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Aging-associated Changes in Human Brain
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Abstract. A wide varicty of anatomic and histological alterations are common in brains of aged individuals. However.
identification of intrinsic aging changes—as distinct from changes resulting from cumulative environmenta! insult—is prob-
lematic. Seme degree of neuronal and volume loss would appear to be inevitable, but recent studies have suggested that the
mugnitudes of such changes are much less than previously thought, and studies of dendritie complexity in cognitively intact
individuals suggest continuing neuronal plasticity intwo the cighth decade. A number of vascular changes become more frequent
with age, many attributable to systemic conditions such as hypertension and atherosclerosis. Age-asseciated vascular changes
not clearly linked to such conditions include hyaline arteriosclerotic changes with formation of arterial tortuosities in small
intracranial vesscls and the radiographic chanpes in deep cerebral white matter known as *‘leukoaraiosis.” Aging is accom-
panied by increases in glial cell activation, in oxidative damage Lo proteins and lipids, in irreversible protein glycation, and
in damage 1o DNA, and such changes may underlie in part the age-associated increasing incidence of “degenerative™ con-
ditions such us Alzheimer discase and Parkinson disease. A small number of histological changes appear to be universal in
aged human brains, These include inereasing numbers of corpora amylacea within astrocytic processes near blood-brain or
cerebrospinal luid-brain interfaces, accumulation of the “aging™ pigment lipofuscin in all brain regions, and appearance of

Alzheimer-type neurofibrillary tangles {but not necessarily amyloid plaques} in mesial wemporal structures,
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INTRODUGTION

I can live with my arthritis,
My dentures fit me fine,

I can see with my bifocals,
But I sure do miss my mind,
—AnNONymous

Aging, along with taxes, is one of the absolute cer-
tainties of life. Everyone knows what aging is, and can
recognize it when they see it. It is thus truly amazing
how littte we understand about the process. Although
many diseases become more likely as one ages—stroke,
Alzheimer disease, Parkinson disease—it is nat at all
clear that any diseases are inevitable consequences of ap-
ing. Indeed, is difficult to provide even a noncontrover-
sial, nontrivial definition of aging. A typical definition
might be “‘a progressive, unfavorable loss of adaptation
resulting in decreasing expectation of life with the pas-
sage of time.” That is, the older you get, the closer you
are to death,

Despite these caveats, there are criteria that may be
applied to any anatomic or functional change that is to
be regarded as a part of the normal aging process. Such
changes must be (a) universal, i.e. found in any individual
that lives sufficiently long; (b) intrinsic, i.e. not the con-
sequence of any dietary or other environmental effect;

From the Depariment of Veterans' Affairs Medical Center (REM,
WSTG) and the Departments of Pathology (REM), Anatomy (REM,
WSTG) und Geriatrics (WSTG), University of Arkansas for Medical
Sciences, Litle Rock, AR 72205; and the Department of Neuropathel-
opy. Institute of Neurological Scicnces, Southern General Hospilal,
Glasgow G51 4TE United Kingdom (DIG).

Correspondence lo: Prof, David 1. Grabam, Departiment of Meuro-
pathology, Institute of Neurological Sciences, Southeen General Hos-
pital, Glasgow G5) 4TF United Kingdom,

and (c) progressive, as we understand aging to be a pro-
gressive phenomenon. To this list, some would add the
criteria of deleterious, as we generally think of the
changes of aging—in physical terms—as undesirable.
This review focuses on the anatomic changes that oc-
cur in the aging human brain. Qur emphasis is on iden-
tifying universal, intrinsic, progressive changes, but ref-
erence is also made to aging-associated diseases, to the
possible role of normal age-related changes in promoting
such diseases, and (where possible) to the relationship of
such changes to current biochemical theories of aging.

CHANGES IN BRAIN SIZE, NEURONAL NUMBER,
AND DENDRITIC COMPLEXITY

The brain, or at least its neuronal component, is a post-
mitotic organ. As neurons may be lost, but not added, it
is statistically inevitable that average neurcnal number
(and average brain weight) will decline with age. Among
populations of neurclogically normal individuals, average
brain weight gradually declines after the age of 60, and
average individuals typically show losses of about 2 t0 3
grams (g)/year frem normal adult average weights of
1400 g (for men) and 1250 g (for women). These de-
creases appear to be largely attributable to changes in the
white matter and are most marked in the frontal lobes. A
complicating factor in such determinations is the *‘secular
effect,” or the progressive trend toward increased mean
body height and brain weight during the 20th century.
As a consequence, lower brain weights in the elderly,
compared with younger individuals dying at the same
time, might be interpreted as the result of developmental
or nutritional effects early in life rather than atrophic
changes late in life.

