, seconds, minutes, or days) generate very different types of responses and
functional outcomes. A fifth element took into account the cellular effects of Ca?
signaling and proposed that Ca?*-mediated processes are an important part of the
final common pathway that leads to neuronal dysfunction and cell death. The model
presented at this point an extremely broad and flexible perspective, and almost any
element along the path leading from the triggers of Ca?* dysregulation to various
Ca?* homeostatic mechanisms to, eventually, any of the Ca**-dependent processes
could fit the bill of explaining the involvement of Ca* in the process of aging and
neurodegeneration. This point was even further expanded by the sixth element, which
proposed that both the age-related and the AD-associated changes are not single
factorial events but could be initiated by a wide variety of instances, acting single
or in combination, simultaneous or sequentially, over a long period of time.

Underlying this hypothesis were two powerful ideas that reflected the predom-
inant views of the time. One was that the difference between aging and neurode-
generation is just a matter of degree, both existing along a continuous path. The
other idea was that intracellular Ca?* signaling is one of the most important trans-
ducing processes involved in a wide range of cellular processes [3, 4]. Linking the
two was the concept of Ca?* regulation of neuronal death through the process of
excitotoxicity. The term “excitotoxicity” was first coined by Olney in 1970 to
describe the excessive activation of glutamate receptors that follows neuronal dep-
rivation of oxygen and/or nutrients and resulting in neuronal death [5]. The subse-
quent demonstration in 1987 of the involvement of Ca?* in mediating the excitotoxic
outcome [6] strengthened the “Ca’* hypothesis of aging.”
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Today, of the two central ideas discussed above, only the latter remains unchal-
lenged; the issue of understanding the aging as a neurodegenerative process is very
much disputed. From animal studies it is clear that the age-related changes in
functional and biochemical characteristics of the cortical circuitry that might underlie
the moderate cognitive decline do not involve frank neuronal death but a significant
amount of synaptic restructuring [7]. Some of the reasons why, from the late 1960s
to the mid-to-late 1980s, the dogma of aging centered on the idea of associated
significant neuronal loss were technological (the modern unbiased, dissector method
for counting neurons was introduced only in 1984 [8] and helped demonstrate
significant differences between neuronal numbers in normal aging and in neurode-
generative diseases [9]; see also Chapter 4) and methodological, involving the
possible inclusion in some studies of material coming from subjects already affected
by neurodegenerative diseases, (cf. [10]). Thus, in its initial formulation that links
dysregulation of Ca?* homeostasis to neuronal loss, the “Ca?* hypothesis” is not
directly applicable anymore to the process of normal aging, but retains much of its
explanatory power in the context of Alzheimer’s disease (see [11] for a recent
review). What is undisputed, however, is the fact that intracellular Ca?* signaling
and its regulation are central to neuronal physiology, linking with a variety of other
processes (Figure 14.1).

II. Caz* HOMEOSTASIS
A. Ca2* ENTRY AND CA2+ EXTRUSION PATHWAYS

At any time point, the values of intracellular free Ca?*, as measured routinely by
Ca?*-sensitive fluorescent dyes with different affinities, represent the functional
balance between processes that increase and those that decrease [Ca?*]; (Figure 14.2).
Neuronal activation usually is associated with increases in [Ca?*],. For neurons, the
source for these activation-induced Ca** responses is the extracellular medium, with
Ca?* ions flowing along a very steep (10,000-fold) concentration gradient (at rest
[Ca]; is around 50 to 100 nM, whereas the extracellular Ca** is around 1.5 to 2 mM).
This process involves a number of different types of ion channels; some are activated
by the depolarization of the plasma membrane and have exclusive selectivity for
Ca? ions (the voltage-operated Ca®* channels, VOCCs). These channels exist as
several types and are functionally divided into two categories: (1) the low voltage-
activated (LVA) channels (prototype, the former T-type VOCC and current Cav3
family — for new VOCC nomenclature, see [12]), activated by smaller depolariza-
tions of the plasma membrane; and (2) the high voltage-activated (HVA) channels.
Of these HVAs, the best-known functionally is the L-type Ca’* channel (current
Cavl family), but the family also comprises the N-, P-, Q-, and R-types (all part of
the Cav2 family) [13]. Additional types of channels involved in generating Ca?
signals in neuronal cytosol are the ones activated by specific ligands (ligand operated
Ca?* channels, LOCs), such as NMDA, AMPA (or, in vivo, glutamate) or ATP
(purinergic P2X receptors). These are nonspecific cationic channels, with a Ca*
permeability that is usually lower than that for Na* (the latter ion having, neverthe-
less, a much lower electrochemical gradient). Another type of neuronal plasma
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FIGURE 14.1 (SEE COLOR INSERT FOLLOWING PAGE 204) Scope of Ca?* signaling.
The figure illustrates some of the main targets of Ca?* signaling, through which Ca?* exerts
its huge range of functional effects on cellular (neuronal) physiology [168]. For some of these
interactions, Ca?* has a direct interaction with the targets, whereas for many other function,
calmodulin, the classical Ca?>* binding protein, is a mediator, so that the Ca**-calmodulin
complex becomes the target activator [169]. Such targets, regulating a plethora of downstream
physiological responses, include nitric oxide synthase (NOS [170]), adenylate cyclase [171],
the family of CaM kinases [172], and the important family of Ca?*-dependent protein phos-
phatases, such as calcineurin [173]. Of the direct targets, Ca?* is an essential regulator of the
exocytotic process [174]. Ca?* also is an important regulator of a variety of channels, either
on the plasma membrane, such as the VOCCs [175] and the Ca?*-dependent K* channels
[176], or on the ER membrane, such as the rynanodine receptor/channel [16, 177]. Through
the activation of the PLA2 [178], Ca?* regulates the generation of arachidonic acid and the
prostaglandins signaling pathways. Finally, through the binding and activation of a series of
proteases (e.g., calpain), Ca** is an important regulator and executioner of neuronal death
[179].

membrane channel with Ca?* permeability is represented by the second messenger-
operated Ca* channels (SMOCs), with cyclic nucleotides or arachidonate as acti-
vators. Finally, a ubiquitous and ever-expanding family of nonselective plasma
membrane channels is that of the transient receptor potential (TRP) channels, initially
described during the study of the photoreceptor transduction process.

Recovery of resting [Ca]; values following such activation-evoked Ca?* signals,
which can generate increases of [Ca]; well in excess of 10 uM, taking into account
the confined small volumes where these signals appear (synaptic boutons, dendritic
spines), is an energy-dependent process involving either pumps (ATPases) or specific
transporters. The pumps remove cytosolic Ca?* either to the extracellular medium
(the plasma membrane Ca** ATPase, PMCA) or into the endoplasmic reticulum,
which is a very important Ca* storing organelle (through the sarco(endo)plasmic
Ca?* ATPase, SERCA). A specific transporter is the Na*/Ca?* exchanger (NCX),
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which harnesses the electrochemical gradient of Na*. These transport systems have
different thresholds for activity. While the pumps have lower transport rates, they
have a higher affinity for Ca?* and thus are able to respond to smaller changes in
[Ca]; and ultimately to set the basal Ca** levels.

B. INTRACELLULAR ORGANELLES

Many intracellular organelles participate in Ca** homeostasis and, as discussed in
more detail below, another important mechanism for removal of cytosolic Ca** is
the Ca?* uniporter of the mitochondria. This system has a huge transport capacity
(depending on conditions, mitochondria can accumulate millimolar Ca?*) with an
optimal affinity in the micromolar range, levels easily reached at the peak of Ca?
responses during activation. The system is also able, in a sub-mode of action or
through a separate uptake system (the rapid uptake mode, RaM), to take up cytosolic
Ca?* following smaller, submicromolar [Ca]; increases [14].

Endoplasmic reticulum (ER) is a multifunctional organelle, intimately involved
in Ca?* homeostasis, acting both as a direct source of Ca®* signaling (e.g., metabo-
tropic glutamate stimulation, mediating release of Ca?* from the ER through the
generation of InsP; and activation of the specific InsP; receptors) or as an important
amplifier of the Ca?* signal generated at the plasma membrane, through the process
commonly known as the Ca**-induced Ca?* release (CICR) [15]. As mentioned
above, through the action of the SERCA pumps, the ER also can participate in the
recovery of the resting [Ca?*]; values following neuronal activation. While this role
of the ER is very well established in nonexcitable cells and in some neurons of the
peripheral nervous system, its participation in the intense Ca?* signaling of central
nervous system neurons is more restricted [16]. Irrespective of the cell type under
consideration, the ER is always the site of protein synthesis and maturation, and
many of these processes are controlled by proteins sensitive to Ca* [17].

C. CAZ* BUFFERS

All the mechanisms briefly described above involve transporting proteins, embedded
in membranes, which are able to bind Ca?* with various affinities and mediate the
transmembrane movement of ions. Another set of proteins with an important role
in cellular Ca?* homeostasis is known under the general name of Ca?-binding
proteins (CaBP). Many of these proteins are soluble, and this higher degree of
mobility allows them to interact with Ca>* with different affinities at various loca-
tions, and consequently shape the Ca?* signal (either by transporting Ca** away from
or by significant Ca?* buffering at the site of generation). One of the largest families
of CaBP is characterized by the EF-hand Ca?*-binding domain, consisting of two
perpendicular 10- to 12-residue, alpha-helix regions separated by a 12-residue loop
region; EF-hand domains are often found in single or multiple pairs, giving rise to
a huge variety of structural/functional variations in the proteins that form a family
comprising more than 600 members [18]. The CaBP are divided into two functional,
well-established categories. One, having calmodulin as the reference member, acts
as a Ca?t sensing mechanism that translates graded changes in [Ca?*], that follow
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cell stimulation into a graded response initiated by the binding of these CaBP to
various Ca**-sensitive target enzymes. Within this category, a group of proteins,
called the neuronal calcium-sensor (NCS) proteins, has recently acquired promi-
nence due to the relatively specific localization and/or set of functions they perform
[19]. One of these proteins, calsenilin, could be very relevant to the processes of
neurodegeneration because, among other things, it can modify the processing of
presenilins and regulate the processing of the amyloid precursor protein (APP), both
intimately involved in the pathophysiological processes of Alzheimer’s disease [20].

The other functional category, represented by proteins such as parvalbumin,
calbindin, and calretinin (PB, CB, and CR, respectively), is that of the Ca?* buffers.
These proteins are widely expressed in the central nervous system, less in principal
neurons, and more in the inhibitory GABAergic interneurons, each type being
characterized by a predominant form of CaBP, and associated with a specific
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constellation of associated neurotransmitters, cell surface markers, and receptors
[21]. Furthermore, experimental data and theoretical modeling, coupled with infor-
mation on the biochemical properties of these CaBP buffers, show that they could
exert profound effects on neuronal activity, from shaping the Ca?* signal at local
levels in the presynaptic active zone or postsynaptic densities, thus initiating the
transfer of information in the neuronal networks [22] to modulate neuronal vulner-
ability. Many studies have shown the neuroprotective effects of CaBP. For example,
in hippocampal primary cultures, neurons expressing CB are more effective at
recovering [Ca?*]; levels after stimulation [23]; whereas for cortical neurons, expres-
sion of CR appears to play this protective role [24]. Calbindin can protect neurons
from both oxidative stress and reduce apoptosis [25]. Significantly more motor
neurons survived a standard severe peripheral injury in parvalbumin-overexpressing
transgenic mice than in control, wild-type littermates [26].

