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Stress and the Aging Hippocampus
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The “glucocorticoid cascade hypothesis” of hippocampal aging has stimulated a great
deal of research into the neuroendocrine aspects of aging and the role of glucocorticoids,
in particular. Besides strengthening the methods for investigating the aging brain, this
research has revealed that the interactions between glucocorticoids and hippocampal
neurons are far more complicated than originally envisioned and involve the participa-
tion of neurotransmitter systems, particularly the excitatory amino acids, as well as
calcium ions and neurotrophins. New information has provided insights into the role of
early experience in determining individual differences in brain and body aging by setting
the reactivity of the hypothalamopituitary—adrenal axis and the autonomic nervous
system. As a result of this research and advances in neuroscience and the study of aging,
we now have a far more sophisticated view of the interactions among genes, early
development, and environmental influences, as well as a greater appreciation of events at
the cellular and molecular levels which protect neurons, and a greater appreciation of
pathways of neuronal damage and destruction. While documenting the ultimate vulner-
ability of the brain to stressful challenges and to the aging process, the net result of this
research has highlighted the resilience of the brain and offered new hope for treatment
strategies for promoting the health of the aging brain. Key Worbps: stress; hippocampal
aging; glucocorticoid cascade hypothesis. © 1999 Academic Press

INTRODUCTION

The hippocampus is a particularly vulnerable and sensitive region of the
brain that is also very important for declarative and spatial learning and
memory (36). Hippocampal neurons are vulnerable to seizures, strokes, and
head trauma, as well as responding to stressful experiences (27,92,130). At the
same time they show remarkable plasticity, involving long-term synaptic
potentiation and depression, dendritic remodeling, synaptic turnover, and
neurogenesis in the case of the dentate gyrus (Fig 1) (17,27,92).

The work of aus der Muhlen and Ockenfels (3) first drew attention to
potentially toxic actions of adrenal steroids. The reported darkly stained
neurons in the hippocampus of guinea pigs exposed to high levels of glucocorti-
coids, an observation that has been confirmed and extended to repeated stress
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FIG. 1. The hippocampal formation is a plastic and vulnerable region of the adult brain which
is providing information about the ways in which the brain ages and the role of adrenal steroids and
other modulators of neuronal function and survival. This figure shows the basic three-cell neuroana-
tomical organization of the hippocampus and summarizes four aspects that are covered in the
article.

in subsequent studies (41,100), although there are still some doubts as to
whether “dark neurons” may be artifacts of tissue trauma (18). In 1968, we
discovered receptors for adrenal steroids in hippocampus (95), and it is now
known that two types of adrenal steroid receptors exist in the hippocampus and
other brain regions and mediate a variety of adrenal steroid effects on excitabil-
ity, neurochemistry, and structure (27). Landfield (68) and then Sapolsky
(127,128) provided evidence for a role of adrenal steroids in neuronal aging in
the hippocampus, leading to the formulation of the “glucocorticoid cascade
hypothesis” (130). This hypothesis states that glucocorticoids participate in a
feed-forward cascade of effects on the brain and body, in which progressive
glucocorticoid-induced damage to the hippocampus promotes progressive eleva-
tion of adrenal steroids and dysregulation of the hypothalamopituitary—
adrenal (HPA) axis (130).

Subsequent work has provided considerable support for the model for both
brain and body aging and has extended our knowledge of the aging hippocam-
pus from animal models to humans (90,91,126,129), but at the same time the
new information has revealed a number of complications and problems with the
original formulation. First, finding neuronal death in the hippocampus during
aging is technically very problematic, and recent information from stereological
cell counting has down-played the importance of neuronal death as opposed to
declining neuronal function and various forms of structural plasticity. Second,
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the role of the hippocampus in HPA regulation is more complex than originally
believed, considering both its neuroanatomical connections to the hypothala-
mus and the nature of negative feedback regulation of the HPA axis. Third,
glucocorticoids do not act alone on the hippocampus, and there is new informa-
tion down-playing the relative importance of adrenal steroids as opposed to
excitatory amino acids and other modulators, including neurotrophins and
calcium ions. Fourth, new options exist in explaining the atrophy and func-
tional impairment of the human hippocampus seen in various disorders, and
these may involve protentially reversible forms of plasticity, as well as damag-
ing effects of both glucocorticoids and excitatory amino acids. Finally, there are
considerable individual differences in the aging process that complicate, but at
the same time enrich, the study of age-related changes in the brain in popula-
tions of animals or human subjects; indeed, some investigators have turned
this to good advantage in studying aging populations, and developmental
studies of HPA axis function in relation to early experience have provided some
basis for understanding how these differences may have arisen. Taken to-
gether, the new information has enriched our understanding of the aging
process and, at the same time, provided opportunities for understanding risk
and protective factors in the aging brain.