These limitations may be overcome by determinations
of ratios between intracranial volume and brain volume,
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or by assessments of sulcal widening and ventricular en-
largement (reflecting cerebral atrophy) in the elderly. The
average ratio of brain volume to skull volume remains
constant at 5% up to the age of 60 years, after which
there is a progressive decline to about 80% in nonarians.
This progressive decline shows some scatter, however,
suggesting that some or all of the decline may be attrib-
uted to genetic variation or environmental factors. Sulcal
widening and ventricular enlargement also occur with ag-
ing. The average volume of the lateral and third ventri-
cles, for instance, increases from 15 ml in teenagers to
55 ml for those over 6{} years of age. Quantitative anal-
yses of cerebral structures have indicated a progressive
reduction in hemispheric volume afier the age of 20,
which is greater in men (3.5% per decade) than in women
(2% per decade). The initial loss is largely cortical, fol-
lowed by greater declines in the volume of subcortical
white matter. These relative changes have been interpret-
ed as reflecting a loss of interneurons, with implications
for age-associated cognitive changes.

Imaging studies have been used to assess age-associated
changes in brain volume in vivo. These have shown age-
assaciated declines in cerebral volume and increases in
ventricular volume, similar to those found in autopsy se-
ries. There is, however, considerable variation, and many
elderly individuals do not show detectable volume
changes.

Assessment of age-associated neuronal loss is compli-
cated by difficulties inherent in estimating total or re-
gional cortical volume changes, by variations in cortical
architectonics and consequent sampling errors, by inter-
individual variations in patterns of loss across brain re-
gion, and by artefactual cortical and neuronal cellular
volume changes associated with brain fixation. Early
studies of age-associated changes in the cerebral cortex
yviclded an estimated neuronal loss of 15 to 35%, and
subsequent computerized image analysis techniques sug-
gested losses as high as 50% among large neurons. Some
of these latter changes, however, appear to be attributable
to changes in neuronal cell size rather than neuronal cell
number. There are significant age-associated decreases in
neuronal cell size, especially among large neurons, and
consideration of these changes has led to much more
modest estimates of age-associated cerebral cortical neu-
ronal loss (1).

Some of the difficulties inherent in estimating total ce-
rebral cortical neuronal number are avoided by analyzing
smaller structures such as the hippocampus. Even here,
however, there is difference of opinion regarding the
amount of neuronal loss and the relative loss in different
sectors. For the basal nucleus of Meynert, the main source
of cholinergic innervation for the cerebral cortex, both
steady declines and unchanging neuronal counts (2) have
been reported. For the cerebellum, there appears to be a
considerable age-associated decrease in average number of
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Purkinje cells, although some elderly individuals show no
age-associated loss (3). In the hypothalamus there are age-
associated alterations in the sizes of certain neurons and
organelles (4) and in diurnal and annval patterns of neu-
ronal vasopressin expression {3). Within the calcarine cor-
tex, there is a reported gradual age-associated decline in
the density of intracortical myelinated fibers (6), but this
is not seen in the parahippocampal gyrus (7).

Neurons are complex structures, and age-associated
changes in dendritic complexity and synaptic number
have also been investigated. Regressive changes have
been reported for the dendritic trees in frontal and tem-
poral cortex and in the limbic system of aging individu-
als. These changes commence with loss of dendritic
spines, are followed by changes in the size and shape of
horizontal branches, and culminate in loss of basilar den-
drites or branches of the apical shaft (8). Age-associated
decreases in numbers of synapses have been reported for
frontal (but not temporal) cerebral cortex (9). In contrast,
Buell & Coleman (10) have shown continuing dendritic
growth and increasing dendritic complexity for parahip-
pocampal pyramidal cells of cognitively normal individ-
uals well into the eighth (but not tenth [11]) decade of
life. These latter studies employed the Golgi-Cox tech-
nique for staining of dendritic trees, which is less prone
to artefact than the rapid Golgi method employed by oth-
ers. These results snggest that *‘normal™ aging, at least
into the eighth decade, is characterized by preservation
of neuronal plasticity, and that age-associated declines in
neuronal dendritic complexity are pathological.

ACCUMULATION OF PIGMENTS

Lipofuscin is a complex, poorly soluble, intracellular
pigment that accumulates progressively within secondary
lysosomes in neurons and other post-mitotic cells. Be-
cause of its insolubility, lipofuscin is difficult to charac-
terize biochemically, but it is known to contain polymer-
ized residues of peroxidized lipids and proteins, In
experimental animals, dielary supplementation with the
anti-oxidant vitamin B-tocopherol results in decreased li-
pofuscin accumulation in brain (12). Lipofuscin serves
no known function, and is viewed as a by-product of
normal, age-related “wear and tear” associated with cel-
lular function.

