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Abstract

Functional loss often occurs in many body systems (e.g., endocrine, cognitive, motor) with the
passage of years, but there is great individual variation in the degree of compromise shown. The
current focus on brain aging will continue because demographic trends indicate that the average
lifespan will show a continued increase. There is increasing emphasis on understanding how aging
contributes to a decline in brain functions, cognition being a prime example. This is due in part to the
fact that dementias and other losses in brain function that sometimes accompany aging cause an
obvious decline in the quality of life and these deficits are of more concern as the number of elderly
increase. Stress also is a ubiquitous aspect of life and there is now a greater interest in understanding
the role of stress and the stress response in brain aging. The key role of the hippocampus and its
related brain structures in cognition, as well as in the feedback control of the response to stress, have
made this brain area a logical focus of investigation for those interested in the impact of stress on
brain aging. Here, we describe how the hippocampus changes with age and we examine the idea that
age-related changes in the secretion patterns of the hypothalamic-pituitary adrenal (HPA) axis can
contribute to aging of this structure. We also examine the proposal that stress, perhaps due to
compromised HPA axis function, can contribute to hippocampal aging through exposure to excessive
levels of glucocorticoids. The aging hippocampus does not appear to suffer a generalized loss of cells
or synapses, although atrophy of the structure may occur in humans. Thus, age-related cognitive
impairments are likely related to other neurobiological alterations that could include changes in the
signaling, information encoding, plasticity, electrophysiological or neurochemical properties of
neurons or glia. Although excessive levels of glucocorticoids are able to interfere with cognition, as
well as hippocampal neuronal integrity, and aging is sometimes accompanied by an increase in these
steroids because of inadequate feedback control of the HPA axis, none of these are a foregone
consequence of aging. The general preservation of cells and the plastic potential of the hippocampus
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provide a focus for the development of pharmacological, nutritive or lifestyle strategies to combat
age-related declines in the hippocampus as well as other brain areas.

Published by Elsevier Ireland Ltd.
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1. Introduction

Aging is inevitable and is most conveniently defined as the advance of chronological
years, but the changes wrought by the passage of time vary greatly among individuals; for
example, not all the elderly exhibit cognitive difficulties (Rowe and Hahn, 1987; Snowdon,
2003). Although some individuals may find the changes in motor function and reproductive
capacity disturbing as they age, many more fear the loss of self and the decline in life
quality caused by the dementias with their attendant loss of cognitive capabilities. The
wide and non-uniform spectrum of cognitive capacity in the elderly has prompted general
questions about how the brain ages; more specifically, this lack of uniform aging has
focused interest on determining how brain structures crucial for cognition change with age
and in determining if factors such as stress can contribute to these changes (Barnes, 1994;
Blalock et al., 2003; Heuser and Lammers, 2003; Lee et al., 2000; Lupien et al., 1998;
Miller and O’Callaghan, 2003; Polleri et al., 2002; Sapolsky, 1999; Smith, 2003). These
concerns are becoming more prominent because the number of the oldest age segments of
the population are growing and this likely will produce further increases in the dementias
(Hebert et al., 2003).

2. The hippocampus and aging

Invariably, any description or characterization of brain aging includes a consideration of
the hippocampus (Fig. 1). This structure of the medial temporal region of the brain is
crucial for storage and retrieval of certain types of information and it often is identified as a
key mediating structure in studies examining the pathophysiology of disordered memory
(Panegyres, 2004). The CA1l area of hippocampus is one of the initial brain areas
displaying pathology and neuronal loss in Alzheimer’s disease—a disorder characterized
by memory loss (West et al., 2004). In addition to its influential place in the study of
memory, the hippocampus also is a focal point for researchers interested in understanding
the physiology and the consequences of stress. Because the hippocampus is an important
element of the feedback loop responsible for terminating the stress-induced release of
glucocorticoids, there is great interest in knowing how chronic stress and potential excess
in steroid levels impact the aging of the hippocampus (Miller and O’Callaghan, 2002,
2003). Although other hormones may play a role in brain aging (Azcoitia et al., 2005;
Erickson et al., 2005; Mattson et al., 2004; Vallee et al., 2003), in this review we chose to
examine the idea that the characteristics of aging displayed by this structure are at least
partly caused by stress and glucocorticoids, a hypothesis that has come to dominate the
contemporary neuroscience community.
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Fig. 1. The hippocampal formation in the human, monkey, dog and mouse; note the similarity in cytoarchitecture
(photomicrographs graciously provided by Dr. Robert Switzer of NeuroScience Associates).