OBTAINING AN ACCURATE DESCRIPTION OF THE AGING BRAIN AND BODY

Chronological age alone is not sufficient to predict the state of the aging brain
and body. The problem that individual differences pose for aging research is
that individual animals or human subjects must be evaluated for cognitive and
physical status, relative to other individuals of the same age, in order to
understand the meaning of any single physiological, neuroanatomical, neuro-
chemical, or molecular measure (89). For the hippocampus, as well as for the
rest of the body, additional information is needed regarding both cognitive
function and stress mediators (i.e., HPA and sympathetic nervous system
reactivity), as well as measures of body function that are influenced by these
mediators (89,91). This is true not only for animal models (96) but also for
studies on humans, for which longitudinal information about HPA activity and
other measures of allostatic load (91) in aging subjects has been shown to
predict cognitive decline and onset of cardiovascular disease (78,79,131). Thus,
the most meaningful studies have been done comparing cognitively impaired
and unimpaired groups of aging individuals. We shall return to the topic of
individual differences in a later section of this article.

NEURON DEATH IS NOT INEVITABLE NOR THE ONLY CAUSE
OF AGE-RELATED IMPAIRMENT

There has been a tendency to interpret the glucocorticoid cascade hypothesis
as implying that hippocampal neuron death is an inevitable consequence of
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brain aging and that age-related impairments in cognitive function are solely
related to such neuronal loss. This notion has given way to a more flexible view
of brain aging, in which impairments in hippocampal functioning can be
studied in terms of potentially reversible, as well as irreversible, changes in
neuronal structure, neurochemistry, and function (69,70,90,103).

The first challenge to the notion of neuronal loss is from a methodological
problem in estimating neuron number in the brain. Because of the gradual time
course of brain aging, even in rapidly-aging small animals like rats, observing
neuronal death by counting dying neurons is futile because it would have to be
such a slow process to account for the gradual changes in function. For that
reason, studies of pyramidal neuron damage and the role and mechanism of
action of glucocorticoids and excitatory amino acids have utilized kainic acid
damage or transient ischemia models (126). In the aging brain, counting of
neurons to determine the average decline in neuronal content of the hippocam-
pus is also fraught with technical problems. The initial reports of the aging
hippocampus identified a reduced density of pyramidal neurons in aging rats
that also showed impairments of spatial and other memory tasks (64,128).
However, Mark West introduced a stereological counting procedure (73) and
reported a failure to find reduced hippocampal neuron numbers in aging rats
with memory impairment compared to aging rats without impairment (120). A
similar negative finding was also published by Rapp and Gallagher in another
study of aging cognitively impaired versus unimpaired rats (119).

Even while the issue of age-related neuronal loss is controversial, and by no
means resolved, there is evidence that the aging hippocampus undergoes
progressive changes with age in calcium homeostasis, the plasticity of response
to glucocorticoids, and in the expression of markers related to neuroprotection
and damage. The activity of L-type calcium channels increases in hippocampal
CAl pyramidal neurons of aging rats and results in an increased after-
hyperpolarization (70). In cultured embryonic hippocampal neurons that are
maintained for 28 days, there is an increase in calcium channel activity and in
after-hyperpolarization that is accompanied by decreased neuronal survival;
blocking L-type calcium channels increased neuronal survival (116). It is
interesting to note that the increased after-hyperpolarization is associated with
an enhanced induction of long-term depression in CA1 pyramidal neurons and
an impaired induction of long-term potentiation (105). Thus, insofar as LTP
and LTD may be related to synaptic plasticity during learning (87), these
age-related changes suggest a possible basis for cognitive impairment in aging
rats (105).