Lipofuscin is evident in inferior olivary neurons in in-
fancy, appears in spinal cord neurons in childhoed, and
accumulates progressively with age in neurons through-
out the CNS. Lipofuscin is particularly prominent in neu-
rons of the cranial and spinal motor nuclei, the red nu-
cleus, portions of the thalamus, the globus pallidus, the
inferior olivary nuclei, and the dentate nucleus of the
cerebellum. In the cerebral cortex, lipofuscin accumula-
tion is most marked in large neurons of the precentral
gyrus, and aged cerebral cortical pyramidal cells develop
lipofuscin-containing proximal axonal swellings (13).
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The Purkinje cells of the cerebellum appear to remain
relatively free of lipofuscin accumulation. In rats, lipo-
fuscin first appears in neurons at about 8 weeks of age
and subsequently increases linearly with age. Caloric re-
striction is a proven method for prelonging lifespan in
experimental animals, and aged, caloric-restricted mice
show less intraneuronal lipofuscin accumulation than do
control animals of equivalent age (14).

In addition to lipofuscin, there is accumulation of other
intracellular pigments with aging. Neuromelanin, a by-
product of catecholamine synthesis, accumulates in “pig-
mented’ brainstem nuclei (substantia nigra, locus coeru-
leus, and the dorsal motor nuclens of the vagus nerve)
until approximately 60 years of age, after which there is
a decline. A peroxidase-positive granule, distinct from li-
pofuscin, accumulates with age in glial cells of estrogen-
sensitive hypothalamic regions. The appearance of these
granules is accelerated by estrogen, and coincides with the
appearance of 27-, 72-, and 90-kDa heat-shock proteins
(13).

ALZHEIMER-TYPE CHANGES

Alzheimer disease is characterized pathologically by
the appearance of extracellular amyloid deposits with and
without neuritic elements, and by intraneuronal changes,
including neurofibrillary tangles, granulovacuolar degen-
eration, and Hirano bodies. All of these changes also oc-
cur, albeit to lesser degree, in the brains of elderly, cog-
nitively intact individuals.

Some degree of neurofibrillary tangle formation is
found in mesial temporal structures (amygdala, hippo-
campus, and adjacent cortical areas, but not the neocor-
tex) in virtually all elderly individuals (16). In contrast,
deposition of amyloid and formation of neuritic amyloid
plaques is seen only in some cognitively intact, elderly
individuals, and is generally more frequent in neocortical
areas (16, 17). Occasional apparently normal elderly in-
dividuals may show impressive degrees of amyloid de-
position in the absence of abnormal neuritic elements.
Dickson et al (18) used the presence or absence of such
diffuse neocortical amyloid deposits to distinguish “nor-
mal” and ‘‘pathological” aging, although the two groups
were not clinically different in their study. Others have
found that such diffuse amyloid deposition correlates
with mild cognitive impairment (19), and is not found in
carefully studied, cognitively normal elderly individuals
(17). This is consistent with studies showing increasing
prevalence, but not increasing density, of amyloid
plagues with increasing age (20}, a finding which sug-
gests that either {a) amyloid deposition is not progressive
in normal aging, or (b) increased density of amyloid de-
posits gives rise to cognitive impairment and thus re-
moves one from the category of “‘normal.”” This latter
interpretation would suggest that amyloid deposition is

not a normal component of the aging process, but rep-
resents early (pre-clinical) Alzheimer disease (19).

Granulovacuolar degeneration and Hirano bodies are
additional microscopic features of Alzheimer discase and
some other diseases, In Alzheimer disease and in ‘‘nor-
mal” aging, granulovacuolar changes are found almost
exclusively in the pyramidal cells of the hippocampus,
predominantly in the CA1l field. The prevalence of gran-
ulovacuolar changes in nondemented elderly populations
increases with age after the sixth decade, reaching 75%
by the ninth decade. Hirano bodies are occasionally seen
in young adults, but become increasingly common with
advancing ape.

CHANGES IN NEUROTRANSMITTERS

The prominent involvement of cholinergic systems in
Alzheimer disease has prompted studies of changes in the
neurotransmitter system associated with aging. Brain
choline acetyltransferase levels and muscarinic binding
decrease with increasing age (21), as do indices of cho-
linergic innervation in the caudate nucleus (22). Dopa-
minergic systems have also received particular attention
because of their age-associated deterioration in Parkinson
disease. There are age-associated declines in levels of
striatal dopamine uptake sites (23), dopamine transporters
(24), and dopamine levels (23). Serotonergic systems
show age-associated declines in levels of cortical sero-
tonin binding sites (22), adrerergic systems show age-
associated decreases in cerebral cortical «,- (26) and [3,-
(27) (but not total §- [26]) adrenoreceptors, and GABA-
ergic innervation of the cortex appears to decline with
age (22). Tissue levels of glutamate and aspartate vary
considerably among discrete areas of human brain, and
brains from aged individuals show a number of altera-
tions in these distributions (28).