At the other end of the functional spectrum, the distribution and types of intra-
cellular Ca?* buffers can affect significantly the electrical activity of neurons. For
example, a strong correlation has been found between the expression of parvalbumin
and the firing pattern of neurons: the PV-positive GABAergic interneurons are
capable of maintaining a higher rate of repetitive activity, an observation explained
by the fact that PV is a “slow” Ca?* buffer and thus able to decrease more effectively
the [Ca?*], during higher frequency discharges [27]. Overall, it is important to
mention in this discussion that a more general parameter, the Ca?*-binding ratio
(Ks), is used to measure and compare the overall capacity of various cells to buffer
Ca?, independent of the type of Ca?* buffer proteins involved. Experimental

FIGURE 14.2 (SEE COLOR INSERT FOLLOWING PAGE 204) Diagrammatic presenta-
tion of the roles of Ca?* in the synaptic transmission of information. At the presynaptic site,
the major pathway of Ca?* increase is the activation of the VOCCs that follows the depolar-
ization of the presynaptic bouton by incoming action potentials. The entry of Ca?* from the
extracellular medium (either intra- or para-synaptic) activates the exocytotic process [174],
with consequent release of neurotransmitters in the synaptic cleft. The entry of Ca?* at the
postsynaptic density is mediated by a wider range of channels: either the VOCCs (particularly
the Cavl.2. and 1.3 L-type [13, 180]) or the glutamatergic ionotropic channels with Ca?*
permeability (NMDA- and AMPA-type). It is well established that the postsynaptic types of
Ca*-permeable channels are integrated in elaborated protein complexes, with important
signaling function, generating the so-called “signalosomes” [181, 182]. In addition, a Ca?*
signal with important modulator functions can be generated through the activation of the
metabotropic glutamate receptors (mGluR) [183], which can trigger an InsP;-mediated Ca?*
response [181]. Either this release of Ca?* from the intracellular stores or the entry of Ca%
from the extracellular medium can by amplified by the process of Ca?*-induced Ca?* release
(CICR) [15]. The initial increase in [Ca?*]; is immediately buffered by the soluble Ca**-binding
proteins (CaBP). During the recovery phase, the free Ca?* is either taken up by the mitochon-
dria or into the ER, through the activity of the sarco(endo)plasmic reticulum Ca?* ATPase
(SERCA). The majority of the Ca?* is extruded to the extracellular medium, through the
activity of the plasma membrane Ca?>*ATPase (PMCA) or the operation of a membrane
Na*/Ca* exchanger (NCE). For a more “realistic” representation, the glial component of the
synaptic complex also is shown, because glia act as an important sheath, with morphological,
functional, and metabolic functions [184].
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measurements of this important parameter show significant heterogeneity between
different neuronal types — in hippocampus, the inhibitory interneurons have a two
to three times larger buffering power (i.e., higher Ks) than the excitatory interneu-
rons, and thus are able to withstand larger Ca** challenges [28]. In the spinal cord,
the Ks of motor neurons is only about 50 (indicating that 1 in 50 Ca?" ions entering
the cells or 2% of the Ca?* challenge remains free, unbound by the cytosolic buffers)
[29], whereas the Ks of the sympathetic superior cervical ganglia (SCG) varies
between 250 and 500, depending on the value of [Ca®']; at a given time [30].
Interestingly, the value of Ks appears to be developmentally regulated [31].

I1l.  EFFECTS OF AGING ON Ca** HOMEOSTATIC
SYSTEMS

There are relatively few direct experimental data analyzing and describing the
putative age-related changes of the various Ca?* homeostatic mechanisms. Overall,
they tend to show dysfunction but, as discussed at length elsewhere, the interpretation
is rendered difficult by the use of a variety of cellular preparations and by the
heterogeneity of neuronal composition and ratio of glia to neurons in various regions
of the brain [32].

A. AGE-DEePENDENT EFrecTs ON CAZ* ENTRY PATHWAYS

The age-dependent changes in the activity of various Ca?* entry systems illustrate the
problems in interpretation. Some of the complications are intrinsic to the model; there
are several pathways allowing Ca* entry, each of them composed of various subunits
with different Ca?* permeabilities and regulating different sets of neuronal activities
and functions. The other source of complication is the regional heterogeneity.

1. Ca2* Channels

With respect to the effect of aging on the voltage-operated Ca?* channels, two regions
have been studied more intensely: (1) the hippocampus, in particular the pyramidal
neurons of CA1l region; and (2) the cortical neurons of the basal forebrain.

In the hippocampus, one of the most consistent findings is that of an age-dependent
increase in Ca?*-dependent afterhyperpolarization (AHP) [33-35], due to a demon-
strated increase in the number of L-type VOCCs [34-36]. A somewhat similar conclu-
sion was reached for the neurons of the basal forebrain, although the mechanisms
mediating an increased Ca”* load within aging appear different. In these latter neurons,
the two large families of VOCCs — that is, the LVA and HVA — appear to respond
differently to aging. While the LVA show an increased current density (i.e., larger current
values per unit of surface area) with similar activation/inactivation kinetics [37], the
HVA show the opposite — the same current density but with decreased inactivation
[38]. While most of this electrophysiological evidence would indicate that in the CNS,
aging might be associated with an increase in Ca?* uptake through VOCCs, once again
the peripheral neurons seem different; and for the dorsal root ganglia neurons, both LVA
and HVA currents are decreased by aging [39]. Other lines of evidence, based on older
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biochemical studies, suggest an opposite functional outcome. An assessment of the
binding sites for a typical, very specific VOCC antagonist (i.e., dihyropiridine) showed
an age-dependent decrease in the binding affinity and sensitivity [40]. Work on another
type of nervous system preparation, synaptosomes, also showed conflicting results in
response to depolarization (the assumption being that depolarization by KCl will activate
the VOCC present in the nerve terminals); some reported an increased Ca®* uptake [41],
whereas others showed an inhibition [42] or no effect [43]. Expanding the panoply of
methods used for assessing the effects of aging on VOCC, one study [44] looked at the
age-dependent changes in the o subunit composition of the VOCCs, using the cere-
bellum as a study model (for which, however, not much electrophysiology of the aging
brain exists) and showed a consistent decrease in the oy, subunit (encoding the L-type
VOCQC) in the Purkinje neurons. While the details of such investigations appear rather
confusing, in general it appears that there is no unique effect of aging on VOCCs; and
that for each type of VOCC, conclusions need to be drawn by direct experimentation
on multiple neuronal types.

2. Glutamate-Operated Channels

The other path of Ca* entry during neuronal activation is through one or another
of the various ionotropic glutamatergic receptor/channels; both the NMDA and
AMPA receptors have a sizable Ca?* permeability [45]. The main receptor subunit
of the NMDA receptor is the NR1 subunit, which has three alternative splicing
regions [46] and its presence is required in all expressed NMDA receptors, as being
essential in establishing the functional homo- or heteromeric complexes [47]. Two
other subunits have been described: (1) the NR2 (A-D forms) and (2) the NR3 (A
and B) [46]. The NMDA receptors also have a special set of properties that give the
receptor important functional characteristics at rest; the NMDA channel pore is
blocked in a voltage-dependent manner by Mg* ions [48]. This block is relieved by
depolarization, but this induces a slight delay in the activation of the channel,
generating a slower kinetic response [48]. There is an overwhelming body of evi-
dence implicating the NMDA receptors in two functions that are affected by the
aging process: (1) synaptic plasticity and memory, particularly in the hippocampus,
and (2) excitotoxicity phenomena across the CNS. The overall view of the literature
describing the changes in NMDA activity with aging is that of a decrease in effec-
tiveness of NMDA signaling. As reviewed by Magnusson [49], the majority of
studies have found an age-related decline in the number of NMDA receptor sites
(as measured by a reduced B, value), associated, in some of these studies, with
no change in the affinity of the receptor for glutamate. In addition, the subunit
composition of the expressed NMDA receptors appears to have an important devel-
opmental component. At embryonic stages, the NR2B subunit is present across the
brain, with NR2D present only in the diencephalon and brain stem. After birth, the
mRNA for NR2A becomes evident and prominent and, in the specific case of the
cerebellum, prenatal expression of NR2B on the granule cell is changed to the NR2C
subunit type [50]. At the other extreme of the lifespan, a decrease in the expression
of the NR2B mRNA and protein has been reported as an age-related phenomenon,
while the expression of NR2A was not affected [51]. These data are corroborated
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by electrophysiological evidence for an age-related decrease in NMDA responsive-
ness in neostriatal slices of both aged rats (24 months old) and cats (16 years old)
[52]. Others, however, have reported that the age-related decrease in the overall
NMDA-mediated response is due to a reduction in the input to the NMDA receptor,
rather than to the change in the electrophysiological NMDA response (rat CAl
region of the hippocampus, [53]). Experiments using short-term cell cultures derived
from aged rats (25 to 26 months old) showed increased NMDA peak current when
compared to middle-aged (9 to 10 months old) animals, associated with an increased
Ca?* signal [54]. Probably quite relevant in the attempt to systematize the results in
the literature, in this last study, the NMDA response in the aged animals was larger
than the one obtained in the middle-aged, but dramatically smaller (both NMDA
and Ca?* signal) than the signal recorded from cells derived from embryonic tissues
[54].