Glucocorticoids enhance calcium channel activity and after-hyperpolariza-
tion (60,70) and glucocorticoid receptor expression shows a progressive failure
of negative feedback regulation in old versus young rats. In young rats,
repeated stress causes a down-regulation of glucocorticoid receptor levels, thus
decreasing glucocorticoid efficacy on various target genes, whereas this down-
regulation is lost with increasing age, thus preserving glucocorticoid actions
(64). Thus, there is a natural mechanism in the young hippocampus for
repeated stress to reduce the magnitude of the glucocorticoid feedback signal
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and thus reduce the impact of glucocorticoids on calcium channel activity,
among other effects. This may be protective, insofar as increased calcium
channel activity contributes to free radical generation and other processes that
may damage neurons (75,88). With the loss of stress-induced down-regulation
of glucocorticoid receptors, older rats appear to lose this protective device and
may be more vulnerable to increased levels of glucocorticoids which do appear
to accompany aging, particularly in cognitively impaired rats (64).

Even if outright neuronal loss is not a major event in the aging hippocampus
of cognitively impaired rats, there are indications that gene products associ-
ated with neurodegeneration and damage are differentially regulated in the
aging-impaired brain compared to unimpaired aging rats and young rats,
although the interpretation of the results is very complex (139). In aging,
cognitively impaired rats, the levels of mMRNA for the 695-amino-acid form of
the B-amyloid precursor protein (BAPP) and for magnesium-dependent super-
oxide dismutase (Mg-SOD) were both elevated throughout the hippocampus
compared with young rats; at the same time the levels of the BAPP and
Mg-SOD proteins were both depressed (139). Levels of mRNA for glial fibrillary
acidic protein (GFAP), a marker of astrocytes which increases with damage,
were elevated in the hippocampus of aging, cognitively impaired rats, although
the level of the GFAP protein was not elevated (139). Since BAPP gives rise to
both a toxic B-amyloid protein and a protective secreted form, the reduced
levels of BAPP expression in aging, cognitively impaired rats is difficult to
interpret without a separate measurement of the two forms of the protein. On
the other hand, lower Mg-SOD protein is consistent with a lower capacity for
free radical scavenging and an increased risk of free radical-induced neural
damage (22).

Another aspect of the aging hippocampus is alteration in glutamate release
associated with an age-related increase in dynorphin content of the hippocam-
pus (155). These changes are associated with impairments of spatial learning.
Since dynorphin is present in the mossy fiber pathway as a cotransmitter with
glutamate, the increased levels of this peptide may have an inhibitory autoregu-
latory function at the mossy fiber synapse in blocking the release of glutamate
(155).

THERE ARE MULTIPLE MECHANISMS OF PLASTICITY

The hippocampus is not only a brain structure vulnerable to damage pro-
duced by seizures, ischemia, and head trauma, but its vulnerability is a sign
that it is also a very plastic region of the brain. Adrenal steroids, which have a
bad reputation as concerns their role in exacerbating these forms of damage
(126), are also involved in three types of adaptive plasticity in the hippocampal
formation. First, they reversibly and biphasically modulate the excitability of
hippocampal neurons and influence the magnitude of long-term potentiation,
as well as producing long-term depression (27,63,109-112). These effects may
be involved in biphasic effects of adrenal secretion on excitability and cognitive
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function and memory during the diurnal rhythm and after stress (8,24,31,34).
In particular, acute nonpainful novelty stress inhibits primed-burst potentia-
tion and memory (32,33).

Second, adrenal steroids participate along with excitatory amino acids in
regulating the neurogenesis of dentate gyrus granule neurons (17), in which
acute stressful experiences can suppress the ongoing neurogenesis (43,47). We
believe that these effects may be involved in fear-related learning and memory;,
because of the anatomical and functional connections between the dentate
gyrus and the amygdala (57), a brain area important in the memory of aversive
and fear-producing experiences (71).

Third, adrenal steroids participate along with excitatory amino acids in a
reversible stress-induced atrophy, or remodeling, of dendrites in the CA3 region
of hippocampus of male rats (92) and tree shrews (85), a process that affects
only the apical dendrites and results in cognitive impairment in the learning of
spatial and short-term memory tasks (92). Although this type of plasticity does
impair cognitive function at least temporarily, it may be beneficial to the brain
in the long run if the remodeling of dendrites reduces the impact of excitatory
amino acids and glucocorticoids in causing more permanent damage. This is an
hypothesis that remains to be rigorously tested.

Besides what stress does to change the hippocampal structure, there are
other forms of plasticity in the hippocampus, including reversible synaptogen-
esis that is regulated by ovarian steroids and excitatory amino acids via NMDA
receptors in female rats and occurs in the CAl region (44,150,152) and a
reversible atrophy of dendrites of CA3 neurons during hibernation in ground
squirrels and hamsters (114,115). The estrogen-regulated CA1 synaptic plastic-
ity is a rapid event, occurring during the female rats’ 5-day estrous cycle, with
the synapses taking several days to be induced under the influence of estrogens
and endogenous glutamic acid and then disappearing within 12 h under the
influence of the proestrus surge of progesterone (94).