VASCULAR CHANGES

Arteriosclerotic and atherosclerotic vascular changes
become increasingly prevalent throughout the body as
well as in the brain with advancing age. Small atheroma,
usually without significant lumenal compromise, may be
found in major intracranial vessels at the base of the brain
in elderly individuals, but these depaosits rarely affect ves-
sels less than 2 mm in diameter in normotensive individ-
uals. In contrast, hyaline arteriosclerotic changes occur in
small intracranial vessels (< 1 mm diameter) of elderly
individuals. The intima is thickened by a concentric in-
crease in connective tissue and there is fibrous replace-
ment of vascular wall smooth muscle. The vessels be-
come thickened and more rigid, as well as elongated and
tortucus, These arterial tortuosities are found predomi-
nantly at gray-white interfaces of the insular region and
adjacent areas. They increase in number with advancing
age and are not related to systemic hypertension (29).
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A second type of blood vessel-associated change is
expansion of perivascular spaces with the formation of
lacunae. In contrast to arterial tortucsities, these small
(320 mm diameter) lesions are most common and most
pronounced in individuals with hypertension, but they do
also occur in normotensive individuals (30). They are
found predominantly in cerebral white matter and sub-
cortical basal ganglia. They increase in frequency in the
fifth and sixth decades, but thereafter become less com-
mon. Soggested pathogenic mechanisms include arterial
pulsations and vascular lipohyalinosis, and, for larger le-
sions, either atheroma or emboli. Some authors have
found correlations between multiple lacunae and intellec-
tual impairment (31), but these lesions may only be mark-
ers for more widespread pathological changes in the
white matter.

The advent of computed tomography, and especially
magtetic resonance imaging, has revealed previously un-
recognized changes in the deep cerebral white matier of
many elderly individuals. These symmetrical, paraven-
tricular areas of radiolucency {on computed tomography)
or increased signal intensity (on T2-weighted magnetic
resonance imaging) become more prevalent with advanec-
ing age (32). These changes were initially intetpreted as
white matter infarcts (Binswanger’s disease}, but are now
known by the more noncommittal term lewkoaraiosis.
Some of these patients are demented, but many show no
intellectual deficits (33). Patients with leukoaraiosis are
more likely to have had strokes in the past (34}, and are
more likely to have strokes in the future (33), suggesting
an association with vascular disease. Correlative studies
have found a variety of histological alterations corre-
sponding to these radiological abnormalities. These range
from mild changes such as myelin pallor, focal ependy-
mal loss, and dilated perivascular spaces 10 more severe
abnormalities such as lacunar infarctions, extensive ar-
teriosclerosis, and diffuse white matter necrosis (36). Ve-
nous collagenosis (37) and increased astrocyte water con-
tent (38) have also been suggested as pathologic
substrates underlying the observed imaging abnormali-
lies.

CHANGES IN GLIA

Both astrocytes and microglia become more prominent
in aging human brain. There is an age-associated increase
in the numbers of cerebral cortical astrocytes immuno-
reactive for glial fibrillary acidic protein that becomes
evident in the eighth decade (39). Activated astrocytes
elaborate a neurotrophic cytokine, S1008, that has been
implicated in the development of neuritic plaques in Alz-
heimer disease (40). With normal aging there are in-
creased numbers of S100B-immunoreactive astrocytes in
human cerebral cortex, a change that is accompanied by
increased cerebral cortical tissue levels of S100f3 protein
and S100B mRNA (41).

J Newroparhol Exp Newrol, Val 58, Decemizer, (997

Microglia also show age-associated changes in human
brain. Activated microglia, expressing the immunomo-
dulatory cytokine interleukin-1, are significantly in-
creased in number in brains of nondemented individuals
over the age of 60, and this age-associated increase is
accompanied by changes in microglial morphology (42).
The numbers of enlarged and phagocytic microglial
forms increase with age, while no significant increase is
seen in the number of nonenlarged, nonactivated forms.
Concomitant with these changes in microglial number
and morphology there are significant age-associated in-
creases in tissue levels of interleukin-1 mRNA (42). As
microglial overexpression of interleukin-1 has been im-
plicated in the pathogenesis of Alzheimer disease (43),
these age-associated increases may contribute to the in-
creasing incidence of Alzheimer disease with advancing
age.

MISCELLANECUS MICROSGOPIC CHANGES

Corpora amylacea are round, basophilic, PAS-positive
structures, 3 to 20 pm in diameter, that lie within astro-
cytic processes in subependymal and subpial areas, es-
pecially in the globus pallidus, hippocampus, and poste-
rior columns of the spinal cord. They are unusual in the
first decade of life but are universal by the age of 40.
Although they are essentially identical to the “‘polyglu-
cosan bodies” and “‘Lafora bodies™ associated with the
diseases of the same names, their significance in normal
aging remains obscure,

Ubiquitin-immunoreactive granular structures are
found in limbic areas in middle age, and they increase in
number and regional distribution with aging (18, 44, 45).
They appear to derive from degenerating terminal axons,
and actually decrease in frequency in advanced stages of
Alzheimer disease and of dementia with Lewy bodies
(45). Ubiquitin-immunoreactive axonal spheroids appear
in brainstem structures in the second decade, and increase
in number with advancing age {44).