3. The structure and function of the hippocampus

The hippocampus, first labeled as such by Giulio Cesare Aranzi (Gross, 1998), is one of
the phylogenetically oldest brain areas and it is located in the medial temporal region of the
brain. It is a structure with a distinct shape and cytoarchitecture (Fig. 1) consisting of two
major parts, the hippocampus proper (CA1-CA3 pyramidal cell layers) or Ammon’s horn
and the dentate gyrus. Although it is readily discerned across mammalian species (e.g.,
human, monkey, rodent) it occupies a smaller percentage of the total cortical area in the
primate because of the dominance of the cerebral cortices in the higher species. This highly
interconnected structure often is a focal point in discussions of cognitive function. For
example, neuropsychological testing of subjects such as the profoundly amnesic H.M.,
who suffered memory loss after bilateral hippocampal resection as a palliative for his
epilepsy (Scoville and Milner, 1957), as well as imaging of healthy humans, has revealed
the hippocampus and its associated cortical areas to be pivotal for declarative memory. The
recall of personal experiences and the acquisition of semantic or factual knowledge
constitute important facets of declarative memory (Eichenbaum, 2004). Input to the
hippocampus from the cortex is utilized in the formation of memories as well as in
learning; the entorhinal cortex provides the major cortical input to the hippocampus. The
entorhinal cortex receives information from all the senses, as well as multiple cortical
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areas, and axons from this area project through the perforant path (PP) to the granule cells
of the dentate gyrus.

There are multiple internal connections within the hippocampus that are critical in the
transmission of information between the sub-regions of this structure and contribute to the
operation of the hippocampus, especially the dentate gyrus in conjunction with the CA1,
CA3 sub-regions, as a circuit. There is consensus that the hippocampus is crucial in the
storage and retrieval of information but there is still debate about the exact role the
hippocampus may play in processing the information concerned with pattern separation,
association and completion as well as encoding, novelty detection, and the development of
short- and intermediate-term memories (Kesner et al., 2004). However, recent evidence
from a variety of avenues including lesion, behavioral, electrophysiological and gene
activation studies suggest that, although the role of the hippocampus is most often
evaluated as a singular entity, there are separable and distinct sub-region functions within
this structure (Kesner et al., 2004). Thus, the dentate gyrus processes metric spatial
representation and the CA3 subregion is responsible for spatial pattern association and
completion, detection of novelty and short-term memory. Finally, the CAl subregion
mediates processes involved in temporal pattern association and completion as well as
intermediate-term memory (Kesner et al., 2004; Miyashita, 2004). This notable subregion
specialization in the hippocampus suggests that a thorough evaluation of the aging
hippocampus should involve a closer examination of how age affects subregion function
and anatomys; it should also be determined if age-related changes in these subregions are
linked to specific patterns of memory deficits.