In contrast, the CA3 atrophy found in rats and noted in the preceding
paragraph is a relatively slow process, normally taking at least 3 weeks to
develop under daily stress and a week or so to disappear. However, dendritic
atrophy in hibernating ground squirrels and hamsters develops as fast as the
hibernating state and can be reversed rapidly within several hours [(114,115);
A.-M. Magarinos, B.S. McEwen, and P. Pevet, unpublished]. Although anatomi-
cally similar to the stress-induced atrophy in rats and tree shrews, it is not yet
clear if this process involves the same mechanisms; however, if this is the case,
the question becomes what factors make the atrophy process so rapid in
hibernation and so slow in the case of repeated stress.

GLUCOCORTICOIDS DO NOT WORK ALONE

Many of the above-mentioned hormone effects on morphology and function of
the hippocampus do not occur alone but rather in the context of ongoing
neuronal activity. In particular, excitatory amino acids and NMDA receptors
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play an important role in the adaptive functional and structural changes
produced in the hippocampal formation by steroid hormones. This includes not
only the estradiol-induced synaptogenesis but also the effects of adrenal ste-
roids to produce atrophy of CA3 pyramidal neurons (92), as well as the actions
of adrenal steroids to contain dentate gyrus neurogenesis (17). Blocking NMDA
receptors blocks atrophy as well as estrogen-induces synaptogenesis (83,151),
and NMDA receptors are induced by estrogens on CA1 neurons (44,146) and by
glucocorticoids throughout the hippocampus (148). At the same time, excitatory
amino acids and NMDA receptors are involved in the destructive actions of
stress and trauma on the hippocampus (126), and one of the challenges for
future research is to understand what triggers the transition from adaptive
plasticity to permanent damage.

With regard to the remodelling of dendrites in the CA3 region, the role of
glucocorticoids is complex. Glucocorticoid treatment, using both injections or
drinking water application, causes dendritic remodeling/atrophy, and stress-
induced atrophy of these same dendrites is blocked by treatment with an
adrenal steroid synthesis blocker, cyanoketone [see (92)], indicating a role of
endogenous glucocorticoids in stress-induced dendritic atrophy. There appear
to be several ways in which glucocorticoids affect the excitatory amino acid
system and thus regulate this form of plasticity. First, adrenal steroids modu-
late expression of NMDA receptors in hippocampus (9,147), with chronic
glucocorticoid exposure leading to increased expression of NMDA receptor
binding and both NR2A and NR2B subunit mRNA levels (148). Second, there
are glucocorticoid effects on the expression of mMRNA levels for specific subunits
of GABAa receptors in CA3 and the dentate gyrus; both low and high levels of
CORT have different effects on GABAa receptor subunit mRNA levels and
receptor binding [(107); M. Orchinik, N. Weiland, and B.S. McEwen, unpub-
lished], suggesting that corticosterone may alter the excitability of hippocam-
pal neurons through regulation of GABAa receptor expression. However, it
remains to be seen if the corticosteroid effects on neuronal morphology involve
changes in the number or pharmacological properties of GABAa receptors.
Third, adrenal steroids regulate the release of glutamate, since adrenalectomy
markedly reduces the magnitude of the EAA release evoked by restraint stress
(76,101). Mossy fiber terminals in the stratum lucidum contain presynaptic
kainate receptors that positively regulate glutamate release (23); these presyn-
aptic kainate receptors are decreased in density by ADX and restored to normal
by corticosterone replacement (145). Moreover, repeated stress causes a reorga-
nization of synaptic vesicles within mossy fiber terminals, as reported recently
using electron microscopy (86). Whereas mossy fiber terminals (MFT) from
control rats were packed with small, clear synaptic vesicles, terminals from
rats receiving 21 days of restraint stress (but not after a single stress session)
showed a marked rearrangement of vesicles with more densely packed clusters
localized in the vicinity of active synaptic zones. Moreover, compared with
controls, restraint stress increased the area of the mossy fiber terminal occu-
pied by mitochondrial profiles, which implies a greater, localized energy gener-
ating capacity.
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THE HIPPOCAMPUS AND HPA REGULATION