Marinesco badies are eosinophilic, ubiquitin-immuno-
reaclive (44), intranuclear paranucleolar inclusions found
in pigmented neurons, particularly in the substantia nigra.
They can be found in most individuals beyond their sec-
ond decade, and increase in numbers with advancing age,
Unlike many of the microscopic changes associated with
aging, Marinesco bodies are not associated with any
known disease, and their significance remains obscure.

Granular glycogen bodies are intracytoplasmic inclu-
sions found within cell processes in the cerebral cortex
and underlying white matter of individuals older than 60
years. They are 5 10 50 pm in diameter and consist almaost
exclusively of densely packed «- or B-glycogen granules
(46G).

MOLECULAR ALTERATIONS WITH AGING

Oxidative damage, induced by free radicals, has long
been thought to be an important component of the aging
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process. Oxidized protein levels increase exponentially
with age in human cerebral cortex (47), and lipofuscin,
the most prominent age-associated morphological alter-
ation, is thought to represent a cumulative by-product of
oxidative damage to cell constituents. In experimental an-
imals, chronic treatment with anti-free radical agents not
only slows (or even reverses) the accumulation of oxi-
dized proteins, but also restores short-term memery in-
dices to those of young animals (48).

Accumulation of DNA damage is another mechanism
thought to be fundamental in the aging process. Aging
experimental animals show steady increases in both single-
and double-strand genomic DNA breaks, and such damage
is markedly higher in the cerebral cortex than in other
regions (49). In human brain there are age-associated in-
creases in oxidative damage to DNA, which are meore
marked for mitochondrial than for nuclear DNA (50). Mi-
tochondrial DNA diversity, arising from acquired muta-
tions, increases with age in the human brain (51).

Advanced glycation end products—tissue and cell sur-
face proteins modified nonenzymatically and irreversibly
by glucose—accumulate with aging in human brain (52).
Proteins so modified are strongly resistant to proteolytic
processes and promote protein crosslinking. In the pe-
riphery, these end products can be removed by macro-
phages through a high-affinity receptor (53). Microglia
may perform a similar function in the brain, and activa-
tion of microglia by glycated proteins may promote age-
associated microglial changes.

RACE AND SEX DIFFERENCES IN BRAIN AGING

The effect of race on age-associated changes in brain
has not received a great amount of attention. The age-
associated appearance of Alzheimer-type neuropatholog-
ical changes in nondemented populations is reported to
be similar in American Caucasians and East African
blacks (54), but less frequent in Hong Kong Chinese (55},
Arterial tortuosities reportedly show no race specificity
in American populations (29), and a magnetic resonance
imaging study found similar degrees of age-associated
ventricular enlargement and sulcal widening in “‘health-
ier” American black and nonblack individuals (56). In
contrast, leukoaraiosis is reported to be more pronounced
among elderly black individuals (56). In a recent review,
Gorelick (57) concluded that age-associated intracranial
atherosclerosis or intraparenchymal arterial sclerosis is
more common and severe among Japanese, Chinese, and
American blacks; and that extracranial (i.e. carotid} ath-
erosclerosis is more common and more severe in whites.

Differences in brain aging in men and women have
been reported. As noted above, autopsy series have found
greater rates of age-associated cerebral atrophy in men
than in women. Imaging studies have also suggested that
elderly men show greater ventricular enlargement and
sulcal widening than elderly women (56), although most

of these sex-based differences disappear after correction
for differences in total intracranial volume (58). Hippo-
campal atrophy, again assessed radiclogically, is report-
edly more common in “normal” elderly men (59), but
these changes are accompanied by subtle reductions in
delayed verbal recall performance, suggesting that they
are pathological. Intracranial atherosclerosis is more
marked in young adult men, but increases more rapidly
in women after the sixth decade with the result that these
changes are more severe in women by the ninth decade
(reviewed by Gorelick [57]). Sex-specific, age-associated
changes have been reported for the hypothalamic supra-
chiasmatic nucleus, with a decrease in total cell number
in women but a decrease in vasoactive intestinal poly-
peptide-expressing neurons in men (60). Radiographical-
ly identified *‘leukoaraiosis™ is reportedly more pro-
nounced in elderly women than in elderly men (56), but
sex has no effect on age-associated arterial tortuosities
(29).