AMPA receptor channels exist as homo- or, more common in their native form,
as heteromers of the four possible subunits GluR1-GluR4 (or GluR-A to GluR-D).
The AMPA channels are cation selective and are mainly permeable to the monovalent
ions Na* and K*. The permeability to Ca>* depends on the inclusion and properties
of the GluR2 subunit in the channel structure, such that AMPA-Rs assembled from
combinations of GluR1, GluR2, and/or GluR4 are permeable to Ca?* (and Zn?**) and
show a voltage-dependent block by intracellular polyamines [55]. The permeability
properties of the GluR2 subunit have been traced to a single amino acid residue
located in the pore-forming domain [56]. A positively charged arginine residue at
this position prevents Ca?* passage, whereas the presence of the neutral amino acid
residue glutamine results in significant Ca’* permeability [57]. Arginine is not
encoded by the GluR2 genomic DNA and is introduced at this site by subsequent
RNA editing, which in adult brains is very efficient [58]. As a result, the majority
of AMPA receptors in the CNS have a low Ca?" permeability, although some neurons
displaying AMPA receptors with high Ca?* permeability were reported in both the
hippocampus [59] and neocortex [60]. AMPA binding does not appear to show
significant changes with aging [61], although in many regions there are possible
subtler age-associated changes, as shown for C57B1/6 mice [62]. Despite this seem-
ingly minor effect of age on AMPA binding, there are several brain regions for which
a significant correlation between cognitive tests and AMPA binding densities was
reported [63]. The lack of significant effect of aging on AMPA binding is consistent
with the electrophysiological studies of the AMPA response showing no age-related
changes in either the mean quantal sizes or the unitary synaptic response [64].
Another important issue, with relevance for [Ca®"], homeostasis, is that of the effect
of age on GIuR2 expression. The efficiency and fidelity of the RNA editing process-
ing, ultimately conferring the Ca* resistance, is well conserved with aging in all
the major regions of the brain [65]. In one of the few studies that analyzed specifically
the distribution of GluR2 in the aged brain, analyzing primarily the short and long
corticocortical projections, a notable downregulation in the expression of GluR2, as
well as NMDA-R1, was demonstrated [66].
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B. AGE-DEePENDENT EFrecTs ON CAZ* EXTRUSION PATHWAYS

A number of studies have indicated that both the activity and the expression levels
of the PMCA in synaptosomal preparations are significantly reduced as a function
of aging both in the Fisher-344 and in the longer-lived Fisher344/BNF1 rats [67,
68]. The functional decrease in activity could be explained by the inhibitory effects
of free radicals (reactive oxygen species, ROS) on the PMCA, either as a direct
effect on the pump activity [69] or on calmodulin, the essential CaBP that activates,
in its Ca?*-bound form, the PMCA [70]. Nevertheless, other studies using peripheral
neurons (rat adrenergic neurons from the superior cervical ganglia) showed PMCA
activity maintained with age and even a capacity to upregulate function (in conjunc-
tion with the other extrusion system — the Na*/Ca?* exchanger) in order to meet
higher extrusion demands [71]. This probably is an important feature, because the
PMCA has been reported as the major Ca?* clearing system in this neuronal cell
type [30]. In these types of neurons, it was the SERCA pumps, which mediate the
re-uptake of Ca?* into the endoplasmic reticulum, that appear to be affected by the
process of aging, as shown in experiments using either specific SERCA inhibitors
(e.g., thapsigargin) or inhibitors of other extrusion pathways, thus isolating the
SERCA activity for inspection [72]. It is interesting to note that it is in these
peripheral neurons that the intracellular Ca?* stores, such as the ER, appear to play
a more important role in Ca>* homeostasis [16].

C. AGE-DEePENDENT EFFeECTs ON CAZ* BUFFERS

Immunocytochemical determinations of calbindin (CB) and parvalbumin (PV)
expression in animal models showed that age decreases the number of CB-positive
neurons in the rabbit hippocampus without affecting the PV-positive neurons,
although for the latter CaBP there were some subtler differences in subcellular
distribution, with a proposed decrease in PV expression in the neurites [73]. A similar
picture came from studies of human cortex, which showed a consistent trend for
age-related decreases in the calbindin- and calretinin (CR)-positive neurons that
attained a level of statistical significance only in few regions, while no change was
recorded for parvalbumin (PV)-positive neurons [74]. These studies expanded on
the previous one from the same group that showed a dramatic 60% loss of CB from
the basal forebrain cholinergic neurons (BFCN) [75]. It is entirely possible, however,
that the changes in CaBP expression are region specific and influenced by levels of
activity. Thus, when assessing the number of PV- and CB-expressing neurons in the
dorsal cochlear nucleus of mice, an age-related increase has been reported [76] This
was consistent with the observation that excessive stimulation of neurons in the
cochlear nucleus by noise exposure resulted in increased expression of the CaBP
[77]. Similarly in human specimens, it was found that the number of CB-positive
neurons in the temporal cortex increased with age, in contrast to the situation for
the AD-afflicted specimens [78].

Functionally, intracellular Ca?* buffering was reported to decline with aging in
adrenergic nerves [79], based on the observation that norepinephrine release
increased with age and that this effect was reversed by an increase of intracellular
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Ca?* buffering (with BAPTA-AM). Yet again, as for many others Ca** homeostasis
parameters, the effect of aging on Ca?* buffering is not simple, and other groups
have described an increased Ca?* buffering with aging, as in the case of the basal
forebrain neurons [80]. When discussing Ca?* buffering and the effects of this
parameter on the values of [Ca?*],,, one should take into account not only the specific
proteins that bind Ca?*, the CaBPs discussed above, but also the participation of the
internal organelles (e.g., the endoplasmic reticulum and mitochondria) with a Ca?
uptake potential in shaping the Ca?* signal. Thus, in assessing the dynamics of the
[Ca?]; increase following stimulation (i.e., the shape of the Ca?* signal), two phases
normally are described — a rapid phase that limits the amplitude of the [Ca®*]
response, followed by a second, slower phase that involves the Ca?* extrusion
systems, either Ca?* removal or Ca?* uptake into the intracellular compartments [81].
If the stimulus persists, then during this second phase, a new steady state (the Ca*
plateau) is achieved, reflecting the balance between Ca?* entry and Ca?* removal
from the cytosol. If the stimulation ceases, then this second, slower phase reflects
the process of recovery of the resting [Ca?*]; values. The surprising observation in
the case of the basal forebrain neurons is that the reported increased Ca?* buffering
is manifest only during the rapid phase, and is not determined by changes in the
function of either ER or the mitochondrial fraction (the latter being, in fact, reduced
in the aged neurons [82]) and takes place in neurons with a decreased expression
of CaBP [83].

D. Errects OF AGING ON INTRACELLULAR CAZ* COMPARTMENTS
1. Endoplasmic Reticulum

The endoplasmic reticulum (ER) is an important intracellular Ca* store and, depend-
ing on its refill status, can act either as a “Ca’* sink,” buffering through SERCA
pump-mediated Ca®* reuptake into the ER, or as a “Ca?* source,” through a process
that involves Ca?*-induced Ca?* release (CICR; [15]). When discussing the role of
ER Ca?* stores in neuronal physiology, a number of issues must be addressed,
including:

e The morphology of the ER and its distribution is not uniform throughout
the neuron. It is particularly patchy in the dendritic territory and is influ-
enced by the morphology of the spine and the age of the preparation [84].
Thus, in adult animals, less than 25% of the thin spines contain SER,
whereas almost 90% of the larger mushroom spines have SER. When all
types of spines are analyzed, SER is present only in 50% of the spines
(slightly more in the young preparations: 58% in immature brains vs. 48%
in the adult spines). The important implication of these observations is
that in about half of the spines, where synaptic activity presumably is still
taking place, the entry of Ca?* is buffered through mechanisms that do
not involve ER Ca?* reuptake. Where present, however, the ER is ideally
adapted for Ca?* uptake as its surface-to-ratio area is very large, with the
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SER occupying only about 3% of the volume but up to 40% of the surface
of the spine territory.

* In addressing the issue of the participation of the CICR in the control and
modulation of the Ca?* synaptic response, there appear to be differences
between the various types of CNS neurons, particularly the cerebellar
Purkinje neurons and the hippocampal pyramidal neurons, in respect to
the mechanisms of release of Ca?* from intracellular ER stores. In Purkinje
neurons, the main ER Ca?* release pathway is the InsP, receptor. As
demonstrated in 1998 by two independent, but almost simultaneous, stud-
ies [85, 86], parallel fiber stimulation activates postsynaptically, even in
the absence of membrane depolarization, a Ca?* signal mediated by the
activation of the mGluR1 receptors and which is able to trigger LTD. For
the hippocampal neurons, the picture is more complex. For a start, the
distribution of the Ca?* release channels on the ER varies with the local-
ization for the CA1 neurons; there are no InsP; receptors, only RynR, in
the spines, whereas in the dendritic shaft both receptors are present [87].
Furthermore, whereas some studies asserted a significant role for the Ca%*-
induced Ca?* release (CICR) process in postsynaptic Ca* signaling [88],
others failed to detect a significant contribution [89].

. Intracellular Ca?* stores can serve as “sinks” or “sources,” and the role
played by the ER Ca?* stores depends to a significant degree on their
filling status. It was shown in earlier studies that Ca?* responses that
involve mobilization from intracellular stores were significantly enhanced
by depolarization protocols that allowed their filling [90, 91], indicating
that the stores are functionally deplete and require constant uptake, and
that the ER can play a dominant role as a Ca>* buffering organelle fol-
lowing a Ca?* challenge, acting on a much longer time-scale than the
mitochondria [92]. This action explains why inhibition of the ER Ca?
reuptake system can result in amplification of the Ca?* signals [93].

Information about age-related changes in the function and activity of the ER
Ca?* stores is rather limited, with an overall view that the size of the caffeine-
releasable ER Ca?* store is reduced by aging, as shown both in granule neurons of
the cerebellar slices [94] and in aged acutely dissociated basal forebrain neurons
[80], but not in cultured hippocampal neurons [95]. There are several mechanisms
that can explain a decrease in the size of the caffeine-sensitive Ca?* stores, including
a decreased efficiency of the reuptake mechanisms through the SERCA pumps or
an increased Ca?* leakage. When investigated directly, in acutely dissociated basal
forebrain neurons, aging did not affect the rate of spontaneous depletion (i.e.,
leakage) but decreased the efficiency of the ER loading [96]. In contrast, in long-
term (30 days in vitro) cultured hippocampal neurons, glutamate stimulation acti-
vated a sustained Ca?* response that was inhibited by rynanodine, a blocker of CICR,
thus indicating an increased ER Ca?* leak [95]. It is not clear yet if this increased
Ca?* leak, in effect a sustained CICR, was due to an alteration in the function of the
rynanodine receptors or was related to a possible coupling between the L-type
VOCCs and the rynanodine Ca?*-release channels [97], similar to the coupling
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between these types of Ca?* channels in the muscle and which is known to be affected
by the aging process [98]. An interesting observation on the role of intracellular
Ca?* stores in alterations in the normal Ca?* homeostasis in the aged neurons has
been recently reported with respect to the process of hippocampal LTP induction.
Release of Ca?* from the intracellular stores is an important participant in LTP
induction for ranges of stimulation near the threshold of induction [99, 100]; but in
the aged slices, inhibition of the Ca?* release from the stores by either SERCA
inhibitors or by rynanodine activated, rather than inhibited, LTP [101]. The expla-
nation proposed for this paradoxical effect takes into account another well-estab-
lished effect of Ca?* in the aged neurons: activation of a slow afterhyperpolarization
(AHP) current [102, 103], which in turn will affect the level of synaptic depolariza-
tion required for NMDA receptor and consequent LTP induction. The fact that aging
is associated with a decline in LTP and synaptic plasticity [104, 105] might indicate
an increase with age of the functional release of Ca?* from the intracellular stores
in these hippocampal neurons.