4. Characteristics of the aging hippocampus

The evaluations of the aging hippocampus have frequently centered on its anatomical
and biochemical aspects with the objective of determining if age was associated with
notable changes in hippocampal cell number, size or function. Early work often reported
that in humans and many other species neuronal loss or a decrease in neuronal density
inevitably accompanied aging. The decrease in neuronal density could be due to a loss of
neurons or, in contrast, it could reflect shrinkage of neuronal elements such as dendrites,
rather than actual cell loss. Importantly, the counting procedures used in these initial
studies may have suffered from various types of biases, as they relied on assumptions about
the orientation, shape, size and distribution of the neurons being evaluated. More precise
methods are now available for counting cells as well as other elements of brain structure.
The application of ‘““design-based” stereology procedures does not require the use of the
assumptions listed above and thus effectively eliminates these issues as sources of
systematic error in the final calculation of neuron number (see Schmitz and Hof, 2005;
West, 2002 for a discussion of relevant issues in stereology). Thus, recent investigations
utilizing the newer quantitative unbiased stereology procedures, rather than traditional cell
counting methods, have challenged the belief that aging of the hippocampus always
involves neuron loss. Although a decrease in neuronal density does appear in many species
to be a characteristic of the aging hippocampus, numerous studies now indicate neuron
number remains quite stable across the lifespan (Calhoun et al., 1998; Landfield et al.,
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1981; Long et al., 1999; Keuker et al., 2003; Rapp and Gallagher, 1996; Simic et al., 1997,
West, 2002; Wickelgren, 1996). Further, when neuron loss occurs, it appears to be
restricted to the CA1 area of the hippocampus, one of the regions first affected in AD and
also a region displaying many other age-related changes (Haigler et al., 1986; Kerr et al.,
1991; West and Gundersen, 1990; West, 2002). Even though some neuron loss is found in
the CALl area, it is very circumscribed and it is not a uniform loss throughout the entire
subregion. Furthermore, not all studies examining CA1l in healthy or unhealthy aged
hippocampus report a neuron loss (Rasmussen et al., 1996; West, 1993). The apparent
stability of neuron number in the hippocampus throughout lifespan suggests that when
neuron loss occurs it is due to frank disease and pathology, not age per se. As the subfields
of the hippocampus differ on a cellular, molecular, and functional basis, more work is
needed to determine the extent and subfield specificity of hippocampal cell loss in human
aging when overt disease is not present (Kesner et al., 2004; Small et al., 2004).

The impact of aging on the size of the hippocampus also has been a focal point of
research; its volume can easily be determined by the available noninvasive imaging
techniques, because this structure can be precisely and clearly identified within the three
orthogonal anatomic planes of the brain. High-resolution magnetic resonance imaging
(MRI) of living individuals as well as that of post-mortem brains leaves little doubt that
atrophy of the hippocampus may occur with certain diseases and disorders; these include
major depression, dementias including Alzheimer’s disease, untreated hypertension,
coronary artery disease, Cushing’s disease, posttraumatic stress disorder, obstructive sleep
apnea, reduced glucose tolerance and diabetes (Bremner et al., 2005; Campbell et al., 2004;
Convit et al., 2003; Den Heijer et al., 2003; Frodl et al., 2002; Gosche et al., 2001; Korf
et al., 2004; Koschack and Irle, 2005; Macey et al., 2002; MacQueen et al., 2003; Van
Petten, 2004; Villarreal et al., 2002). Although cell loss in the hippocampus is not a
necessary concomitant of aging, hippocampal size varies widely across individuals;
longitudinal as well as cross-sectional studies find size decreases with age and it occurs in
those not suffering from neurological disease or insult; however, conventional
neuroanatomical and MRI assessment of experimental animals finds little shrinkage of
the hippocampus and not all studies of humans report atrophy (Cardenas et al., 2003;
Eberline et al., 1997; Erickson et al., 2005; Gur et al., 2002; Jernigan et al., 2001; Lye et al.,
2004; Raz et al., 2004, 2005; Sullivan et al., 2004; Van Petten, 2004; West, 2002). To add to
the controversy of whether the hippocampus shrinks with age, when atrophy is found, it is
not necessarily predictive of cognitive performance. Some studies report that the learning
of complex spatial tasks increases the volume of the right hippocampus while others link
shrinkage to memory impairment (Maquire et al., 2000; Lye et al., 2004; Mortimer et al.,
2004; Tisserand et al., 2000; Wolf et al., 2004). Apparently, hippocampal shrinkage can
begin in early adulthood and accelerate with age; losses of 0.3-2.1% per year are reported
and women display less atrophy than men. However, the soundness of this conclusion is
dependent on the reliability of the imaging techniques and questions have been raised due
to methodological issues (Pruessner et al., 2001; Van Petten, 2004). An improvement of
quantification methods in imaging studies, including the use of completely automated
methods to monitor longitudinal change, should help to resolve the conflicting results
concerning shrinkage of the hippocampus with age. Automation certainly will reduce the
within and between rater errors that are prevalent in manual methods. Investigators also



128 D.B. Miller, J.P. O’Callaghan/Ageing Research Reviews 4 (2005) 123-140

may need a better awareness of the effects of statistical methodology. For example
statistical normalization for head size, etc. may influence results by increasing variability
(Cardenas et al., 2003; Van Petten, 2004).

