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Abstract

Activated microglia are important pathological features of a variety of neurological diseases, including the normal aging process of the
brain. Here, we quantified the level of microglial activation in the aging rhesus monkey using antibodies to HLA-DR and inducible nitric
oxide synthase (iNOS). We observed that 3 out of 5 white matter areas but only 1 of 4 cortical gray matter regions examined showed
significant increases in two measures of activated microglia with age, indicating that diffuse white matter microglial activation without
significant gray matter involvement occurs with age. Substantial levels of iNOS and 3-nitrotyrosine, a marker for peroxynitrite, increased
diffusely throughout subcortical white matter with age, suggesting a potential role of nitric oxide in age-related white matter injury. In
addition, we found that the density of activated microglia in the subcortical white matter of the cingulate gyrus and the corpus callosum was
significantly elevated with cognitive impairment in elderly monkeys. This study suggests that microglial activation increases in white matter
with age and that these increases may reflect the role of activated microglia in the general pathogenesis of normal brain aging. © 1999
Elsevier Science Inc. All rights reserved.
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1. Introduction

Normal aging is associated with a decline in several
aspects of cognitive function. In the normal aging rhesus
monkey, deficits have been found in short term memory and
executive system function [28]. Among the first impair-
ments to appear are deficits in the acquisition and retention
of visuospatial information [28,54]. Executive functions,
such as cognitive flexibility and cognitive tracking, are also
impaired with age [39,61]. These cognitive deficits accu-
mulate with age, so that by age 30 all monkeys are signif-
icantly impaired.

The source of age-associated cognitive dysfunction re-

mains unknown. Initially, nonautomated studies of neuronal
counts of human cortices concluded that significant neuro-
nal loss throughout the cortex occurs with age. A variety of
investigators showed as much as 50% loss of neurons from
a variety of neocortical sites [9,10,19,27]. When automated
studies were performed to determine age-related neuronal
losses more accurately, no extensive neuronal loss in human
and monkey cortices was observed [3,14,61,74]. The only
observed change using newer techniques was a shrinkage in
large cortical neurons rather than a loss [25,26,40,41,61,74].
In addition, no neuronal loss has been detected in the hip-
pocampal formation in the rhesus monkey [2,61], although
losses have been reported in CA4 and the subiculum of the
human brain [22,80].

Whether neurons are dysfunctional with age is a much
harder question to address. Other than a thinning of layer I
due to regressive changes to dendritic spines, limited mor-
phological changes occur as a product of age in the monkey

< This work was supported by the Alzheimer Association, NIH-NIA
(grants AG00001 and 09905), and NIH NCRR RR-00165. JS was partially
supported by NIH training grant HL07501.

* Corresponding author. Tel.:1617-638-4308; fax:1617-638-5339.

Neurobiology of Aging 20 (1999) 395–405

0197-4580/99/$ – see front matter © 1999 Elsevier Science Inc. All rights reserved.
PII: S0197-4580(99)00066-4



neocortex [61]. Although other studies have shown age-
associated synaptic changes [43,44], several studies have
shown that negligible synaptic loss occurs with age in pri-
mary motor cortex [31,75,86] and the hippocampal forma-
tion [61,76]. In addition, accumulation of amyloid plaques
in cortical gray matter, while increasing with age, does not
account for the age-associated cognitive loss seen in the
rhesus monkey [69].

While mounting evidence suggests that age-related gray
matter changes are subtle, substantial changes to cortical
and subcortical myelin composition and content occur with
age. Histological techniques have shown increased white
matter pallor, suggesting myelin loss of the centrum semi-
ovale and stratum sagittale interna [35]. Ubiquitin immuno-
staining identifies dense inclusions within glia and focal
swellings within myelin lamellae in white matter of old
humans [20] and dogs [78]. The levels of ubiquitin immu-
nostaining and myelin swellings qualitatively increased in
the human brain irrespective of the presence of dementia
and,thus, is believed to represent a normal aging process [20].

In addition, the distribution of inflammatory glial cells
throughout the brain further suggests that subcortical white
matter rather than gray matter undergoes significant age-
related changes. Microglial activation increases as a product
of age in the neurologically normal human [45,47,68], the
monkey [62,67], and the rat [52,59]. With advancing age,
microglia activation occurs primarily in white matter [52,
59,67]. However, others suggest white matter microglia are
constitutively activated [45]. In normal aging of the monkey
CNS, microglia appear increasingly phagocytic with age as
microglia in old individuals exhibit electron dense inclu-
sions that have the appearance of myelin [62].

It is unclear whether the effect of activated microglia on
white matter is beneficial, detrimental, or a combination of
both. Several factors secreted by microglia, such as nitric
oxide [48,49], TNF-a [29,42], and complement [82] are
known oligodendrocyte toxins. In particular, nitric oxide
preferentially promotes oligodendrocyte necrosis compared
to other glial cell types [48–50]. The more toxic molecule
peroxynitrite, a product of nitric oxide and superoxide, may
also play a role in oligodendrocyte and myelin dysfunction
as oligodendrocytes are differentially sensitive to peroxyni-
trite as well (J. Sloane, unpublished data).