This area of discussion, the regulation of ER Ca?* stores, is probably the most
important one for appreciating the functional differences between normal physio-
logical aging and the process of neurodegeneration, particularly AD, for which
significant alterations in the ER Ca?* handling were described [11]. Both bulwarks
of pathology in AD (i.e., the A protein fragments and the presenilins) are associated
with or induce alterations in Ca?* homeostasis [106, 107], although is not yet clear
whether the changes in Ca?* homeostasis precede the protein alterations in AD or
vice versa [108]. One of the best-established mechanisms through which Af affects
[Ca?*]; regulation is by the formation by the AP fragment of a cation-selective ion
channel [109] with Ca?* permeability. One effect of aggregated Ap is the increase
of the oxidative stress, a mechanisms that has been linked with increases in the
resting [Ca?*]; [110]. The other culprits in AD pathogenesis are the presenilins (PS),
which act as essential constituents of the [3-secretase complex that cleaves a number
of membrane proteins, including the amyloid precursor protein (APP), the latter
generating the AP fragments [111]. Experimental manipulations of expression of
either of the two genes controlling PS (PS1 and PS2) in various animal models
resulted in phenotypes with disrupted Ca?* homeostasis characterized, in the main,
by an ER Ca?* store overload [11]. As a result, neurons expressing such mutations
show increased vulnerability to glutamatergic stimulation as shown, for example, in
the case of hippocampal neurons, both in slices [112] and in primary cell cultures
[107]. The overloading of the internal stores appear to affect the release of Ca
mediated either by the rynanodine receptor [113] or by the InsP; receptor [114].
However, such drastic effects of presenilin mutations on ER Ca?* homeostasis might
indicate a possible physiological role, and it has been shown recently that PS-1
deficiency (-/- homozygotes) can impair the glutamate-evoked Ca?* signals,
although the resting [Ca?*]; levels were not affected [115]. Overall, these data
illustrate the differences between normal aging and AD. In the former case, ER Ca?
homeostasis is largely normal, with some tendency toward a reduction in the size
of the Ca?* store. In contrast, in the AD models, the ER stores are overfilled and the
major dysfunctional proteins in AD are interfering with cellular Ca?* homeostasis.
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2. Mitochondria

On the back of the “free radicals” theory of aging [116], and involving the effects
of free radicals on mitochondrial DNA, Miquel [117] proposed the “mitochondrial
theory” of aging more than two decades ago. In the intervening years, the role and
participation of mitochondria in cellular Ca** homeostasis became clearer, and this
relationship came to be included among the important processes that underlie the
functional changes of normal brain aging [35, 118]. The role of mitochondria as
regulators of the cell death mode, dictating the progression toward necrosis or
apoptosis, has been well established for some time now [119] but, as discussed
above, normal neuronal aging is not about cellular death and the role of apoptosis
in brain aging is relatively small in contrast to the situation in neurodegenerative
diseases [119—121]. Instead, the role of mitochondria as the primary site of neuronal
energy production and major source of metabolically linked release of reactive
oxygen and nitrogen species (ROS and RNS) is much more important for the process
of cellular aging [122] (Figure 14.3). Also, it should be noted that mitochondria,
through their capacity of taking up or releasing Ca?*, can have a dramatic sculpting
effect on the cytosolic Ca?* signal.

The main drive for Ca?* uptake is the steep mitochondrial membrane potential
(-180 mV) generated by the activity of the electron transporters in the respiratory
chain that couple electron transfer to proton extrusion (Figure 14.3). The transport
of Ca?* is implemented by a Ca?* uniporter, which has only very recently been
identified as a channel protein [123], that has a high affinity for Ca** (nanomolar
range); is impermeable to K+ and Mg?*, ions that are abundant in the cytosol, and
is inhibited by ruthenium red. The issue of Ca?* affinity is problematic because
functional studies have shown this mitochondrial Ca** uptake pathway as a low-
affinity, high-capacity Ca?* removal system [124]. It might then be more useful to
talk about a Ca?* uptake set point, at which the uptake and efflux of Ca?* from the
mitochondrial matrix are balanced, and above which net uptake of Ca?* takes place
[125]. One of the very important features of mitochondrial Ca?* uptake is the
potentially huge capacity of this Ca?* store, a property that is based on the co-
accumulation of phosphate together with Ca?* to form a salt complex that is both
rapidly dissociable and also osmotically inactive. In isolated mitochondria incubated
in physiological buffers that mimic intracellular solutions, Ca?* can reach concen-
trations of around 100 mM (i.e., 50 times larger than the extracellular Ca** concen-
trations), while maintaining a normal metabolic state [126]. More recent measure-
ments of Ca?* changes in intact cellular systems (lizard motor nerve terminals)
confirmed the earlier data and showed that the accumulation of mitochondrial Ca?*
takes place while the concentration of free Ca’* in the mitochondrial matrix
([Ca?],;,) is maintained at stable levels [127].

This maintenance of a tight control on [Ca?*],, is essential as this parameter is
a sword with two edges. Moderate increases in [Ca?*],, activate three important
mitochondrial enzymes (pyruvate-, isocitrate-, and 2-oxoglutarate-dehydorgenases)
that are involved in the Krebs (citric acid) cycle. The consequent increase in the
reduction state of the NADH/NAD system will induce an increased electron transport
and thus couple a cytosolic event that generated a Ca’* response to a temporary
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increase in ATP supply, a process called “metabolic coupling” [128]. At the other
extreme, significant increases in [Ca?*] ,, Will activate, together with other factors,
the permeability transition pore (mPTP) and result in catastrophic consequences
for the mitochondria [129], among which mitochondrial swelling is an early indi-
cator. It is important to note that there is a likely tissue-specific heterogeneity in the
activation of the mPTP, with liver mitochondria appearing to be more susceptible
to Ca?*-dependent activation than brain mitochondria, at least in isolated mitochon-
dria preparations [130].

While the opening of the mPTP would lead to a rapid, unregulated redistribution
of the Ca?* accumulated in the matrix back to the cytosol, mitochondria have other
transport systems that effect mitochondrial Ca?* release. Two main pathways have
been described, with a certain tissue specificity: an Na*/Ca?* exchange system that
is predominant in the brain, heart, and skeletal muscle, whereas in the liver, kidney,
and smooth muscles, Ca?* efflux is predominantly Na* independent [131].

In discussing the effects of mitochondria on cellular Ca?* homeostasis, the spatial
dimension also must be take into account because, as demonstrated mainly in non-
excitable cells, mitochondria, acting on limited spatial domains (functional “micro-
domains”), can have significant effects on the Ca** release from the ER. This effect
also takes into account the fact that cytosolic Ca?* has a biphasic effect on ER Ca?*
release, both at the InsP; and the rynanodine receptors [16, 132]. Removal of Ca?*
from the immediate vicinity of the ER Ca?* release channels should enhance the
release and amplify the signal, and indeed, in Xenopus oocytes, enhancement of
mitochondrial respiration increases the amplitude and velocity of the InsP;-generated
cytosolic Ca?* waves [133]. In a similar fashion, the mitochondrial Ca?* uptake could
influence the entry of Ca?* from the extracellular medium. One path responsible for
Ca? entry and sensitive to the energetic status of the mitochondria, strategically
placed in the submembranar space, is the capacitative Ca?* entry pathway [134],
activated by the depletion of the intracellular Ca?* stores and inhibited either by ER
store refilling or by permeating Ca* ions. To date, the evidence for such a pathway
effective in the central nervous system’s neurons is rather thin [135]. Although not
yet investigated in detail, the same subplasmalemmal mitochondria also could mod-
ulate the activity of other Ca?* channels that are inhibited by cytosolic Ca?* increases,
such as the voltage-operated Ca?* channels [136]. Not only can Ca?* uptake modulate
neuronal function, but the mitochondrial release of Ca?* can also affect neuronal
physiology. Thus, tetanic stimulation of Xenopus motorneurons induces a potentia-
tion of neurotransmitter release that is sensitive to the Ca?* release from the mito-
chondria, but not from the ER [137].

To date, there is almost no information about the effects of aging on the bio-
chemical properties of the mitochondrial Ca?* transporters, either for uptake or for
release, and this should be an important area of future research, both in the field of
normal aging and for various neurodegenerative instances. However, other well-
documented changes in mitochondrial status with age are affecting mitochondrial
Ca?* homeostasis. Of these, a chronic change in the mitochondrial membrane poten-
tial that progresses with age is one of the better-established features. Using a
fluorescent dye (thodamine 123) that equilibrates across cellular compartments as
a function of the electrical potential across these membranes (Nerstian distribution),
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and thus accumulates preferentially in the mitochondria [138], it has been shown
that in the aged preparations of isolated mitochondria, there is a population of
mitochondria that is significantly depolarized [139]. Because the use of thodamine
has a number of important limitations — in particular, overloading of the mitochon-
drial compartment with a consequent quenching [138, 140] — other methods are
available, including the use of a recording electrode sensitive to an ion with Nerstian
distribution, tetraphenylphosphonium [141]. Use of such more precise techniques
confirmed the chronic depolarization of aged mitochondria [142]. Because these
experiments used preparations of isolated mitochondria that are susceptible to selec-
tive enrichment in viable mitochondria, and thus a potential underestimating bias,
particularly for the more fragile aged cells [143], it was important to assess the
situation in intact cellular preparations. Using the properties of protonophores to
collapse the mitochondrial membrane potential and thus release the rhodamine
accumulated in the mitochondria, it has been shown that in the aged neurons there
is a significant age-dependent decrease in the amount of dye accumulated [143], in
line with the idea of mitochondria in the aged cells being more depolarized. Meta-
bolic control analysis showed, consistent with these ideas, that aged mitochondria
have an increased mitochondrial proton leak, but it is difficult to assess if this
observation is a cause or effect of reported mitochondrial depolarization, because
in these experiments the aged mitochondria did not show a decreased membrane
potential [144].

Clearly, a decrease in the mitochondrial potential would result in a decrease in
the electrochemical force driving the mitochondrial Ca?* uptake. Using simultaneous
measurements of both cytosolic Ca?* and mitochondrial depolarization response, it
was estimated that in the aged cerebellar neurons there was an increase in the [Ca?*]
threshold required for triggering mitochondrial uptake [14, 145]. Associated with
this question of the threshold for mitochondrial uptake is the issue of the size and
dynamics of the mitochondrial Ca?* pool. It has been shown previously that Ca*
mitochondrial loading (as assessed by a protonophore-induced Ca?* release) depends
on the level and duration of stimulation and that this loading is dynamic, with a
spontaneous discharge over a period of minutes [146]. Also, the extent of mitochon-
drial depolarization resulting from mitochondrial loading depends on the type of
stimulus, with significant differences between KCl and glutamate [147], or even
among the various types of glutamatergic agonists [148]. The existence of possible
changes with age in these parameters of mitochondrial Ca?* storage currently is
under investigation. Some early results show, for the cerebellar granule neurons, that
following glutamatergic stimulation the major determinant of the size of the mito-
chondrial Ca? accumulation is the cytoplasmic Ca** levels irrespective of the age
of the preparations, and thus, by extension, of the level of chronic mitochondrial
depolarization [149].