Although frank neuronal loss is not likely responsible for the atrophy found in the aged
hippocampus, the decreased volume could be accounted for by reductions in the size of
neurons and their associated dendritic and synaptic fields (Long et al., 1999). Moreover,
glia, the nonneuronal cellular elements of the hippocampus, markedly contribute to its
volume due to the relative abundance of glia over neurons. Therefore, changes in the
various types of glia (i.e., astrocytes, oligodendrocytes and microglia), may contribute to
atrophy. Indeed, myelination, a function of oligodendrocytes, continues in the human
hippocampus well into the 50s and 60s and aging can be associated with myelin
deterioration and loss; white matter accounts for about 3% of the hippocampal formation
(Bartzokis, 2004; Frodl et al., 2002).

The aging hippocampus of rat, mouse, rabbit, dog, monkey and human all show another
type of change in glial morphology; a pronounced astrocyte hypertrophy, the hallmark of
which is an increase in the amount of protein and mRNA for glial fibrillary acidic protein
(GFAP) (Borras et al., 1999; David et al., 1997; Nichols et al., 2001; O’Callaghan and
Miller, 1991; Sloane et al., 2000). Although astrocytosis generally occurs in response to
neural damage or injury, interestingly, the increase found in aging brain occurs in
apparently healthy individuals displaying no obvious cognitive impairment or disease. The
importance of this age-related astrocytic hypertrophy is unknown, but it could contribute to
atrophic changes, because astrocytes provide neurotrophic support that aids in the
maintenance of neuronal integrity and function. To fully judge the respective roles of the
various types of glial cells in aging of the hippocampus, as well as other areas of brain, will
require a great deal more characterization and understanding of how glial cells interact
with the neuropil and how these interactions change across the lifespan. In this regard,
modern imaging studies have centered almost exclusively on neuronal populations and
gray matter structures, there has been very little mapping of white matter (Jernigan and
Fennema-Notestine, 2004). Many investigators, however, are now taking note of the
importance of considering white matter changes as well as changes associated with other
types of glia in determining the impact of disease and age on the brain (Bartzokis, 2004;
Atwood et al., 2004; Courchesne et al., 2000; Lyons et al., 2004; Rajkowska, 2000;
Rajkowska et al., 1999; Scott et al., 2004; Toussaint, 2003).

Healthy older individuals can display cognitive decline and deficits in memory
functions without showing any other evidence of neurological decline. While the
hippocampus is implicated in such impairments, hippocampal neuron loss is not likely to
be responsible for the deficits because a frank loss of neurons is not a characteristic of
aging in this brain area. A decrease in the size and density of hippocampal neurons is
possible and there is some consensus that synapses are lost with age; all of these factors
could account for the decline in cognitive function, but there is by no means consensus on
this matter (Nichols et al., 2001; Morrison, 2001). The aging hippocampus is, however,
characterized by marked and consistent changes in many neurochemical and
neurophysiological aspects that could compromise function and account for the cognitive
changes. For example, the pyramidal cells in aged rat hippocampus show a diminished
response to acetylcholine, a neurotransmitter prominent in memory processes; the aged
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monkey hippocampus also is characterized by a loss of microvascular integrity and
glucose utilization (Eberline et al., 1997; Haigler et al., 1986; Keuker et al., 2000).
Increased excitability is a characteristic of the principal neurons of the aged hippocampus.
A loss of inhibitory processing within the intrinsic circuits contributes to the lack of
“silent” cells (Stanley and Shetty, 2004). Action potentials can be elicited at lower
thresholds in aged rats and the amplitude of the potential is lower; potassium currents are
reduced as well (Haigler et al., 1986; Kerr et al., 1991). Cellular handling of calcium
becomes dysregulated with age and this can involve improper influx, release, extrusion,
buffering and storage of this important ion. Eventually, these disruptions result in the
marked differences in the calcium-regulated signaling properties displayed by aged
neurons, including those of the hippocampus. Such deficits have implications important
for the function of both neurons and glia (Blalock et al., 2003; Toescu et al., 2004). Output
neurons of the CAl and CA3 regions of the aged hippocampus show marked and
consistent increases in the calcium dependent afterpolarization (AHP) associated with
increases in L-type voltage-gated Ca®* channels. As slowing of the AHP promotes
intrinsic neuronal excitability during hippocampal dependent learning, the abnormal
functioning of the AHP in the aged hippocampus could account for the decline in cognitive
ability observed with age. Inappropriate handling of calcium also may be responsible for
the compromise in synaptic transmission as well as in the long-term and short-term forms
of Ca**-dependent synaptic plasticity exhibited by aging hippocampus (Disterhoft et al.,
2004; Papatheodoropoulos and Kostopoulos, 1996; Toescu et al., 2004). Long-term
potentiation (LTP) and long-term depression (LTD), considered to be cellular models of
learning and memory, are compromised in aged hippocampus; improvement of Ca**
homeostasis impairments by caloric restriction may be how this manipulation retards the
deficits in LTP normally observed in the aged hippocampus (Okada et al., 2003). Any of
these neurochemical and neurophysiological changes in the aged hippocampus could
account for the cognitive deficits often displayed by the elderly.