THE AGE-MATCHED CONTROL BRAIN

The various changes associated with aging of the hu-
man brain must be addressed when selecting *‘normal”
control brains for tissue-based investigations of neurolog-
ical disorders in elderly populations. Some age-associated
changes are clearly pathological (e.g. cerebral cortical in-
farcts), while others are clearly not (e.g. corpora amyla-
cea). Other changes are virtually universal in their prev-
alence, and must thus considered “normal” in some
qualitative sense, but become readily recognizable as
pathological when they exceed some quantitative thresh-
old (e.g. neurcfibrillary tangles). Still other changes are
so commeon that rigorous exclusionary criteria may leave
one with no control brains to study. As a practical matter,
disease-free, cognitively intact, elderly individuals, dying
suddenly and arriving at postmortem examination with
minimal delay, with only minimal and inevitable gross
and histological changes in their brains, are quite rare,
and some selection criteria must be established that yields
an acceptable number of specimens while excluding con-
ditions or changes that would compromise investigational
results. The selection process depends, of course, in part
on the nature of the study and the question(s) to be ad-
dressed. Hypotheses originating from tissue-based find-
ings—a study seeking to identify correlates of “‘normal”
vs ‘‘pathological’” aging (18), for instance—might re-
quire strict neuropathological exclusionary criteria for
“normal” brains. In contrast, hypotheses originating
from clinical findings—a study seeking to correlate cog-
nitive changes with histological changes, for instance—
might be fatally Aawed if the very presence of such his-
tological changes were an exclusionary criteria for iden-
tifying a group of “nermal’” controls, Situations present-
ing questions with less cbvious “‘correct” answers are
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also common, such as the degree of Alzheimer-type neu-
ropathological change that might be acceptable in a study
of dementia associated with schizophrenia. Successful
pathological or clinico-pathological investigations are de-
pendent upon careful consideration of such factors at the
inception of the investigation as well as on a thorough
neurcpathological characterization of the collected brains.

ACKNOWLEDGMENTS

Supported in part by NIH AG 10208, AG 12411, and NS 27414,

REFERENCES

1. Terry RD, DeTeresa R, Hansen LA. Neocortical cell counts in nor-
mal human adult aging. Ann Neurol 1987:21:530-3¢
. Bigl V, Arendt T, Fischer 8, Werner M, Arendt A, The cholinergic
system in aping. Gerontology 1987:33:172-80

3. Hall TC, Miller AKH, Corsellis JAN, Variations in human Purkinje
cell populations according 10 ape and sex. Neuropathol Appl Neu-
robiol 1975:1:217-92

4. Lucassen Pl, Ravid R, Gonatas NK, Swaab DE Activation of the
human supraoptic and paraventricular nucleus neurons with aging
and in Alzheimer’s diseasc as judged from increasing size of the
Golgi apparatus, Brain Res 1993;,632:105-13

5. Hofman MA, Swaab DE Infuence of aging on the seasonal thythm
of the vasopressin-expressing neurons in the human suprachias-
matic nucleus. Neurobiol Aging 1995;16:965-71

6. Lintl P Braak H. Loss of intracortical myelinated fibers: A distinc-
tive age-reluted alteration in the human striate area. Acta Neuro-
pathel 1983.61:178-82

7. Benes FM. Turtle M. Khan Y, Farol P Myelination of a key relay
zone in the hippocampal formation occurs in the human brain dur-
ing childheod, adolescence, and adulthood. Arch Gen Psychiatry
1994,51:477-84

8. Nakamura §, Akiguchi 1, Kameyama M, Mizuno N. Ape-related
changes of pyramidal cell basal dendrites in layers III and V of
human motar cortex: A quantitative Golgi study. Acta Neuropathal
1985;65:281-84

9, Gibson PH. E.M. study of the numbers of cortical synapses in the
brains of ageing people and people with Alzheimer-type dementia.
Acta Neuropathol (Berl) 1983;62:127-33

10. Buell 5}, Coleman PD. Dendritic growth in the aged brain and
fatlure of growth in senile dementia. Science 1979:206:854-56

{1. Flood DG, Buell 8), Defiore CH, Horwitz Gl, Coleman PD. Age-
related dendritic growth in dentate gyrus of human brain is followed
by regression in the 'oldest old.” Brain Res 1985;345:3656-68

12. Ma XY, Su YB, Zhang FR, Li JF . Effects of vitumin E on the
blastogenic response of splenocytes and lipofuscin contents in the
hearts and brains of aged mice. J Environ Pathol Texicol Oncaol
1996:15:51-53

13. Braak H. Spindle-shuped appendages of Illab-pyramids filled with
lipofuscin: A siriking pathological change of the senescent human
isocortex. Acta Neuropathol 1979,46: 197-202

14, Moore WA, Davey VA, Weindruch R, Walford R, [vy GO . The
effect of caloric restriction on lipofuscin accumulation in mouse
brain with age. Gerontology 19954 1{Supp! 2):173-85

15. Mydlarski MB, Liberman A, Schipper HM Estrogen induction of
glial heat shock proteins: Implications for hypothalamic aging.
Meurobiol Aging 1995:16:977-81

16. Hof PR, Giannakopoulos P Bouras C. The neuropathological
changes associated with normal brain aging. Histol Histopathol
1996;11:1075-88

(28 ]