Neuronal stimulation means mitochondrial depolarization but our understanding
of the effects of this mitochondrial depolarization on the state of the cell is evolving.
In some studies, mitochondrial depolarization that follows glutamate stimulation
appears to be the early event that initiates excitotoxic death [150-152]. However,
other studies have reported an opposite effect, and mitochondrial depolarization
preceding the glutamatergic stimulation proved a very effective neuroprotective
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protocol [153, 154]. Rather than being exclusive, these data, taken together, indicate
that the mitochondrial Ca?* — either as amount of Ca?* loading or as level of free
matrix Ca?* — is a dynamic parameter that controls the physiological state of the
cell. One target of mitochondrial Ca?* is the regulation of the mPTP opening,
mentioned above, and not surprisingly inhibition of the mPTP proved an effective
neuroprotective strategy, effective in a variety of pathological instances but also
improving the status of aged mitochondria [155].

Another potential target for increased mitochondrial Ca?* is the production of
ROS, which has been demonstrated to follow NMDA stimulation [156], in a manner
sensitive to removal of Ca?* [157]. However, the interpretation of studies reporting
measurements of ROS production is problematic, because the acute, real-time detec-
tion of free radicals (mainly through the use of fluorescent dyes) is notoriously
difficult because of (1) the selectivity of various dyes for different ROS species, (2)
the different sites at which the ROS are produced and their lifetime, and (3) the fact
that the fluorescence of the dyes could be influenced by other enzymatic and non-
enzymatic processes [158]. In addition, the bioenergetic process that leads from
increased matrix Ca?* to increased free radicals is not well established. Electron
leak, generating free radicals, occurs predominantly within complex III in the res-
piratory chain, during the so-called “Q cycle,” although complex I can also partic-
ipate in the ROS generation process [159]. The crucial feature of this process is that
it requires high mitochondrial membrane potential [160], and thus the Ca?* uptake
should inhibit rather than evoke an increase of ROS. One proposed explanation
invokes (1) the stimulatory effect of Ca?* on the citric acid cycle, mentioned above
and that should accelerate the electron transfer rate; and (2) an effect of Ca?* on
nitric oxide (NO) generation, which in turn would inhibit the activity at the complex
IV in the respiratory chain creating further favorable conditions for electron leak at
complex III [161]. However, with respect to the effect of the respiration rate on the
generation of ROS, a point of subtlety was made in a recent review by Nicholls
[162]. The cytosolic environment is well hypoxic with respect to the values of the
partial pressure of oxygen in the circulation or in the tissues, due to the increased
diffusion pat, but even in these conditions oxygen, as a substrate for the final four-
electron reduction to water, is in excess, and in sufficient supply. Under these
conditions, the single electron reduction that generates free radicals is not simply a
proportional slippage of the main electron carrier path, but rather the contrary. The
generation of free radicals is inversely proportional to the rate of respiration, such
that the higher the respiration rate and the lower the membrane potential, the less
time will the electrons spend at the sites of leakage [162].

IV. AGING AND NEURODEGENERATION

Many times, “aging” and “neurodegeneration” are mentioned in the same breath, as
if they are two state-points along a continuum, leading from the normality of old
age to the state of confusion of senile dementia. Indeed, Terry and Katzman made
this explicit prediction: they started from the observation that dementia occurs when
there is a loss of about 40% of neocortical synapses and combined this with their
estimations of the rate of age-dependent synaptic loss, as assessed by their analyses
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in human postmortem samples, extrapolating the data to the current estimations of
human lifespan [163]. Apart from the anecdotal evidence of many centenarians that
age successfully [164], including the Guinness Book of Records’ oldest certified
human being, Madame Calment, who died in 1997 at the age of over 122 years
without showing any signs of clinical dementia, the set of data that underlies the
provocative hypothesis mentioned above might have been corrupted, unknowingly,
by the inclusion in the analysis of subclinical instances of neurodegenerative pathol-
ogy. Indeed, a similar error crept in the early sets of data that led to the conclusion
that normal aging is associated with significant neuronal loss in all regions of the
brain, a conclusion that only recently has been disproved [10]. Even the term
“neurodegeneration” is problematic, despite the obvious etymology, because the
term has been used in reference to a large group of neurological diseases, with
heterogeneous clinical and pathological manifestations, affecting specific, but dif-
ferent regions of the nervous system [165]. Another experimental observation that
complicates the issues is that the pathological markers associated with various
neurodegenerative diseases, such as Lewy bodies, neurofibrillary tangles (NFTs),
senile plaques, or other protein depositions, can be detected in the brain of aged
asymptomatic individuals [166]. These observations obviously raise the question of
whether such individuals were just aging normally or were sampled at a presymp-
tomatic stage of a neurodegenerative disease — there are, as yet, no definite answers
to these issues. The study of the relationship between normal aging and neurode-
generation can be significantly helped by studies on animal models, because none
of the human neurodegenerative diseases appear naturally in the animals. Through
genetic manipulations, various animal models have been constructed that mimic one
or another of the neurodegenerative phenotypes [167]. At the same time, behavioral
studies allow a more and more detailed assessment of the cognitive status of the
animals, leading to the generation of sophisticated models of learning and memory
and the study of the effects of aging on such processes [105].

The animal studies also allowed a very detailed analysis of the metabolic changes
associated with the process of normal aging, as reviewed in this chapter. What these
studies indicate is that normal neuronal aging is a physiological process, character-
ized primarily by a decrease in the neuronal homeostatic reserve, where this homeo-
static reserve is defined as the capacity of the cells to oppose the destabilizing effects
of various metabolic stressors (Figure 14.4). A detailed discussion of the evidence
was presented in earlier articles [122, 149]. Briefly, this hypothesis is based on the
view that central to the changes in the cellular physiology of the aged neurons is a
dysfunction of the metabolic triad: Ca?* — mitochondria — ROS. It also states that
the functional deficits of the aged neurons become evident only in a use-dependent
manner, when the metabolic demands become excessive. This view accounts also
for the lack of significant levels of neuronal loss with aging. On this weakened
homeostatic reserve, any significant pathological instance that requires a strong
metabolic response, be it trauma, stroke, or any idiopathic neurodegenerative pro-
cess, would result in a significant level of neuronal death. In this model, it is the
decreased homeostatic reserve that explains the increased neuronal vulnerability
with age, an increased vulnerability that manifests itself in a variety of pathological
scenarios.
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FIGURE 14.4 Diagrammatic presentation of the effects of changes in homeostatic reserve
on the processes of aging and neurodegeneration. Cells, tissues, and organisms have an
intrinsic property of fighting off the effects of various stressors, defined as the homeostatic
reserve. In young/adult organisms, the homeostatic reserve is well in excess of the levels of
maximal metabolic stressors still compatible with life. With the passage of time and increasing
age, the combined effects of a decrease in the efficiency of the repair mechanisms, changes
in mitochondrial status, and an increased accumulation of the ROS-induced damage drastically
reduce the level of homeostatic reserve to levels that are still compatible with normal levels
of activity. On this background, the neurodegenerative processes act either through an increase
in the levels of metabolic stress or through a further decrease in the homeostatic reserve, such
that in various regions of the brain where these changes take place, the homeostatic reserve
becomes insufficient and neuronal loss ensues.

The fact that aging is “just” a functional state should be very encouraging. We
might not be in a position to bring on immortality through engineering negligible
senescence, but a better understanding of the metabolism of the aged neuron could
open important avenues for therapeutic intervention that will impede or delay the
possible cognitive decline of the aged.
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I.  INTRODUCTION: THE FREE RADICAL THEORY OF AGING

Aging is characterized by a progressive decline in the efficiency of physiological
function and by the increased susceptibility to disease and death. Currently, one of
the most plausible and acceptable explanations for the mechanistic basis of aging
is the “free radical theory of aging.” This theory postulates that aging and its
related diseases are the consequence of free radical-induced damage to cellular
macromolecules and the inability to counterbalance these changes by endogenous
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anti-oxidant defenses. The origin of this explanation has a foundation in the “rate
of living theory” [1], according to which the lifespan of an individual depends on
its rate of energy utilization (metabolic rate) and on a genetically determined amount
of energy consumed during adult life. Pearl [1] proposed that the longevity of an
organism is inversely correlated to its mass-specific metabolic rate: increasing an
organism’s metabolic rate will decrease longevity, whereas factors that decrease the
metabolic rate will increase longevity. The correlation between metabolic rate and
longevity has been questioned due to the exception posed by birds, which have a
high metabolic rate yet live much longer than mammals [2]. However, despite their
high rate of oxygen consumption, it has been shown that birds have a low rate of
free radical production in brain and in other tissues; their mitochondria produce up
to 10-fold fewer reactive oxygen species (ROS) in vitro [3, 4]. This observation
suggests that the mitochondrial rate of free radical production may be more important
than the metabolic rate in terms of longevity. Indeed, the mitochondrial rate of free
radical production seems to have a much stronger correlation with maximum lon-
gevity.

Harman [5] originally proposed the “free-radical theory” of aging in the mid-
1950s. He suggested that free radicals produced during aerobic respiration have
deleterious effects on cell components and connective tissues, causing cumulative
damage over time that ultimately results in aging and death. He initially speculated
that free radicals were most likely produced through reactions involving molecular
oxygen catalyzed in the cells by the oxidative enzymes and enhanced by trace metals
such as iron, cobalt, and manganese. The skepticism first spread around this theory
was weakened by the discovery in 1969 of the enzyme superoxide dismutase (SOD)
[6]. The existence of an intracellular enzyme whose sole function is to remove
superoxide anions (O,~*) has provided strong biological evidence that free radicals
are involved in the aging process. In 1972, Harman expanded his original studies to
include the involvement of mitochondria in the physiological processes of aging [7].
Harman proposed that mitochondria generate a significant amount of cellular energy
and, through consumption of most of the intracellular oxygen, set the limit on the
lifespan. Approximately 90% of cellular oxygen is consumed within the mitochon-
dria, mainly in the inner membrane, where oxidative phosphorylation occurs. Since
the early 1970s, several studies have emerged to give support to this theory, and the
free radical theory of aging has been expanded to the mitochondrial free radical
theory of aging. The premise of the mitochondrial free radical theory of aging is
that mitochondria are both producers and targets of reactive oxidative species.
According to the theory, oxidative stress attacks mitochondria, leading to increased
oxidative damage. As a consequence, damaged mitochondria progressively become
less efficient, losing their functional integrity and releasing more oxygen molecules,
increasing oxidative damage to the mitochondria, and culminating in an accumula-
tion of dysfunctional mitochondria with age.