In summary, it appears that aging may cause a sub-region localized rather than a
widespread neuronal loss in the hippocampus. Clearly, additional research will be needed
to confirm this view, as well as to determine a role for changes in neuron number, because
neuron number is an important although by no means the only determinant of functional
capacity. Moreover, in terms of prevention and treatment, it is more likely that strategies
can be developed to stave off or correct age-related hippocampal dysfunction if it is not due
to neuronal loss, because it is unlikely that replacement of neurons will become a routine
practice for many more years (Azcoitia et al., 2005; Landfield and Cadwallader-Neal,
1998; Okada et al., 2003; Verkhratsky et al., 2004).

5. Does stress cause or accelerate aging in the hippocampus?

The word stress is a convenient shorthand term used by everyone and, when we use it to
describe internal states or feelings, it is at our own subjective interpretation of its meaning.
However, the very ubiquity of this term presents problems in objectively determining how
stress impacts the body. To counter this we, as well as many others, have chosen to define
stress as any disruption of homeostasis and to refer to any of the myriad internal or external
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challenges that produce this disruption as stressors (McEwen, 1998; Lupien et al., 2005;
Miller and O’Callaghan, 2002; Smith, 2003).

Disturbing homeostasis initiates a series of events called the stress response or cascade
(Fig. 2) and it is this well-choreographed response involving the hypothalamic pituitary
adrenal (HPA) axis that restores homeostasis. The hippocampus, as well as the
glucocorticoids synthesized and released from the adrenal glands, also is intimately
involved in the response to homeostatic disturbance. With its abundance of glucocorticoid
receptors, the hippocampus is a pivotal element in a classic negative feedback circuit in
which the release of a species-specific glucocorticoid is responsible for terminating the
signal initiating the cascade; failure or inefficient operation of this feedback loop can result
in continuous high circulating levels of glucocorticoids. As the hippocampus is a target of
glucocorticoids, there is concern that conditions resulting in a prolonged excess of
glucocorticoids would harm this brain structure. Because the hippocampus can suffer
deterioration with age, many investigators have speculated that the excess of
glucocorticoids that sometimes occur with age may be at least a partial cause of this
deterioration, either due to a primary action of these stress hormones or by enhancing
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Fig. 3. Schematic illustrating the ways in which stress, glucocorticoids and aging may increase the vulnerability
of the hippocampus (adapted from Miller and O’Callaghan, 2003; Porter and Landfield, 1998).

vulnerability to other insults (McEwen, 1999; Nichols et al., 2001; Porter and Landfield,
1998; Sapolsky et al., 1986). There are several ways (Fig. 3) in which the health of the
hippocampus could be affected by interactions between stress and age: (1) stress/
glucocorticoids accelerates or exacerbates aging (2) stress/glucocorticoids and aging act in
parallel; (3) aging results in excessive stress/glucocorticoids and this enhances
vulnerability; (4) all of the effects of aging are due to excessively high levels of stress/
glucocorticoids, although this is likely the least probable of all the scenarios. Central to
understanding how stress and glucocorticoids might foster the aging of the hippocampus is
determining if and how the levels of glucocorticoids or the efficiency of the HPA axis
change with age.