The hippocampus is involved in the regulation of HPA activity (58), although
the nature of this regulation is more complex than originally suspected. In
general, the hippocampus has an inhibitory role (58), whereas the amygdala
has a generally facilitative role (14,118,124). Hippocampal lesions produced
elevated cortisol secretion under a variety of stressful and nonstressful condi-
tions (58), although the results reported in the literature are not entirely
consistent [e.g., see (16,58)]. Glucocorticoid implants into the hippocampus
affect HPA activity in ways that are consistent with a feedback role of the
hippocampus in HPA regulation [see (58)]. However, lesion and steroid implant
experiments also reveal an equally important role for the medial prefrontal
cortex in HPA regulation (35). The anatomical links from the hippocampus and
medial prefrontal cortex to the hypothalamus are postulated to be via the bed
nucleus of the stria terminalis and preoptic area, with an output from these
structures to the paraventricular nucleus via inhibitory GABAergic projections
(53).

Considerable data have accumulated showing that elevated HPA activity is
correlated with reduced levels of Type | or Type Il receptors in the hippocampus
(58) or prefrontal cortex (53). In general, hippocampal Type | receptors are
associated with the maintenance of basal ACTH and glucocorticoid levels
(15,27,136,137); forebrain Type Il receptors are also associated with the contain-
ment of ACTH secretion (15,137). It is unclear whether correlations of hippocam-
pal Type I and Type Il receptor levels with HPA activity indicate a feedback
action of adrenal steroids on the hippocampus or a priming role for glucocorti-
coids to make the HPA axis optimally reactive to turning on and off a stress
response by neural signals, as suggested by recent studies by Dallman and
colleagues (2). It is this last aspect of HPA regulation that is the most intrigu-
ing, namely, that the role of the hippocampus may be as an adrenal steroid-
primed modulator of neural activity that is involved in regulating hypotha-
lamic output of CRF and vasopressin. In other words, “shutoff” of the HPA
stress response may be due to steroid-modulated neural input, e.g., increasing
inhibitory input to the PVN (53), rather than due exclusively to rapid and
delayed steroid feedback at the level of the PVN neuron or pituitary cortico-
troph.

Many but not all studies show increased levels of glucocorticoids in aging rats
and humans (89,125,132,144,149). The reasons for these differences are likely
to relate to individual differences in brain aging and in the differences in the
distribution of aging, impaired individuals in populations of animals and
human subjects (89). Particularly useful have been studies of basal cortisol
levels and cognitive deficits in human aging (78,79). Aged subjects followed
over a 4-year period, who showed a significant increase in cortisol levels over
the 4 years and had high basal cortisol levels in year 4, showed deficits on tasks
measuring explicit memory as well as selective attention compared to subjects
with either decreasing cortisol levels over 4 years or subjects with increasing
basal cortisol but moderate current cortisol levels (78). They also showed a
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hippocampus that was 14% smaller than those of age-matched controls who did
not show progressive cortisol increases and were not cognitively impaired (79).

Elevated and disregulated HPA activity is also seen in depressive illness
(46,154), but the reasons for this elevation are not entirely clear. Disregulation
of the HPA axis associated with major depression is revealed by the dexametha-
sone suppression test (DST) (19,20). Although the DST is most likely working
at the pituitary level (99), the underlying disregulation is undoubtedly of CNS
origin and reflects increased drive upon the CRH and AVP systems of the
hypothalamus (45) and constitutes a form of endogenously driven stress. A
lessening of the adrenal steroid feedback effects on the hippocampus might be a
contributing factor to elevated HPA activity in depression, and recent studies of
Barden and co-workers with a transgenic mouse strain (7,56) have suggested
that decreased forebrain Type Il receptor expression might be a contributing
factor to depression and a potential target of antidepressant therapy (56,102).
It is not clear, however, how much hippocampal Type Il receptor expression, as
opposed to receptor expression in other brain regions, is a key factor.