Although the deleterious effects of free radicals in the aging process have been
demonstrated, ROS also are important in maintaining homeostasis. Recent studies
have shown that ROS act as an additional class of small molecules that function as
cellular messengers. For example, oxidants (nitrous oxide [NO]) act as signaling
molecules to promote long-term potentiation (LTP) [8]. Moreover, it has been shown
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that stimulation of growth factors induces the production of free radicals that are
subsequently involved in regulating the proliferative response [9]. The human organ-
ism is equipped with very efficient antioxidative defense mechanisms that, among
others, include antioxidative enzymes such as SOD, catalase, glutathione peroxidase,
and glutathione reductase [10]. When the production of ROS is prolonged, the
endogenous reserves of antioxidants become insufficient, leading to cell damage.
Similarly, the production of ROS below physiological levels induces a decreased
proliferative response.

Il. FREE RADICAL GENERATION

Free radicals are chemical species with a single unpaired electron. The unpaired
electron is highly reactive as it seeks to pair with another free electron; this results
in the production of another free radical. The newly produced free radical is unstable
in most cases and, as a result, it can also react with another molecule to produce
yet another free radical. Thus, a chain reaction of free radicals can occur, leading
to more and more damaging reactions. The majority of free radicals that damage
biological systems are oxygen radicals and other reactive oxygen species, which are
by-products formed in the cells of aerobic organisms. There are several sites of ROS
production: mitochondrial electron transport, peroxisomal fatty acid, cytochrome P-
450, and phagocytic cells.

A. ROS GENERATION IN THE MITOCHONDRIA

Mitochondria are the main source of ROS [11, 12]. The generation of mitochondrial
ROS is a consequence of oxidative phosphorylation, a process that occurs in the
inner mitochondrial membrane and involves the oxidation of NADH to produce
energy. This energy is then used to phosphorylate ADP. Mitochondrial electron
transport involves four-electron reduction of O, to H,0: NADH and succinate donate
electrons respectively to complex I (NADH dehydrogenase) and complex II (succi-
nate dehydrogenase) of the mitochondrial electron transport chain. Coenzyme Q
accepts electrons from Complexes I and II, and next donates electrons to cytochrome
b in complex III (ubiquinone-cytochrome c reductase). In complex III, the electrons
are donated to cytochrome c1, and so to cytochrome c, to complex IV (cytochrome
c oxidase), which finally reduces O, to H,0O. However, during mitochondrial electron
transport, a one-electron reduction of O, results in O, *. Studies on isolated mito-
chondria in the presence of a high, nonphysiological concentration of oxygen esti-
mated that mitochondria convert 1 to 2% of the oxygen molecules consumed into
O, [13], but subsequent investigations under more physiological conditions
reduced this value to 0.2% [14, 15]. Superoxide anion is detoxified by the mito-
chondrial mangansese (Mn) superoxide dismutase (MnSOD) to yield hydrogen
peroxide (H,0,), and the H,0, is then converted to H,O by catalase. H,O, in the
presence of reduced transition metals can also be converted to hydroxyl radical
(OH"). Each of these by-products is a potential source of oxidative damage to the
mitochondria, cellular proteins, lipids, and nucleic acids.
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B. NONMITOCHONDRIAL GENERATION OF ROS

A second source of oxygen radicals is peroxisomal [3-oxidation of fatty acids, which
generates H,0O, as a by-product. Peroxisomes are organelles responsible for degrad-
ing fatty acids as well as other molecules [12]. Peroxisomes possess a high concen-
tration of catalase, so whether or not leakage of H,O, from peroxisomes contributes
significantly to cytosolic oxidative stress under normal circumstances is still unclear.
Phagocytic cells are another important source of oxidants; these cells defend the
central nervous system against invading microorganisms and clear the debris from
damaged cells by an oxidative burst of nitric oxide, H,O,, and O,". Finally, cyto-
chrome P450 enzymes in animals are one of the first defenses against natural toxic
chemicals from plants.

IIl. OXIDATIVE STRESS IN THE AGING BRAIN
A. MitocHONDRIAL CHANGES

In the aging brain, as well as in the case of several neurodegenerative diseases, there
is a decline in the normal antioxidant defense mechanisms, which increases the
vulnerability of the brain to the deleterious effects of oxidative damage [16]. The
antioxidant enzymes SOD, catalase, glutathione peroxidase and glutathione reduc-
tase, for example, display reduced activities in the brains of patients with Alzheimer’s
disease [17, 18]. It is believed that free radicals of mitochondrial origin are among
the primary causes of mitochondrial DNA (mtDNA) damage. Several studies have
found increased levels of 8-hydroxy-2'-deoxyguanosine (8-OHdG), a biomarker of
oxidative DNA damage, in mtDNA in the aged brain [19, 20]. High levels of 8-
OHAG have been found in both nuclear DNA (nDNA) and in mtDNA of the post
mortem brains of aged subjects [21]. Other studies have shown that the age-related
increase in oxidative damage to mitochondrial DNA is greater than the oxidative
damage that occurs to nuclear DNA in rodents [20, 22]. For example, oxidative
DNA damage has been detected in human brain mitochondrial DNA and in rat liver
at levels more than 10 times higher than in nuclear DNA from the same tissue [19].
This higher susceptibility of mtDNA to oxidative damage may be due to a lack of
mtDNA repair mechanisms, a lack of protection by histone proteins, as well as the
fact that mtDNA is located close to the inner mitochondrial membrane where reactive
oxygen species are generated [21, 23]. In agreement with the mitochondrial free
radical theory of aging, an inverse correlation has been shown between the levels
of oxidative damage to mtDNA and maximum longevity [24] in both the heart and
the brain: slowly aging mammals exhibit lower mtDNA damage than those who age
faster. In contrast, this correlation is not associated with nuclear DNA. Mitochondrial
DNA has a very high mutation rate; and when a mutation occurs, cells initially
contain a combination of wild-type and mutant mtDNAs. During cell division, both
types of mtDNA are randomly distributed into the offspring cells. Over many
generations, the mtDNA genotype of a cellular lineage can move toward predomi-
nantly mutant or wild-type mtDNAs. As the percentage of mutant mtDNA increases,
the cellular energy capacity decreases until it falls below the bioenergetic threshold
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— the minimum energy output necessary for a cell or tissue to function normally.
Damage to mtDNA is often accompanied by an increased level of DNA mutations
and deletions [25, 26]. Several studies have shown that oxidative-induced mutations
in mtDNA accumulate with age in postmitotic tissues such as the brain [27-29].
Several age-related disorders have been shown to be associated with high levels of
mtDNA mutations. For example, elevated levels of cortical mtDNA deletions have
been found in patients with Alzheimer’s disease [30, 31]. Ikebe et al. [32] found 17
times the level of mtDNA deletion in the striatum of Parkinson’s disease patients
when compared with control subjects. Increasing evidence indicates that accumula-
tion of oxidation of DNA, lipid, and protein by free radicals is responsible for the
functional decrease in the aged brain.

B. MEMBRANE COMPOSITION AND LipiD DAMAGE

Aging also is accompanied by changes in membrane fatty acid composition, includ-
ing a decrease in the levels of polyunsaturated fatty acids (PUFAs) and an increase
in monosaturated fatty acids. PUFAs, such as arachidonic acid (AA), are abundant
in the aging brain and are highly susceptible to free radical attack. A correlation
between the concentration of AA and long-term potentiation has been shown [33,
34], suggesting that oxidative depletion of AA levels may relate to a cognitive deficit
in rats. For example, levels of AA are decreased in the hippocampus of aged rats
with impaired ability to sustain long-term potentiation. Oxidative damage to lipids
can also occur indirectly through the production of highly reactive aldehydes. Per-
oxidation of AA forms malondialdehyde (MDA), which induces DNA damage by
reacting with amino acids in protein to form adducts that disrupt DNA base-pairing.
Increased levels of MDA have been found in the aged canine brain [35]. In the aged
human brain, increased levels of MDA have been found in inferior temporal cortex
and in the cytoplasm of neurons and astrocytes [36], as well as in the hippocampus
and cerebellum of aged rodents [37, 38]. Peroxidation of linoleic acid forms 4-
hydroxy-2-nonenal (HNE). HNE is more stable than free radicals and it is able to
migrate to sites that are distant from its formation, resulting in greater damage. The
most damaging effect of HNE is its ability to form covalent adducts with histidine,
lysine, and cysteine residues in proteins, enabling a modification in their activity
[39]. It has been shown that the HNE-modified proteins, along with neurofibrillary
tangles, are present in the senile plaques in aged dogs [40]. Increased levels of HNE
have also been found in Alzheimer’s and Parkinson’s disease [41, 42]. These findings
support the hypothesis that lipid peroxidation contributes to the deterioration of
central nervous system (CNS) function.

C. PrROTEIN OXIDATION

Most of the studies conducted to assess the role of protein oxidation in aging brains
conclude that there is an increase in oxidized proteins. An increase in the oxidation
of mitochondrial proteins with age has been demonstrated by measuring the levels
of protein carbonyl groups in the human cerebral cortex along with age [43].
Carbonyl formation can occur through a variety of mechanisms, including direct
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oxidation of amino acid side chains and oxidation-induced peptide cleavage. Increas-
ing evidence suggests that protein oxidation may be responsible for the gradual
decline in physiological functioning that accompanies aging. Elevated protein car-
bonyls have been shown to be present in the hippocampus of aged rats with memory
impairment [44]. Increased protein carbonyl levels were found in the frontal and
occipital cortex of aged humans [43] and rats [45, 46]. Measuring protein 3-nitro-
tyrosine (3-NT) levels is another way to assess the oxidative modification of proteins.
Increased 3-NT levels have been identified in the hippocampus and the cerebral
cortex of aged animals as well as in the CSF of aged human and in the white matter
of aging monkeys [47—49]. 3-NT immunoreactivity has been observed in the cere-
bellum in the Purkinje cell layer, the molecular layer, and in the cerebellar nuclei
of aged rats [50]. However, contradictory findings of decreased protein 3-NT levels
of brain homogenate were reported in aged Wistar rats. Recently, proteomics studies
enabled the identification of specific proteins that undergo oxidative stress in AD
patients [51, 52].