It is well known that glucocorticoids affect cognition and that cognitive deficits can
accompany aging. These findings lead many to question whether excessive levels of
glucocorticoids during aging could account for the deficits (Belanoff et al., 2001; McEwen,
1999). During the stress response, glucocorticoids have a coordinating role in promoting
the processing of novel information related to the stressful event. Excessive levels of these
steroids, whether due to hyper-secretion in response to a stressor, exogenous administration
or as a concomitant of diseases like Cushing’s syndrome, are known to produce cognitive
impairment (Belanoff et al., 2001; Brown et al., 2004; De Kloet et al., 1999). Studies of the
elderly are inconsistent regarding the effect of aging on the levels of glucocorticoids and/or
the efficiency of the HPA axis. The daily secretion of glucocorticoids follows a distinct
circadian pattern and, in humans, the basal levels are high at morning awakening and
decline over the day. Some studies find elevated basal levels while others find protracted
elevations following stress or after the administration of a steroid. All of these effects are
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suggestive of impaired feedback, but in general, the many cross-sectional studies
conducted have not found a relationship between advancing age and increases in
glucocorticoid levels (Carvalhaes-Neto et al., 2003; Ferrari et al., 2001; Lupien et al., 2005;
Nichols et al., 2001; Wilkenson et al., 2001). However, longitudinal studies have shown
great individual differences with age and above normal cortisol levels predict deficits in
declarative and working memory tasks mediated by the hippocampus. Inappropriate
activation of the HPA axis does not appear to be a general characteristic of aging, but these
longitudinal studies suggest, in any given population of the elderly, that individuals with
above normal cortisol levels during the course of the evaluation are more likely to be those
showing cognitive deficits. This suggests it is the cumulative exposure to excessive
glucocorticoids that is detrimental (Lupien et al., 2005).

The protracted exposure of the hippocampus to excessive levels of glucocorticoids
causes functional and structural changes; the exact nature of the structural change is still
being debated. The early studies concluded that neuronal death could occur, with much of
the work being stimulated by Sapolsky’s intriguing ““glucocorticoid cascade’ hypothesis.
These findings, documented in primates and rodents, showed an outright loss of neurons or
a decrease in neuron density after exposure to protracted stress or excessive glucocorticoid
levels. Other more recent work has produced conflicting data, suggesting that neuron death
is not always a consequence of exposure to excessive glucocorticoids. Moreover, these
studies suggest that other individual susceptibility factors, such as genetics, operate in the
circumstances where such outright cell loss is observed (Angelucci, 2000; Landfield et al.,
1978; Leverenz et al., 1999; Nichols et al., 2001; Sapolsky, 1996; Sapolsky et al., 1986;
Sousa et al., 1998; Uno et al., 1989; Wickelgren, 1996).

Other aspects of hippocampal structure can be affected by glucocorticoid level. Brain
imaging of individuals with Cushing’s syndrome or patients receiving glucocorticoids in a
therapeutic context indicate that the hippocampus can atrophy in response to high
glucocorticoid levels (Brown et al., 2004; Wilner et al., 2002). Upon removal of the
steroids, the atrophy is reversed, which suggests that the changes are not likely due to death
of neurons.

The hippocampus displays remarkable structural plasticity and exposure to excessive
levels of glucocorticoids compromises this plastic potential. In many species, including
humans, neurogenesis is maintained throughout life and protracted stress or excessive
glucocorticoid exposure inhibits the production of new neurons in the hippocampus. High
levels also can cause atrophy of pyramidal cell dendrites and the loss of synapses. Exposure
to glucocorticoids also inhibits repair responses, such as sprouting and formation of new
synapses, responses that are part of neuronal compensation to injury. Glucocorticoids and
stress also may indirectly impact hippocampal structure by interfering with the support
provided by glia. The expression of GFAP, an astrocyte-localized intermediate filament
protein, is suppressed by glucocorticoids and this suggests that hypertrophy of astrocytes in
the aged hippocampus may represent a decreased responsiveness to steroids, perhaps
through a decrease in receptor number rather than an injury response (Nichols et al., 2001;
O’Callaghan et al., 1991). Age-related changes in astrocyte-neuron interactions may
compromise neuronal function and perhaps account for the synaptic changes observed with
age. How glucocorticoids contribute to this phenomena requires a greater understanding of
glial-neuropil interactions (Cameron and McKay, 1999).
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6. Is oxidative stress a major cause of brain aging?

