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Early manifestations of brain aging have recelved much
less attention than the drastic degeneration of AD and
MID. During nonpathological changes of normal aging,
brain systems differ in the involvement of neuron loss:
Spatial learning can become impaired without evidence for
neuron loss, whereas eye-blink conditioning deficits are
well correlated with Purkinje neuron loss. Glial actlvation,
in particular the increased expression of GFAP, may be a
factor in impaired synaptic plasticity, Lastly, | discuss how
developmental variations in the humbers of Purkinje cells
and ovarian oocytes can be factors in outcomes of aging
that are not under strict genetic control.
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1. Introduction

Cognitive functions show many alternative outcomes
'~ during aging. Individual trajectories range from the devas-
- tating outcomes of Alzheimer disease (AD) and multi-
infarct dementia (MID) to very mild changes detected
during middle-age as well as at advanced ages that may not
interfere with most activities of daily living. Early indica-
tions of age changes in brain functions are well document-
ed during middle-age in clinically healthy individuals, that
is in humans aged 35—63 yrs and rodents aged 12—24
mos. These ages precede the main phase of mortality accel-
erations which is a characteristic of senescence in population
[11,22]. For example, psychologists have long recognized
that the speed of processing slows relatively early in aging in
of adult humans and mammalian models, as discussed at
length in James Birren's classic monograph, Psychology of
Aging in 1964 [4] and which anticipated a vigorous
research area of general importance to cognition in aging
[17, 38]. Complex learning paradigms also show marked
changes during middle age, e.g. in Paul Baltes' novel para-
digm of «Memorizing while Walking»[23].
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2. Neuron numbers and functional brain aging .

The cellular basis for most cognitive aging changes is
not clear, but could in some learning paradigms be inde-
pendent of neuron loss. Neurons have long been the main
focus of study in brain aging becauseof the clear-impor-
tance of neuron loss to cognitive'deﬁcits in AD and MID.
However, certain brain aging changes do not involve neu-

ron loss, as will be discussed below, and begin soon after
maturation in the absence of neurological disorders.

Mark West and colleagues have done a series of exact-
ing studies of normal aging, Two year old rats, which are
equivalent to the human age group of 65, showed marked
individual differences in the extent of cognitive impairments
in a maze learning test The brains were examined in a sub-
group which was leaming.impaired and a subgroup with
learning which was indistinguishable from young adults
[35]. Examination of hippocampal neuron circuits by stere-
ological techniques for precision counting did not detect
any neuron loss. The absence of neuron loss in the zone of
CA1 pyramidal neurons js particularly striking, because
CA1 neurons are which heavily damaged in AD. Normal
humans showed similar stability of CA1 neuron number
[49]. Earlier reports of extensive neuron loss during aging
in the rodent hippocampus may be due to stress exposure,
in view of the correlations between developmental stressors,
the sensitivity of the adult hypothalamic-pituitary-adrenal
axis, and neuron loss during aging [10, 26, 42].

On the other hand, impairments in eye-blink condi-
tioning in normal aging may involve Purkinje neuron loss in
the cerebellum, in studies by Diana Woodruff-Pak.
Healthy human adults shows extensive differences in eye-
blink conditioning, a reflex pathway which is mediated by
the Purkinje cells of the cerebellum. A subgroup emerges
during middle-age with slower learning [52]. At later ages,
a subgroup of elderly With very slow eye-blink conditioning
subsequently became demented (probably AD) [50, 53].
Rabbits, which do not develop Alzheimer-like changes
during aging, also show slowed eye-blink conditioned
leaming during middle age [53]. In this case, there is a
strong correlation between the numbers of Purkinje neurons
and the efficacy of eye-blink conditioning during aging, but
also in young adults. Theye i5 generally consistent evidence
of Purkinje neuron loss during «normal aging», which in
humans is not apparent yngil after 60 [16, 53], but may
Begin in early middle-age in rodents by 12 months [36].
The difference between the cerebellum with its more pro-
nounced neuron loss versus the hippocampus with sporadic

neuron loss is consistent with the differential vulnerability of
neurons to ischemic injury and to AD.
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Another important observation is that young adults dif-
fer individually by up to 50% in the numbers of Purkinje
neurons, as shown directly by neuron counting in rabbits
[51]and by MRI estimates of cerebellar volume in humans
[54] which both correlate with eye-blink conditioning.
Moreover, hippocampal neurons also show a 50% range of
variations in rats [ 26, 35]. The origins of the variations and
their possible significance to outcomes of aging is discussed
further below.