J Nueweropethol Exp Newrval, Vel 56, Decenber, (997

IR

18,

Troncoso IC, Murtin L), Dal Forne G, Kawas CH, Neuropathology
in controls and demenied subjects from the Baltimore longitudinal
study of aging. Neurobiol Aging 1996,17:365-71

Dickson DW, Crystal HA, Mattiace LA, et al. Identification of nor-
mal and pathological aging in prospectively studied nondemented
cklerly humans. Neurobiol Aging 1992;13:179-89

. Morris JC, Storandt M. McKeel DW Ir, et al. Cerebral amyloid

deposition and diffuse plaques in *normal™ aging: Evidence for
presymplomatic and very mild Alzheimer's discase. Neurology
1996:46:707-19

. Mackenzie IR. Senile plagues do not progressively accumulate with

normal aging. Acta Neuropathol 1994:87:520-25

. Perry EK. The cholinergic system in old age and Alzheimer's dis-

case. Age Apeing 1980:9:1-8

. Allen 8J. Benton JS, Goodhardt MJ, et al. Biochemical evidence

of sclective nerve cell changes in the normal ageing human and ral
brain. J Neurochem 1983:41:256-65

. Zelnik N, Angel 1, Paul SM, Kleinman JE. Decreased density of

human striatal dopumine uptake sites with age. Eur J Pharmacol
1986;126: 17576

. Bannon MJ, Poosch MS, Xia ¥, Goebel DI, Cassin B, Kaputes G.

Dopamine transporter mRNA conlent in human substantia nigra
decreases precipitously with age. Proc Natl Acad Sci USA 1992:
89:7095-99

. Kish 8], Shannak K, Rajput A, Deck JH, Hornykiewicz O. Aging

produces a specific pattern of striatal dopamine loss: Implications
far the etiology of idiopathic Parkinsen’s disease. J Neurochem
1992;58:642-48

26. Kalaria RN, Andorn AC, Harik SI. Alterations in adrencrgic reccp-

tors of frantal cortex and cerebral microvessels in Alzheimer's dis-
ease and aging. Prog Clin Biol Res 1989;317:367-74

. Kalaria RN, Andorn AC, Tabaton M, Whitchouse PI, Harik SI.

Unnerstall JR. Adrenergic recepiors in aging and Alzheimer’s dis-
ense: Increased beta 2-receptors in prefrontal conex and hippocam-
pus. J Neurochem 1989:53:1772-8t

28. Banay-Schwartz M, Lajtha A, Palkovits M, Nathan §. Regional

30,

31

33,

4.

35.

36.

37.

distribution of glutamate and aspariate in adull and old human
brain. Brain Res 1992.594:343-46

. Spangler KM, Challa VR, Moody DM. Bell MA. Arteriolar wortu-

osity of the white matter in aging and hypertension. A microradi-
ographic study. ] Neuropathal Exp Neurol 1994:53:22-26
Dozono K, Ishii N, Nishihara Y, Horie A. An autopsy study of the
incidence of lacuncs in relation to ape, hypertension, and anerio-
sclerosis. Stroke 1991;32:993-96

Fushimi H, Inoue T. Yamuda ¥, Udaka F, Kameyama M. Asymp-
tomattic lacunes and their relationship to intellectual disturbances.
Internal Med [994:33:317-20

2. Steingart A, Hachinski VC, Lau C, et al. Cognitive and ncurologic

findings in demented patients with diffuse white matter lucencies
on computed omographic scan (leuko-araicsis). Arch Neurol 1937,
44:36-39

Almkvist O, Wahlund LO. Andersson-Lundman G. Basun H. Back-
man L. Whitc-matter hyperintensity and ncuropsychological lfunc-
ticns in dementia and healthy aging. Arch Neurcl 1992:49:626-32
Inzitori D. Dioz F Fox A, et al. Vascolar risk factors and leuko-
aroiosis. Archiv Neurol 1987:44:42-47

Pantoni L. Garcia JH. The significance of cerebral white matter
abnormalities 100 yeurs after Binswanger's report. A review, Stroke
1995;26:1293-1301

Rezek DL, Morris JC, Fulling KH, Gado MH, Periventricular white
matter lucencies in senile dementiz of the Alzheimer type and in
normal aging. Neurclogy 1987;37:1365-68

Moody DM, Brown WR, Chzalla VR, Anderson RL.. Periventricular
venous colligenosis: Association with leukcaruiosis. Radiology
1995;194:469-76

220z 1snBny |z uo 1senb Aq 99901.92/692 /2 1/9G/0101E/UBUI/W0o dNo"oIWapEsE)/:SdRY WOl papEo|umMOd



38,

39.

40.

41.

43.

44,

45.