There is another linkage of the hippocampus with elevated cortisol levels.
Recent studies using MRI imaging have indicated that elevated cortisol levels
are associated with some shrinkage of the hippocampal formation and mild
cognitive impairment (4,79,133,138). This will be discussed more extensively
below. Such findings raise the “chicken-and-egg” question, whether hippocam-
pal atrophy is both a cause and a result of the elevated glucocorticoids and
whether the cognitive impairment accompanying these conditions is due to the
hippocampal atrophy or to elevated glucocorticoids affecting neuronal excitabil-
ity or both. The acute effects of glucocorticoids on memory are recognized and
have been reviewed recently (81). In general, an acute elevation of glucocorti-
coids by injection causes acute cognitive impairment of declarative memory in
human subjects [see (66); S. Lupien, personal communication]. Nevertheless, in
spite of one positive report (66), it is not as certain whether acute stress-
induced elevations of corticosteroids can do the same [see (80)]. This may be a
question of the magnitude of the stress-induced cortisol rise, since a bolus
injection of cortisol not only impairs declarative memory but also suppresses
temporal lobe uptake of glucose (26).

THE PROBLEMS AND OPPORTUNITIES OF STUDYING
INDIVIDUAL DIFFERENCES

We now return to the question of individual differences in brain and body
aging and discuss the possible determinants of these individual differences.
There are two major factors: genetic constitution and environmental influ-
ences, and we know that gene expression is regulated by environmental factors
and that hormones play a major role in the regulation of gene expression.
Therefore, the discussion of the determinants of individual differences can be
framed, at least in part, as a question of how experience influences brain
development and adult function.
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The vulnerability of many systems of the body to stress is influenced by
experiences early in life. In animal models, unpredictable prenatal stress
causes increased emotionality and increased reactivity of the HPA axis and
autonomic nervous system and these effects last throughout the lifespan.
Postnatal handling in rats, a mild stress involving brief daily separation from
the mother, counteracts the effects of prenatal stress and results in reduced
emotionality and reduced reactivity of the HPA axis and autonomic nervous
system (1,54,72). The vulnerability of the hippocampus to age-related loss of
function parallels these effects—prenatal stress increasing and postnatal han-
dling decreasing the rate of brain aging (28,96). Concurrently, age-related
decline of gonadal function reduces the beneficial and protective actions of
these hormones on brain function. At the same time, age-related increases in
adrenal steroid activity promote age-related changes in brain cells that can
culminate in neuronal damage or cell death. Lifelong patterns of adrenocortical
function, determined by early experience, contribute to rates of brain aging, at
least in experimental animals.

Unpredictable or uncontrollable stressful experiences of a pregnant rat
increase emotionality and stress hormone reactivity in offspring that last for
the lifetime of the individual, whereas the gentle and repeated stimulation of
newborn rat pups known as postnatal handling produces reductions in emotion-
ality and stress hormone reactivity that also last a lifetime (1,29,38,
72,96,142). These effects appear to involve mediation by both the mother’s
behavior and by adrenal and thyroid hormone actions. More is known about the
mechanism of neonatal handling. Handling involves separating the pups from
the mother for 10 min per day for the first 2 weeks of neonatal life, and the
licking of the pup by the mother appears to be an important determinant of the
postnatal handling effect (74). At the same time, increasing corticosterone
levels in the mother’s milk mimic some of the effects of neonatal handling (21),
and thyroid hormone elevations have been suggested as a possible mediator of
the neonatal handling effect, particularly regarding the elevated expression of
glucocorticoid receptors in the hippocampus (97).

Studies in which both prenatal stress and postnatal handling were compared
indicate that these two procedures have opposite effects on food intake, body
weight, and anxiety, as well as HPA activity (142,143). However, the two
processes interact, in that prenatal stress effects on HPA activity and emotion-
ality are reversed by early postnatal “adoption” or cross-fostering of pups to
new mothers (6,82), which is most likely a form of postnatal handling involving
intense licking of the pup by the mother (74). Prenatal stress during the last
week of gestation in rats increases reactivity of the HPA axis and reduces
expression of the Type | adrenal steroid receptor in hippocampus, which help to
contain basal levels of HPA activity (52,143). Prenatal stress also increases
anxiety in an open field test and decreases basal food intake and body weight
(142,143). It is important to note that some of the these prenatal stress effects
may involve a mediation by adrenal steroids (5). Taken together with the fact
that postnatal handling effects may also be mimicked by adrenal steroids (21),
the specific effects of adrenal steroids on the neural development of emotional-
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ity and HPA reactivity may change qualitatively as the nervous system ma-
tures.