D. OXIDATIVE STRESS AND CHRONIC INFLAMMATION

Increasing evidence associates aging and age-related diseases with inflammation
[53-55]. The key cellular event signaling ongoing inflammation in the brain is the
accumulation of reactive microglia in the degenerative areas [56, 57]. Microglia are
the resident immune cells of the central nervous system; they constitutively express
surface receptors that trigger or amplify the innate immune response. These include
complement receptors, cytokine receptors, chemokine receptors, major histocom-
patibility complex II, and others [58]. In the case of cellular damage, they respond
promptly by inducing a protective immune response, which consists of a transient
upregulation of inflammatory molecules as well as neurotrophic factors [59]. This
innate immune response usually resolves potential pathogenic conditions. However,
when chronic inflammation occurs, prolonged activation of microglia triggers a
release of a wide array of neurotoxic products [60] and proinflammatory cytokines
such as interleukin-1 (IL-1p), interleukin-6 (IL-6), tumor necrosis factor alpha
(TNFa), and many others. Elevated protein levels of IL-18, TNFa, and IL-6 have
been found in the brains of aged animals [37, 61, 62]. Animal studies have shown
that increased levels of IL-6 in the hippocampus and cerebral cortex are primarily
from microglia [55]. It has been proposed that the increase in brain microglial
activation may be one of the early events that leads to oxidative damage. Activated
microglia are indeed the most abundant source of free radicals in the brain and
release radicals such as superoxide and nitric oxide [63]. Microglia-derived radicals,
as well as their reaction products hydrogen peroxide and peroxynitrite, can harm
cells and these products have been shown to be involved in oxidative damage and
neuronal cell death in neurological diseases [64]. It also should be noted that
microglial cells have efficient antioxidative defense mechanisms. These cells contain
high concentrations of glutathione, the antioxidative SOD enzymes, catalase, glu-
tathione peroxidase, and glutathione reductase, as well as NADPH-regenerating
enzymes [64]. When the production of ROS is prolonged, the endogenous reserves
of antioxidants become exhausted and result in cell damage (Figure 15.1).
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E. ANTIOXIDANT DEFENSE MECHANISMS

Several antioxidant defense mechanisms have evolved to protect cell components
from the attack of oxidative stress and associated oxidative damage. These mecha-
nisms include antioxidant enzymes, such as SOD, superoxide reductases, catalase,
glutathione peroxidases (Gpx), and many heat-shock proteins. The enzymes catalase
and SOD are the major defenses against ROS. SOD converts superoxide anions into
H,0,, and catalase converts H,O, to molecular oxygen and water. SOD exists in two
forms: Cu/ZnSOD is present primarily in the cytoplasm while MnSOD is present
primarily in the mitochondria.

The hypothesis that lifespan can be enhanced by increasing antioxidant defenses
has been controversial because of conflicting results in several aging models. For
example, many studies have shown that endogenous levels of antioxidant enzymes
in the brain and other tissues do not decrease during aging [65, 66]. Moreover,
studies in mammals in which levels of antioxidants are experimentally increased
have shown that maximum longevity is not affected [67, 68]. Experiments with
Drosophila melanogaster have shown that overexpression of MnSOD increased
lifespan [69], while overexpression of CuZn-SOD had only minor incremental effects
on lifespan [70]. Similarly, enhanced levels of catalase (up to 80%) did not prolong
the lifespan of flies, nor did it provide improved protection against oxidative stress
induced by hyperoxia or paraquat treatment [71]. In contrast, the simultaneous
overexpression of CuZn-SOD and catalase was found to extend and slow down
various age-related biochemical and functional alterations in Drosophila [72]. Sim-
ilarly, Drosophila selected for longevity and Caenorhabditis elegans with the age-1
mutation (a mutation associated with increased lifespan), were found to have
increased activity of CuZn-SOD and catalase [73-75]. These conflicting results
suggest that an optimal balance between SOD and catalase is important for lowering
the levels of oxidative stress and increasing lifespan. The effect of overexpression
of SOD on lifespan has also been observed in mice [76]. Although several studies
have shown that elevated CuZN-SOD induced protection against oxidative stress,
other reports did not find a correlation between such protection and increased
lifespan. For example, homozygous transgenic mice with a two- to fivefold increase
of CuZN-SOD showed only a small increase in lifespan [77].

IV. EXPERIMENTAL CONTROL OF OXIDATIVE STRESS
PATHWAYS

A. GENETIC MANIPULATIONS

Work with Drosophila, yeast cells, Neurospora (a type of fungus), and the nematode
Caenorhabditis elegans has established a genetic link between stress responsiveness
and lifespan. For example, when exposed to a low-energy environment, C. elegans
converts to its dauer state in which reproductive function is arrested. During this
state, this organism is more resistant to stress. C. elegans mutations have been
reported to extend life expectancy by 40% to more than 100%. The first of these
mutations to be discovered involved the age-I gene; mutations in this gene have
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been shown to increase longevity by about 100% but do not affect reproduction or
movement. Biochemical studies have revealed that strains carrying age-I alleles
have enhanced oxidative defenses. For example, when the wild-type and age-/ strains
were examined for resistance to H,0, exposure, the 50% effective lethal dose (LDs,)
of the wild type remained constant over the lifespan whereas the LDy, of the age-
1 strain increased with aging [75]. Moreover, the increased resistance to oxidative
stress was associated with elevated antioxidant activity, as shown by an increase in
the activity of SOD and catalase [78]. A variety of other life-extending mutations
that are correlated with enhanced stress tolerance have been described.

There are a number of mutated genes that regulate the insulin/insulin growth
factor 1 (IGF-1) signaling pathway. Age-1, daf-2, and daf-16 genes in C. elegans
are associated with an insulin-like signaling pathway. Age-1 and daf-2 suppress the
activity of the downstream target daf-16, a transcription factor that belongs to the
Forkhead family of proteases [79]. Hence, loss of function of either of these upstream
regulators enhances daf-16 function and leads to increased lifespan. Importantly,
loss-of-function mutations in daf-16 not only prevents longevity conferred by the
age-1 and daf-2 mutations, but also abolishes stress resistance [80], thereby strength-
ening the intimate link between longevity and the stress responsiveness associated
pathway. These animals are smaller in size, and have a decreased body temperature
and a modest increase in antioxidant capacity. Recent studies have shown that
knockout mice for the IGF receptor live longer and display greater resistance to
oxidative stress [81, 82].

One additional long-lived mutant strain of C. elegans, which provides an impor-
tant link between metabolism, oxidants, and aging, is clk-1. Clk-1 lacks an enzyme
required for the synthesis of ubiquinone, or coenzyme Q [83]. Coenzyme Q is an
important electron acceptor for both complex I- and complex II-dependent respira-
tion. Overexpression of clk-I leads to a reduction in lifespan [84], probably by
increasing the rate of metabolism, which in turn might lead to a faster accumulation
of damage resulting from metabolic by-products such as ROS. Another mutant with
reduced longevity is mev-1. Mev-1 encodes a subunit of the enzyme succinate
dehydrogenase cytochrome b, a component of complex II of the mitochondrial
electron transport chain. These animals show hypersensitivity to hyperoxia, and have
compromised mitochondrial function and increased ROS generation [85]. SOD
activity is about half that found in the wild type, and the average lifespan is reduced
by approximately 35% [86]. These worms also were shown to exhibit increased
levels of nuclear DNA damage [87]. Similarly, mice heterozygous for SOD2 have
an increased incidence of nDNA as well as a significant increase in tumor formation.
Another interesting mutation affecting longevity involves the p66shc gene. The
p66shc protein belongs to a family of adaptor proteins that regulate protein-protein
interaction for several cell surface receptors. These mice live 30% longer than control
mice and also have an increased resistance to oxidative stress [88].

Links between longevity and stress resistance, similar to those demonstrated in
C. elegans, also exist in Drosophila melanogaster. Various strains of flies selected
for extended lifespan display increased resistance to oxidative stress that in some
cases is correlated with enhanced activity of antioxidant enzymes. Methuselah (mth),
a long-lived mutant, encodes a G protein-coupled receptor that is thought to play a
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role in signal transduction [89]. This mutant not only enhances longevity, but also
increases resistance to heat stress and paraquat (an intracellular ROS generator).
Mth exhibits a 35% increase in average lifespan and is resistant to several stressors,
such as oxidants, starvation, and heat [89]. Another Drosophila mutant, Indy, belongs
to a family of proteins involved in the Krebs cycle. This mutant shows a 50% increase
in lifespan [90].

Several groups have been developing animal models with mitochondria defi-
ciencies [91-93]. These models include the adenine nucleotide translocator (ANT-
1), mitochondria superoxide dismutase- (SOD2-) deficient mice, Tfam-deficient
mice, and the PolgA. ANT-1- deficient mice are a model for chronic ATP deficiency.
These mice have increased production of ROS and hydrogen peroxide and a parallel
increase in mtDNA mutations consistent with levels seen in much older mice [94].
SOD2-deficient mice die in the neonatal period from dilated cardiomyopathy or
neonatal degeneration in the brain stem [92, 93]. The Tfam-deficient mice exhibit
cytochrome c¢ oxidase deficiency and die at around 3 weeks of age [95]. PolgA is a
more recent mouse model, independently developed by two groups [29, 96], that
expresses a deficient version of the nucleus-encoded catalytic subunit of mtDNA
polymerase. These mice develop a mtDNA mutator phenotype with a three- to
fivefold increase in levels of mtDNA point mutations, as well as an increase in the
amount of deleted DNA. This increase in mtDNA is associated with a premature
onset of aging-related phenotypes, including osteoporosis, alopecia, kuphosis, and
a median survival of 48 weeks of age and a maximum survival of 61 weeks.
Interestingly, these mice do not show an increase in oxidative damage markers [96,
97]. One possible explanation for the decreased longevity in these mice is an increase
in markers of apoptosis, suggesting a possible decline in regenerative capacity of
tissues in these mice [96, 97].

B. CALORIC RESTRICTION

Caloric restriction is the only reproducible experimental manipulation for extending
lifespan in many species. Restriction of food intake by 30 to 50% below ad libitum
levels during the early growth phase of life has been shown to produce significant
increases in the mean lifespan of several species, including insects, mice, fish, and
rats [98]. Moreover, calorically restricted rhesus monkeys showed physiological
changes similar to those observed in rodents on a calorie-restricted diet. Both
calorically restricted monkeys and rats are smaller, mature later, have lower blood
glucose and insulin levels, lower body temperature, and increased daytime activity
[99]. Although several theories have been proposed to explain the anti-aging effects
of caloric restriction, one hypothesis proposes that it acts by decreasing oxidative
stress. In support of this hypothesis, it has been shown that caloric restriction can
stabilize mitochondrial function and reduce oxidative stress in brain cells [100]. In
the same study, the authors showed that the reduction in ROS production is not due
to reduced mitochondria oxygen consumption, but rather to a lower percentage
release of ROS per total flow in the respiratory chain [100]. It has been shown that
caloric restriction decreases H,0, in rat heart mitochondria. On the other hand,
contradictory results have been obtained on the effect of caloric restriction on the
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expression of the antioxidant enzymes SOD, catalase, and GSH-peroxidase. In
particular, some reports have shown that caloric restriction did not increase antiox-
idant defenses, while other studies demonstrated that the activity of SOD, catalase,
and GSH was increased in older ages [101, 102]. Caloric restriction also prevents
many of the changes in gene expression and transcription-factor activity that nor-
mally occur with aging, including basal elevations in expression of heat-shock
proteins. Caloric restriction can also induce the expression of neurotrophic factors,
such as brain-derived neurotrophic factor (BDNF). Increased levels of BDNF have
been found in neurons in the hippocampus and other brain regions of rodents
maintained on caloric restriction [103]. Given all the positive effects of caloric
restriction, one could assume that this translates to an improvement in cognition in
animals with caloric restriction; however, the data are mixed on this aspect of
behavior; although some reports have found positive benefits [104—106], others have
found either only small benefits or no benefits at all [107, 108]. Mixed benefits have
also been reported on motor behaviors; improvements were noted on some motor
learning tasks and complex locomotor behaviors [107, 109] but negative effects of
caloric restriction were observed when testing some aspects of drug-induced rota-
tional behavior and stereotopy [110].