The production of nitric oxide and peroxynitrite can be
assessed by examining levels of inducible nitric oxide syn-
thase (iNOS), the NOS isoform associated with microglial
activation [56], and 3-nitrotyrosine (NTyr), an oxidation
product of peroxynitrite. iNOS has been demonstrated in
activated microglia [1,16,84] and astrocytes in vivo [16,37,
79]. Although NTyr levels are elevated in a number of
neurological diseases [7,23,72], such as multiple sclerosis
[5,15,60], it is unknown whether NTyr content changes with
normal aging in brain regions exhibiting high levels of
activated microglia.

In this study, we evaluated by immunohistochemistry
age-related changes in activated microglia content in the

rhesus monkey brain. Using monoclonal antibodies specific
to HLA-DR, an MHC class II antigen, and iNOS, we used
two different techniques to quantify activated microglia
content in a variety of cortical and subcortical regions. With
microglia activation, microglial surface expression of
HLA-DR is upregulated and is a well established index of
microglial activation [45,47,67]. The 12 monkeys used in
this study were well characterized, as each was born in
captivity and behaviorally assessed. We found that dramatic
and significant increases in activated microglia density and
percent stained area in subcortical white matter but not gray
matter occurred with age. We also found dramatic, repro-
ducible increases in NTyr immunostaining in subcortical
white matter with age. These changes were associated with
increased expression of iNOS. In addition, we used avail-
able behavioral data to assess the relationship between cog-
nitive function and measurements of activated microglial
content. Activated microglial content in several white mat-
ter areas correlated with cognitive status, suggesting a rela-
tionship exists between the two variables.

2. Methods

2.1. Subjects

Twelve rhesus monkeys, eight males and four females,
were used in this study (Table 1). Of these, six were young
to middle age adults (5–15 years old) and six were aged
(.20 years old). Each of the monkeys in the present study
had known birth dates and spent several years free ranging
in social groups maintained at the Yerkes Regional Primate
Center (YRPRC). All monkeys had MRI scans and under-
went behavioral testing to assess cognitive function as de-
scribed below [28,54].

All monkeys received medical examinations that in-
cluded serum chemistry, hematology, urine analysis, and
fecal analysis before entering the study. In addition, explicit

Table 1
Monkeys and their characteristicsa

ID No. Age Z Score

AM61 30 years, 7 months 2.27
AM28 30 years, 1 month 2.47
AM29 29 years 1.02
AM30 25 years 0.53
AM31 23 years, 2 months 0.89
AM38 23 years, 2 months 2.26
AM49 15 years 0.19
AM56 10 years, 5 months 20.01
AM22 10 years, 1 month 0.03
AM57 10 years, 1 month 0.58
AM32 8 years, 1 month 0.09
AM52 7 years, 6 months 0.46

a Z score refers to cognitiveZ score. A higherZ score means more
cognitively impaired. All monkeys were born in captivity, so precise ages
were known for all individuals.
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criteria were used to screen the monkeys for history of
splenectomy or thymectomy, exposure to radiation, chronic
illness including viral or parasitic infections, neurological
disease, or chronic drug administration. All monkeys were
visually inspected on a daily basis by both animal care per-
sonnel and research technicians and were given a medical
exam on a semi-annual basis or more frequently if needed.

2.2. Cognitive assessment

The 12 monkeys in this study underwent extensive be-
havioral assessment of visual and spatial recognition mem-
ory, associative learning, and executive system function
[33,39,54,55]. We obtained performance measures for these
monkeys on six behavioral measures: [1] Delayed Non-
Matching-to-Sample task (DNMS), [2] DNMS with a delay
of 120 sec, [3] spatial condition of the Delayed Recognition
Span Test (DRST), [4] non-spatial (color) condition of the
DRST, [5] Spatial Reversal and [6] Object Reversal. A
linear transformation of standardized scores on the six cog-
nitive tests was derived by means of principal components
analysis (PCA). The PCA included data from a group of 22
monkeys with available data on all six measures, and
yielded a composite measure that declined linearly with
increasing age (r 5 20.74). The composite score was
scaled as a Z score, with zero representing the sample mean
and each increment of one representing a standard devia-
tion. It is important to note that all monkeys in this study
were not considered outliers in terms of their cognitive
scores when compared to a much larger behaviorally tested
monkey population.

2.3. Perfusion and tissue preparation

At the conclusion of behavioral testing, all monkeys
were deeply anesthetized and killed by exsanguination dur-
ing transcardial perfusion of the brain with isotonic Krebs
buffer (pH 7.4, 4°C). The brains were blocked in situ in the
coronal stereotactic plane and then flash frozen in260
degree C isopentane. They were stored at280 degrees C
until cut on a motorized cryostat into interrupted series of 15
micrometer thick sections spaced approximately 750 mi-
crons apart. These sections were thaw mounted onto subbed
slides, dried rapidly under a cool stream of air, and stored at
220 degrees C until removed for processing. For this study
a partial series of sections from the rostrum to the splenium
of the corpus callosum was selected. This included the
posterior part of the frontal lobe from the precentral gyrus
caudally, as well as most of the temporal and parietal lobes.