For prenatal stress and postnatal handling, once the emotionality and the
reactivity of the adrenocortical system are established by events early in life, it
is the subsequent actions of the HPA axis in adult life that play a major role in
determining the rate of brain and body aging. Increased HPA activity is
associated with increased brain aging, whereas the opposite is true of animals
with reduced HPA reactivity to novel situations. Rats with increased HPA
reactivity show early decline of cognitive functions associated with the hippo-
campus (28) as well as increased propensity to self-administer drugs such as
amphetamine and cocaine (30,113). In contrast, rats with a lower HPA reactiv-
ity as a result of neonatal handling have a slower rate of cognitive aging and a
reduced loss of hippocampal function (21,98).

Is there a human counterpart to the story of individual differences in rat HPA
activity and hippocampal aging? We simply cannot say at this moment, but
individual differences in human brain aging that are correlated with cortisol
levels have been recognized in otherwise healthy individuals that are followed
over a number of years (78,79,131). In the most extensive investigation,
healthy elderly subjects were followed over a 4-year period, and those who
showed a significant and progressive increase in cortisol levels during yearly
exams over the 4 years and had high basal cortisol levels in year 4 showed
deficits on tasks measuring explicit memory as well as selective attention,
compared to subjects with either decreasing cortisol levels over 4 years or
subjects with increasing basal cortisol but moderate current cortisol levels (78).
They also showed a hippocampus that was 14% smaller than those of age-
matched controls who did not show progressive cortisol increases and were not
cognitively impaired (79). In the other study of successful aging, increases in
overnight urinary cortisol secretion from 1988 to 1991 predicted declines in
cognitive function in women, while the effect was not significant in men (131).
This finding, which is being extended in a new data collection (Dr. Teresa
Seeman, UCLA, personal communication), brings up the topic of sex differ-
ences.

IMPORTANCE OF SEX DIFFERENCES AND SEX HORMONES

One factor that may contribute to individual differences in age is gender and
the effects of sex hormones and the process of sexual differentiation. Sex
differences in brain structures and mechanisms occur in other brain regions
besides hypothalamus, such as hippocampus, and they appear to be involved in
aspects of cognitive function and other processes that go beyond the reproduc-
tive process itself, such as the higher incidence of depression in women and of
substance abuse in men (122). There are also sex differences in the severity of
brain damage resulting from transient ischemia (49) and sex differences in the
response of the brain to lesions (104) and to severe, chronic stress (100,141). A
recent study has shown that the stress-induced atrophy of apical dendrites of
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CA3 pyramidal neurons occurs in male rats but not in female rats (42). What is
not yet clear in this case is whether this atrophy, which is reversible (see above),
increases or decreases the vulnerability of the male and female brain to
permanent damage.

Estrogens appear to have protective effects on the brain in relation to aging,
as well as acute effects on verbal memory and other cognitive functions linked
to the hippocampus. In animal experiments, it has been difficult to detect
cyclicity of performance in spatial tasks, with no effect reported (11), or
differences reported in motivational or attentional parameters (13), or an
impairment reported in performance on proestrus (40). This lack of agreement
and paucity of effects may be a reflection of the relative insensitivity of the
measures used to detect behaviors that female rats actually use in their natural
environments at the time of mating. However, some success has resulted from
studying longer term effects of ovariectomy and estrogen replacement on
hippocampal-dependent learning and memory, for which there are unfortu-
nately no good morphological or physiological correlates at the present time.
Three types of effects have been reported in animal models. First, estrogen
treatment of ovariectomized female rats has been reported to improve acquisi-
tion on a radial maze task as well as in a reinforced T-maze alternation task
(25,37). Second, sustained estrogen treatment is reported to improve perfor-
mance in a working memory task (106) as well as in the radial arm maze
(25,77). Third, estrogen treatment is reported to promote a shift in the strategy
that female rats use to solve an appetitive two-choice discrimination, with E
treatment increasing the probability of using a response strategy as opposed to
a spatial strategy (67). Fourth, aging female rats that have low plasma
estradiol levels in the “estropause” are reported to perform significantly worse
in a Morris water maze than female rats with high estradiol levels (61).

The effects of estrogen replacement in rats are reminiscent of the effects of
estrogen treatment in women whose ovarian function has been eliminated by
surgical menopause or by an GnRH antagonist used to shrink the size of
fibroids prior to surgery (123,134,135). In general, these effects are seen within
a number of weeks and are reversible. Another aspect of estrogen action in the
aging brain is that estrogen treatment of postmenopausal women appears to
have a protective effect on the brain re Alzheimer’s disease (12,50,51,62,108,140).
It is likely that these protective actions involve a number of other actions of
estrogens besides inducing synapses. These include suppression of the produc-
tion of the toxic form of B-amyloid protein (59,153) and inhibition of free
radical-induced toxicity (10,48). It should also be noted that estrogens affect
many regions of the brain, including the basal forebrain cholinergic systems,
the serotonergic system, the dopaminergic system, and the noradrenergic
system [for review, see (93,94)], so that the hippocampus is not the only target
that may be involved in these cognitive changes.