Although caloric restriction is a reproducible way to increase the functional and
maximal lifespan, it is questionable whether humans will choose to adopt this
lifestyle change and it is still controversial whether caloric restriction will increase
lifespan in nonhuman and human primates [111]. There is now accumulating evi-
dence that selection of appropriate whole foods or the addition of antioxidants into
the diet is beneficial to increasing the functional lifespan, if not the maximal lifespan
(for a review, see [112]). One could then argue that caloric selection may be as
important as caloric restriction.

V. SUPPLEMENTARY ANTIOXIDANTS AS
APPROACHES TO IMPROVE BRAIN HEALTH

A. VitamiN E

Vitamin E (Vit E) is the most studied antioxidant supplement and has been shown
to increase longevity in short-lived species such as C. elegans and the rotifer
Asplanchna brightwelli [113, 114]. There is little evidence that it increases maximum
lifespan in rodents [115, 116] but evidence for an improvement in functional lifespan
(i.e., improvements in aspects of physiology and brain health) is more compelling.
For example, Vit E administered to rodents can improve age-related impairments in
LTP [117] and improve cognitive behaviors [118, 119]. Vit E has also been shown
to have actions that can prevent neurodegenerative disease in animal models and in
in vitro studies. For example, Vit E is neuroprotective in apoE-deficient mice [120]
and modifies AP toxicity in cultured hippocampal neurons [121]. The prevention of
AP toxicity in vivo has also been observed [122]. In that study, Vit E prevented the
onset of behavioral deficits induced by infusions of AP into the cerebroventricles.
However, the data in humans are less convincing; clinical prevention trials using Vit
E did not demonstrate improvements in cognition in AD patients, although some
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improvement in living performance was noted [123, 124]. Epidemiological studies
have not always shown a positive link between increased intake of Vit E and
decreased incidence of AD, Parkinson’s disease or cerebrovascular disease
[125,126]. Some studies have noted a correlation between dietary intake of foods
high in Vitamin E, such as nuts, or diets high in fruits and vegetables and a decreased
incidence of these diseases [127], suggesting that perhaps whole food sources of
antioxidants and other phytochemicals may be of benefit.

B. PHYTOCHEMICALS AND POLYPHENOLIC COMPOUNDS

Fruits, vegetables, nuts, and other whole foods, such as blue-green algae, contain
thousands of phytochemicals, including polyphenolic compounds that express anti-
oxidant activity and anti-inflammatory compounds [106, 128—130]. Some of these
foods, such as the blue-green algae, also contain omega fatty acids, including
gamma-linolenic acid (GLA), that can act to reduce lipid peroxidation and also
reduce inflammation. Nature has packaged a wide array of phytochemicals that likely
act in synergy to promote health. The area of nutritional neuroscience is growing
quickly and there are many studies on the effects of whole foods and herbs as
neuroprotective agents.

Green tea has been widely studied, with particular interest in one of the polyphe-
nolic components, (-)-epigallocatechin-3 gallate (EGCG). EGCG has been exten-
sively researched for its anticarcinogenic effects [131, 132]; however, it has also
been shown to have actions that inhibit pro-inflammatory cytokines [133, 134]. The
green tea catechin EGCG has been examined for activity in Alzheimer’s disease.
EGCG has been shown to reduce amyloid precursor protein cleavage that produces
AP in primary neurons derived from Swedish mutant APP-overexpressing mice.
When EGCG is given to these Tg APP,2576 mice, there is a reduction in amyloid
load in the brain [133]. EGCG also protects against A toxicity in cell cultures, an
action that is likely related to its antioxidant activity [136]. Other phytochemicals
that have been studied for potential activity in Alzheimer’s disease include curcumin
and other related flavones, as well as flavonoids such as quercitin [137-139]. Further,
blueberries have also been shown to reduce amyloid load in an animal model of AD
[140].

Foods such as blueberries, spinach, and spirulina, a blue-green algae with high
oxygen radical absorbance capacity (ORAC = 320; [141]), have also been studied
extensively for neuroprotective actions. For example, in the cerebellum there is a
correlation between the loss of function of -adrenergic receptors in the aged brain
and a loss in the ability to learn complex motor skills [142]. Feeding aged F344 rats
a diet rich in spinach improves cerebellar [-adrenergic receptor function and
improves motor learning that is associated with a decrease in oxidized glutathione
and the pro-inflammatory cytokine TNFa. [143, 144]. Further studies have attempted
to correlate the ability to improve cerebellar 3-adrenergic receptor function with the
in vitro antioxidant capacity of the foods added into the diet. For example, cucumber
is very low in polyphenolic compounds and, when added to the diets of aged rats,
produced no improvement in cerebellar 3-adrenergic receptor function and no reduc-
tion in malondialdehyde or TNFa. [141]. On the other hand, the addition of spirulina
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to the normal rat diet (0.1% w/w) significantly improved (-adrenergic receptor
function, decreased malondialdehyde, and reduced pro-inflammatory cytokine levels
[141]. Although correlations between reduced markers of oxidative stress and inflam-
mation do not guarantee a causative relationship, there is increasing evidence from
many studies supporting this hypothesis.

Blueberries and spirulina have also been shown to be neuroprotective in animal
models of Parkinson’s disease. In one study by Strémberg et al. [145], blueberries
and spirulina both improved the recovery from a neurotoxic 6-hydroxydopamine (6-
OHDA) lesion of dopamine projections to the striatum. In this study, there was a
reduced lesion area 1 month following 6-OHDA administration; however, the lesion
was similar in size to controls at 1 week following the neurotoxic insult, suggesting
that what the dietary supplementation was doing was to improve the recovery and
regeneration of the dopamine terminals in the striatum following the lesion, rather
than preventing the initial damage. One mechanism by which this might occur is
through an interaction with microglial activation in response to the injury. This study
reports that 1 week following the injury, there was an increased microglial response
to the injury. In this early period, the microglia are phagocytotic and aid in repairing
the damage caused by the neurotoxic insult; the increased microglial response at
this time may help to prepare the brain for regeneration of the dopamine fibers into
the lesioned area (Figure 15.2). A second finding of this study was that microglial
reaction to the injury continued to increase over time in the lesioned rats fed a control
diet but was reduced at during later time points in rats fed the supplemented diet.
This chronic phase of the microglial response may actually be detrimental; reducing
this later phase of inflammation correlated with the smaller lesion size in the rats
that consumed the supplemented diet. Green tea catechins have also been studied
for their potential actions in Parkinson’s disease. For example, EGCG attenuates 6-
hydroxydopamine-induced cell death in neuronal cultures [146, 147].

Neuroprotection from ischemic brain damage is another area where nutritional
and herbal approaches have been examined. Multiple epidemiological studies have
shown a correlation between diets high in fruits and vegetables, and specifically, the
Mediterranean diet, and a decreased risk of cardiovascular disease and stroke [148,
149]. This has also been examined in animal models. For example, a study by Wang
and colleagues [150] reported that dietary supplementation with either blueberries,
spinach, or spirulina for 1 month prior to a middle cerebral artery inclusion reduced
the size of the damage. The most effective supplement in this study was spirulina,
which reduced the infarction size by 70% when incorporated into the diet at 0.1%
w/w. Blueberries and spinach reduced the infarct size by 50% when incorporated
into the rat diet at 2% w/w (Figure 15.3). A study by Sweeney et al. [151] had shown
that a much higher dose of blueberries prevented cell loss in the hippocampus
following an ischemic event. It must be recognized, however, that all of these studies,
when converted to human equivalents, are on the high side if converted to a nutra-
ceutical dosage for optimal health. Perhaps a more interesting approach is to examine
the synergy of nutrients to determine if there may be combinations of whole foods
that will synergize to produce even more potent effects at maintaining optimal brain
health and preventing neurodegenerative disease.
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FIGURE 15.2 Bar graph depicting the number of OX-6 positive microglia in the striatum of
rats following either sham of 6-hydroxydopamine (6-OHDA) lesions into the corpus striatum.
This quantification of MHC class II receptors on microglia demonstrates that in rats treated
with 6-OHDA and fed the control diet with normal levels of vitamins and minerals the
inflammatory process continues to increase over the 4 weeks following the 6-OHDA insult.
In rats that were fed the blueberry or spirulina diet prior to the insult, there was initially a
much larger response to the 6-OHDA at 1 week; however, at 1 month following the insult,
there was a significant reduction in the numbers of OX-6 positive microglia observed in the
striatum. * = p < 0.05, p < 0.01, one-way ANOVA (see [143] for a full description).

VI.  SUMMARY AND CONCLUSIONS

In closing, this chapter has summarized some of the literature that supports a role
for oxidative stress as one aspect of age and disease that contributes to declines in
function of the central nervous system. The free radical theory as proposed by
Harmon in the mid-1950s was the catalyst for many studies into aspects of free
radical metabolism and mitochondrial function that have shown links between oxi-
dative stress, brain aging, and neurodegenerative disease. Interestingly, in recent
years, the oxidative stress theory of aging has also come to include a role for
inflammation. These two processes are interlinked and have many feedback loops
such that separating the two processes is difficult. Many studies are now defining
the critical mitochondrial and inflammatory pathway changes that underlie this
increase in oxidative stress and inflammation with age. Genetic manipulations of
many species have assisted in delineating the critical aspects of free radical metab-
olism that either induce premature aging or increase longevity. These genetic manip-
ulations are not, however, applicable as interventions to improve brain health with
age. There are two interventional strategies discussed in this chapter: (1)
caloric restriction and (2) nutritional intervention. Caloric restriction is the most
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Control Blueberry Spinach Spirulina

B,

FIGURE 15.3 (SEE COLOR INSERT FOLLOWING PAGE 204) Pretreatment with either
blueberry, spinach, or spirulina enriched diets significantly reduced the cortical infarction
induced by middle cerebral artery occlusion/reperfusion. The right middle cerebral artery was
ligated for 60 minutes. Animals were euthanized for TTC staining 48 hours after ischemia/rep-
erfusion. Marked infarction (white areas) in the right cerebral cortex was found in animals
receiving the control diet. Pretreatment with either blueberry, spinach, or spirulina significantly
reduced the amount of infarction.

reproducible way to increase lifespan among many species and reduces many dis-
eases associated with aging. But how many humans will comply with this rigorous
lifestyle change? Antioxidants and polyphenolic compounds from fruits, vegetables,
nuts, and grains decrease markers of oxidative damage, such as malondialdehyde
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and protein carbonyls, and decrease levels of pro-inflammatory cytokines either
directly or indirectly by reducing oxidative damage. Epidemiological evidence sup-
ports that a diet high in fruits and vegetables may help prevent certain diseases of
aging, including stroke, diabetes, Parkinson’s disease, and Alzheimer’s disease. So,
your mother was right when she told you to eat your fruits and vegetables!
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