While a role for oxidative stress and free radical generation serves as an attractive basis
for “stress” and age-related neurodegeneration, this hypothesis may not be as unifying as it
once seemed (Barja, 2004; Finch, 2003; Toussaint, 2003). As noted above, oxidative
species do accumulate in the CNS with aging and anti-aging strategies that employ
antioxidants can retard certain aspects of age-related neurodegeneration. Moreover, the
“free radical hypothesis™ of aging has gained attention because it serves as a common
feature associated with protein misfolding/aggregate accumulation/excitotoxicity/inflam-
mation, to name a few, i.e. processes linked with aging and neurodegenerative diseases
(Anderson, 2004). These observations not withstanding, a causal role for oxidative stress in
aging remains elusive. Indeed, the negative associations of reactive oxygen species with
processes detrimental to key neural function, such as mitochondrial respiration and
proteosome processing, recently has given way to the possibility of roles in physiological
functions (Meffert and Baltimore, 2005). For example, up- and down-stream effectors in
the cytokine, NF-kB, p-38 MAP kinase pathway can be implicated in oxidative stress
mediated inflammatory processes including those occurring in the CNS. More recent
evidence, however, serves to substantiate a key role of this pathway in CA-mediated
synaptic signaling and the regenerative roles of neurons and glial following a variety of
neural injuries. Thus, the same responses viewed as ‘“bad” in the context of an
inflammatory response, now appear to be physiological, or at the least, desired features of
neural responses to injury.

A role for glia, astrocytes and microglia in particular, often is cited in the context of
mediators of inflammatory responses and oxidative stress (Anderson, 2004). The oxidative
“burst” associated with phagocytic activity of macrophages in the CNS, some of which
share surface markers with microglia, may serve as one example of a useful function of
cell-mediated localized ‘“‘cleanups” with an oxidative stress component. The general
connotation of glial activation as a detrimental inflammatory response (with or without an
oxidative stress component), no longer should be considered accurate. Neurodegeneration
can occur in the absence of inflammation and the induction of inflammatory mediators in
the CNS due to activation of the immune system in the periphery does not result in
neurodegeneration (Little et al., 2002). This suggests that astrocytic activation in response
to injury and, perhaps the hypertrophy of astrocytes that occurs with aging, serves as the
basis for a neurotrophic rather than a neurodegenerative role for this major cell type in the
CNS. Also, recent work has shown a relationship between a reduction in GFAP and
disease; in depression the packing density of astrocytes in prefrontal cortex is decreased
with a concomitant reduction in GFAP levels an observation fueling speculation that
depression may be a glial disorder (Miller and O’Callaghan, 2005; Si et al., 2004). Thus,
appropriate astrocyte activation may serve to enhance neuronal plasticity, including
increases in synaptic sprouting following injury. Likewise, microglial activation, a
response that acts in concert with astrogliosis, and often precedes it in responding to injury,
also serves a restorative rather than a regenerative role. Thus, when these cellular responses
to injury and aging are associated with the production and elaboration of reactive oxygen
species, such effects can just as well be viewed as beneficial rather than detrimental.
Finally, the fact that glial activation has been highly conserved from an evolutionary
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standpoint, argues strongly for a positive role of these cellular reactions and associated
oxidative processes, both in response to injury and aging of the CNS (Faulkner et al., 2004).

7. Are there strategies to maintain the health of the hippocampus during aging?

Obviously, the preservation of neuron number in the hippocampus across the lifespan
along with its remarkable molecular, cellular and system-level plasticity provide
encouragement for those interested in developing preventive and intervention strategies
that will slow the impact of aging on this important brain structure. Activity, both
intellectual and physical, is protective against neurodegenerative disease and the cognitive
decline that can accompany aging. The protective mechanism is not known but may
involve the production or maintenance of neurotrophic factors, such as BDNF, that play a
role in neural plasticity (Mattson et al., 2004). BDNF levels are increased in the
hippocampal area of rats and mice with access to exercise wheels and trophic factor gene
therapy can ameliorate hippocampal deficits in monkeys (Cotman and Berchtold, 2002;
Smith et al., 1999).