3. Glial activation during aging

Glial changes of normal brain aging have been largely
neglected, because of the general assumption that glial acti-
vation is secondary to neuron degeneration, FHowever, both
astrocytes and microglia become activated early in aging
without concurrent diagnosable pathology. My lab is study-
ing the activation of astrocytes during normal aging, using
glial fibrillary acidic protein (GFAP) as a marker. GFARP
expression increases progressively during aging in humans
and inbred lab rodents, as measured by GFAP mRNA
and protein [10, 15, 29,30, 32]. Although the cell volume
of astrocytes compartment increases during aging, the num-
bers of astrocytes shows much more modest changes that
are not detected in most studies of aging male rodents [10].
Rabbits also showed increased GFAP during aging [53].
The similar increases of GFAP in aging rodents and
humans is important, because inbred rodents do not devel-
op Alzheimer changes of solid brain amyloid deposits and
hippocampal neurodegeneration unless transfected with
human AD genes.

The increased GFAP expression during aging is due
to increased transcription of GFAP, as shown by in situ
hybridization at a cellular level with intronic cRNA probes
[29, 30]. We have developed in vitro approaches to astro-
cyte gene expression changes during aging. Primary glia
cultures from aging adult cerebral cortex show the persis-
tence of in vivo activation, e.g. astrocytes from 12-mo vs 3
mo old rat cortex show 2-fold higher GFAP transcription
when transfected with a full length GFAP promoter [10].
We hypothesize that GFAP transcription increases during
aging are caused by the increased load of oxidatively dam-
aged proteins, which occurs in tissues throughout the body
during aging, as well as in the brain [9, 10, 29, 41]. The
level of oxidative damage during aging is decreased by
reducing average caloric intake through «caloric restriction»
paradigms which robustly slow many aging processes
inversely to the caloric restriction over a 10-40% range in
laboratory rodents [10, 41].

Caloric restriction also attenuates glial activation dur-
ing aging, including GFAP transcription, which we showed
by in situ hybridization using GFAP intron cRNA [29,
30]. Activation of the GFAP promoter by oxidative stress
(hydrogen peroxide, cystecamine) [29] may be mediated
by a functional NFkB-NF1 site in the upstream GFAP
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promoter [ Wei, Morgan, Finch, in prep.], which is known
to mediate responses to oxidative stress in other genes, The
GFAP promoter has highly conserved domains in humans
and rodents [21] which could mediate certain shared
(canonical) features of brain cell aging changes shared in
short- and long-lived mammals. The ensemble of oxidative
and inflammatory processes of aging throughout the body
can be considered as a «gero-inflammatory manifold»,
which may underlie AD and many other age-related dis-
eases [9, 10].

GFARP expression is usually regarded as a secondary to
neurodegeneration. However, we are evaluating the possi-
bility that the increased expression of GFAP during aging
may contribute to decreased synaptic functions. An impor-
tant clue comes from the wounding-in-a-dish model, in
which fetal neurons are cocultured with astrocytes [22,
25,37]. A scratch wound causes immediate astrocyte reac-
tivity. Neurite outgrowth is greatly enhanced by treatment
with antisense GFAP which decreases astracyte fibrosis
and also reorganization of astrocytic extracellular laminin
[6, 21, 37). Similarly, neurite outgrowth was enhanced in
astrocytes from the GFAP-KO genotype, which have
lower GFAP expression [27].

4. Sex sterolds and sprouting

We are using the wounding-in-a dish model analyze
sex-steroid sensitive aspects of neuronal sprouting and
effects of aging, In vive, we showed that the presence of
estradiol increases sprouting in the hippocampus after per-
forant path lesions which are a model for hippocampal deaf-
ferentation during AD [43, 44]. The sprouting responses
depend on the presence of apolipoprotein E (apoE), as
shown by apoE knockout mice [43, 47]. Further, we-are
developing the hypothesis that sprouting also is enhanced
by estradiol through its inhibition of GFAP induction after
the lesion [37, 44]. In the wounding in a dish model, we
showed that GFAP transcription and protein are repressed
by estradiol, in association with increased sprouting and
laminin reorganization [37], just as obtained by antisense
treatment [6, 22]. The effects of E2 on GFAP transcrip-
tion depend on a functional estrogen response element in
the upstream promoter {37] and interactions with other loci
in highly conserved regions of the GFAP promoter [21).
These findings support the hypothesis that the enhance-
ment of neuronal sprouting by E2 is driven by the repres-
sion of GFAR transcription, which in turn decreases inter-
mediate filament formation with further downstream cffects
on laminin reorganization, i.c. the inverse relationship in
astrocytes between GFAR expression and pro-neuritogenic
laminin expression,

From the two paradigms of GFAP decrease (E2-
repression, antisense) which have the same effects on
laminin reorganization and neurite outgrowth, we propose
that GFAP expression is inverse to the pro-neuritogenic
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