46,

47,

48,

AGING-ASSOCIATED CHANGES [N HUMAN BRAIN

Wong KT. Grossman Rl, Boorstein JM, Lexa FI, McGowan IC. Mag-
netization transfer irmnaging of periventricular hyperintense white mat-
ter in the elderly. Am T Mewroradiol 1995:16:253-58

Hansen LA, Armsirong DM, Terry RD. An immunohistochemical
quantification of fibrous astrocytes in the aging human cerebral cor-
lex. Meurobiol Aging 1987:8:1-6

Mrak RE, Sheng IG. Griffin WST: Corrclation of astrocylic S100B
expression with dystrophic neurites in amyloid plaques of Alzhei-
mer's disease. ] Neuropathol Exp Neurol 1996,55:273-79

Sheng IG. Mrak RE, Rovnaghi CR, Kozlowska E, Van Eldik LI,
Griffin WST: Human brain SIO0B and 5100 mRNA expression
increases with age: Pathogenic implications for Alzheimer's dis-
ense. Neurchiol Aging 1996;17:359-62

2. Sheng J, Mrak RE. Griffin WST: Enlarged and phagocytic, but not

primed, IL-1' microglia inercase with age in normal human brain.
Acta Neuropathol (Berl) Forthcoming.

Mrak RE, Sheng JG, Griffin WST: Glial cytokines in Alzheimer's
disease: Review and pathogenic implications. Hum Pathol 1995;26:
816-23

Dickson DW, Wertkin A, Kress Y, Ksiezak-Reding H, Yen SH.
Ubiquitin immunoreactive structures in normal human brains. Dis-
tribution and developmental aspects. Lab Invest 1990;63:87-00
Iscki E, Odawara T, Li F et al. Age-related ubiquitin-positive gran-
ular structures in non-demented subjects and neuradegenerative dis-
orders. ] Newrol Sci 1996;142:25-29

Gertz Hl. Cervos-Navarro I, Frydl V, Schultz E Glycogen accu-
mulation of the aping human brain. Mech Ageing Dev 1985:31;
23-35

Smith CD, Carney JM, Starke-Reed PE, et al. Excess brain protein
oxidation and enzyme dysfunction in normal aging and in Alzhei-
mer disease. Proc Natl Acad Sci U S A 199]:88:105403-43
Stadtman ER, Starkz-Reed PE, Oliver CN, Carney JM, Floyd RA,
Prowein modification in aging. EXS 1992;62:64-72

49,

30.

3l

52,

53.

54,

55.

56,

57.

358,

59,

60.

1275

Mandavilli BS, Rao KS. Neurons in the cercbral cortex are most
susceptible to DNA-damage in aging rat brain. Biochem Mol Biol
Int 1996:40:507-14

Mecocci P, MacGarvey U, Kaufman AE, et al. Oxidative damage
to mitechondrial DNA shows marked age-dependznt increases in
human brain. Ann Neurol 1993:34:600-16

Kapsa RM, Jean-Francois MJ, Lenrit B et al. Mitochondrial DNA
polymorphism in substantia nigra. ] Neurol Sci 1996;144:204-11
Munch G, Thome J, Foley P. Schinzel R, Riederer P Advanced
glycation endproducts in ageing and Alzheimer's disease. Brain Res
Rev 1997,23:134-43

Vlassara H, Brownlee M, Cerami A. Macrophage receptor-mediated
processing and regulation of advanced glycosylation endproduct
(AGE)-modified proteins: role in diabetes and aging. Prog Clin Biol
Res 1989:304:205-18

Ogeng’o JA, Cohen DL, Sayi JG, et al. Cerebral amyloid beta pro-
tein deposits and other Alzheimer lesions in non-demented elderly
east Africans, Brain Pathol 1996:6:101-7

Ng HK, Lee JC. Degenerative cerebral alterations in Chinese aged
65 years or older. Clin Neuropathol i988;7:280-84

Yue NC, Arnold AM. Longstreth WT Ir, et al. Sulcal, ventricular,
and white matter changes at MR imaging in the aging brain: Data
from the cardiovascular health study. Radiology 1997:202:33-39
Gorelick PB. Distribution of atherosclerotic cerebrovascular lesions.
Effects of age, race, and sex. Stroke 1993;24(12 Suppl:116-19
Blatter DD, Bigler ED. Gale SD, et al. Quantitative volumetric
analysis of brain MR: Normative database spanning § decades of
life. Amer J Neuroradiol 1995:16:241-51

Golomb J, de Leon M), Kluger A, George AE, Tarshish C, Ferris
SH. Hippocampal atrophy in normal aging. An association with
recent memory impairment. Arch Neurol 1993:50:967-73
Hofman MA, Fliers E, Goudsmit E, Swaab DE. Morphometric anal-
ysis of the suprachiasmatic and paraventricular nuclei in the human
brain: Sex differences and age-dependent chanpes. J Anat 1988,
160:127-43

I Newrapathel Exp Newodd, Yol 36, Decemiber, 1997

220z 1snBny |z uo 1senb Aq 99901.92/692 /2 1/9G/0101E/UBUI/W0o dNo"oIWapEsE)/:SdRY WOl papEo|umMOd