Maintaining intellectual and physical activity across the lifespan is obviously important
for successful brain aging, but dietary and nutritional manipulation also may prove useful
in preserving the health of the hippocampus. Caloric restriction or manipulations leading to
a decrease in total energy consumption without nutritional compromise has been found to
increase vitality and longevity in species ranging from invertebrates to nonhuman primates
(Mattson, 2003; Miller and O’Callaghan, 2003). In findings more specifically related to
maintaining the health of the hippocampus, caloric restriction minimizes the age-related
increases in GFAP, inflammation, the observed impairments in LTP, and the loss of
neurotransmitter receptors (Chung et al., 2002; Finch, 2003; Morgan et al., 1999; Okada
et al., 2003). Data from the Biosphere 2 project (albeit controversial) and various
epidemiological reports, indicate caloric restriction likely will have the same benefits in
humans, as it instigates physiological changes (e.g., lowered blood pressure, reduced
homocysteine and cholesterol levels, etc.) that are linked to healthy aging (Mattson, 2003;
Walford et al., 2002). Although obesity is clearly linked to excessive ingestion of calories,
there also is some indication that even those able to maintain a lean phenotype when energy
consumption is high may be at more risk for neurodegenerative disorders (Mattson, 2003).
Although the amount of food is important, the type of food ingested also contributes to
brain health. Certain dietary constituents appear to provide protection against the
functional and degenerative assaults of age. This realization has generated interest in
“nutriceuticals” and functional foods; the idea that food or naturally occurring substances
(e.g., vitamins, amino acids, spices, herbal supplements) maybe a way to promote health
and treat disease has become of interest to the scientific community as well as to the general
public (Cooke, 1998; Joseph et al., 2003; Gertner, 2004; Takeda et al., 2004).

Components of foods with properties beneficial for brain health include certain types of
fats and plant constituents (e.g., w-3 polyunsaturated fatty acids, a-linolenic acid, folic
acid, flavonoids, lutein, vitamin C, polyphenols) but there is little understanding of why
these “‘chemicals” provide protection (Kalmijn et al., 1997; Youdim et al., 2002). Many of
the age-retarding strategies examined to date (caloric restriction, ingestion of highly
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pigmented fruits and vegetables, exercise) really appear to have their actions through the
prevention or arrest of disease, possibly through anti-oxidant properties, although it is
premature to ascribe their beneficial properties solely to this mode of action (Miller and
O’Callaghan, 2003). The dietary or nutritional manipulation or control of insulin and
cholesterol pathways also may be a viable strategy for maintaining brain health. Genetic
analyses of lower organisms including C. elegans and Drosophila have identified mutations
of components of the insulin/IGF-I pathway that increase longevity (Warner, 2005). In
mice, targeted mutations that suppress signaling in insulin pathways increases their
lifespan and ability to combat conditions of extreme oxidative stress (e.g., 80% oxygen)
(Babaet al., 2005; Holzenberger et al., 2003). The age-related deficits in myelin integrity or
function may be helped by strategies that increase myelination, such as greater production
of or exposure to insulin-like growth factor-1. This growth factor is known to increase
myelination and prevent apoptosis of oligodendrocytes as well as to control factors that can
accelerate myelin deterioration such as hypercholesterolemia and hypertension. In healthy
centenarians, genes that affect cholesterol characteristics such as HDL and LDL particle
size have been linked to longevity (Perls, 2004).

Undoubtedly the interest in developing strategies for healthy aging will continue as
longevity is expected to increase due to medical advances. The remarkable plasticity of the
hippocampus coupled with the fact that this structure appears to suffer very little neuronal
loss across the lifespan, presents unique opportunities for the development of treatments
effective in combating its age-related deficits. It is likely that the use of pharmacological,
life-style (stress reduction, exercise), and nutritive (‘‘brain healthy’’ diet) interventions will
all contribute in the future to the assurance of healthy aging of the hippocampus.
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