Finally, it is important to note that virtually nothing is known about protec-
tive effects toward Alzheimer’s disease in men, either by estrogens or by
testosterone; this is an area deserving of investigation.
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ARE AGE-RELATED MEMORY IMPAIRMENTS TREATABLE?

It is evident that adrenal steroids affect the structure and function of the
hippocampus in a variety of ways, and we have also seen that, in human
subjects, there is evidence for both cognitive impairment and hippocampal
atrophy associated with altered levels of adrenal steroids and traumatic stress,
as in Cushing's disease, recurrent depressive illness, posttraumatic stress
disorder, as well as individual differences in aging (90). Besides permanent
damage and loss of neurons, what are the possible mechanisms for the atrophy
and are they treatable? Permanent loss of neurons is one possibility, but this
article has summarized various alternatives, including atrophy of neuronal
processes and a decreased number of dentate gyrus granule neurons. For these
processes, we have also seen that adrenal steroids do not act alone. In the case
of dendritic atrophy in hippocampus, both excitatory amino acids and serotonin
release, possibly facilitated by circulating glucocorticoids, play a key role. In
fact, the final common path for CA3 dendritic atrophy in rats treated with
either corticosterone or by restraint stress involves processes that are blocked
by blocking glutamate release or actions using phenytoin or an NMDA antago-
nist, respectively, or by facilitating serotonin reuptake using tianeptine. The
efficacy of these agents raises the attractive possibility of treating individuals—
perhaps the depressed elderly—with agents such as phenytoin or tianeptine as
a means of improving cognitive function (90). If such studies are carried out, it
will be important to determine the degree to which hippocampal volume may be
increased by such treatments and whether long-term treatment protects these
same individuals from dementia.

HOW TO DEFINE PROTECTIVE FACTORS IN THE BRAIN

The fact that the brain is normally resilient in the face of acute and repeated
stress indicates that there are protective factors that promote resilience of
brain cells in the face of stressful challenges. There are at least four approaches
to identify protective factors. The first is to manipulate genes that are likely to
provide protection, such as the neurotrophins or superoxide dismutase; mice
with deficiencies in these genes should be more vulnerable to stress-induced
damage of hippocampal structure and function, and studies are under way to
test the validity of this strategy. The second approach is to manipulate meta-
bolic factors, e.g., by making rats diabetic or by stressing animals that have
genetic risk for either Type | or Type Il diabetes. Some initial results indicate
that diabetes may accelerate stress-induced dendritic atrophy in the hippocam-
pus and promote stress-induced neuronal damage (84,121). A third approach is
to use hippocampal cell culture models and study the interaction of androgens,
estrogens, glucocorticoids, and excitatory amino acids in producing excitotoxic
damage (48,116,117,126). As noted above, the vulnerability to excitotoxicity in
hippocampal neurons has been related to increased calcium channel activity
that develops with increasing age in culture (116). The cell culture approach
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has been extended recently to demonstrate the protective effects of another
steroid that declines with age in humans, namely, dehydroepiandrosterone
(DHEA), toward NMDA-induced neurotoxicity (65). A fourth strategy is to use
targeted delivery of genetic material in viral vectors in order to overcome the
restrictions of energy supply in the face of excitotoxic challenge using local
enhancement of glucose transporter activity (55).

CONCLUSIONS

The glucocorticoid cascade hypothesis of hippocampal aging, published in
1986 (130), has served extremely well to promote research into the factors that
cause individual differences in rates of brain aging. This research, together
with advances in many other aspects of neuroscience in the past 12 years, has
led to a far more sophisticated view of the interactions between genes, early
development, and environmental influences, as well as strengthening the
methods that are used to study the aging brain. It has also led to a greater
appreciation of events at the cellular and molecular level which protect neu-
rons, as well as pathways for neuronal damage and destruction. While document-
ing the ultimate vulnerability of the brain to stressful challenges and to the
aging process, the net result of this research is an optimistic view of the
resilience of the brain and new hope to develop treatment strategies to main-
tain this resilience in the aging brain.
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