2.4. Immunohistochemistry

For processing the selected series were thawed rapidly
on 37°C warming plate and then fixed with 10% buffered
formaldehyde or acetone for 1 h or 20min, respectively.
Sections were then rinsed in distilled water for 3 min fol-

lowed by a 3-min rinse in Tris buffer-saline-Tween 20
(TBST) buffer (10 mM Tris, pH8, 0.15 M NaCl, 0.05%
Tween 20). Sections were permeabilized for 5 min in 0.3%
Triton X-100 and then incubated in 3% H2O2 in phosphate-
buffered saline (PBS) for 30 min to inhibit endogenous
peroxidase activity. Sections were incubated in a blocking
solution of 5% Carnation dried milk in TBST buffer fol-
lowed by overnight incubation at 4°C with primary mono-
clonal antibodies directed at HLA-DR (1:100; Boehringer-
Mannheim, Germany) or iNOS (1:100; Transduction Labs).
We detected antibody/antigen complexes using biotinylated
horse anti-mouse antibody and the ABC system (Vector).

A different technique was used for NTyr immunostain-
ing. After fixation in 10% buffered formaldehyde for 1 h,
cryostat sections were permeabilized with 0.3% Triton
X-100, microwaved in 0.1 M aqueous sodium citrate buffer
pH 6.5 [23], and treated with 3% H2O2 for 30 min. The
sections were then treated with a mixture of chloroform:
methanol (2:1) to delipidate the sections. After blocking
with 5% goat serum, NTyr immunostaining was performed
using polyclonal antibodies directed at NTyr (1:100; Up-
state), biotinylated goat anti-rabbit antibody, and the ABC
system (Vector). Nondelipidated and delipidated sections
showed no detectable immunostaining when reacted against
anti-NTyr polyclonal antibodies preabsorbed with 10 mM
NTyr. In addition, nondelipidated sections displayed insig-
nificant immunostaining after reacted with anti-NTyr anti-
bodies.

To control for day-to-day variability in detection by
immunocytochemistry, sections from all monkey brains
were reacted in parallel in the identical incubation solutions
so that valid comparisons in immunostaining could be
made. Each set of slides stained with each antibody was
fixed with the same fixative. Controls also were run in
parallel and consisted of sections for known human Alzhei-
mer disease brain or old monkey brain sections known to
contain immunoreactive material. Sections were stained
with or without primary antibody to verify the specificity of
the secondary antibody. After immunostaining, sections
from old monkeys were stained with Thioflavin S to identify
amyloid deposits.

2.5. Quantitative microscopy

HLA-DR1 microglia were identified in nine different
cytoarchitectonic areas of cortex using standard cytoarchi-
tectonic criteria [69]. Adjacent subcortical white matter no
deeper than 2 mm underneath select cytoarchitectonic gray
matter areas was used for white matter measurements. We
used 10 different monkeys for density calculations of
HLA-DR immunostaining. We identified activated micro-
glia based on their characteristic morphology and excluded
immunoreactive blood vessels and artifactual staining. The
boundary of each area or subfield was demarcated directly
on the slide and stained activated microglia were counted
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within each area at 1003 total magnification on an Olym-
pus BH2 microscope.

For each measurement, we counted activated microglia
in three nonoverlapping randomly chosen areas within each
of the four defined cytoarchitectonic regions, the four adja-
cent white matter fields, and the corpus callosum. For each,
we calculated an average density from the three measure-
ments. Activated microglial densities were calculated by
averaging HLA-DR1 microglia numbers counted in sepa-
rate microscopic fields that were each 1 mm2 [83].

We also used an automated image analysis system (In-
quiry; Loats Associates, Westminster, MD) to analyze
HLA-DR1 microglia to obtain an estimate of the percent of
tissue area occupied by microglial processes and cell bodies
in each of the nine cytoarchitectonic areas assessed by
profile counts. For each region, background was excluded
by manually adjusting the computerized imaging sensitivity
until only HLA-DR1 tissue was selected. Then immunore-
active blood vessels, nonspecific staining, and artifacts were
edited out before quantitation. When a subfield was too
large to be analyzed at one time, several measurements of
nonoverlapping areas were made and then averaged. For
each region the area that was HLA-DR1 was divided by the
total area analyzed to obtain an estimate of the percent area
occupied by activated microglial cells and processes.

We also used a mathematically derived measure of im-
munostained individual cell area using percent area and
density calculations. Individual cell area was derived by the
following formula: (percent area)/100*density. This mea-
sure represents all immunostaining as described above for
percent area measurements and therefore all cellular ele-
ments of the microglia such as cell soma and processes.

2.6. Statistical analysis

Statistical analysis was performed using Statview SE1
(Abacus Concepts). Spearman rank correlations coefficients
were calculated to determine if dependent data sets with
non-Gaussian distribution were correlated with each other.
The one-way ANOVA with post hoc Bonferroni correction
for multiple comparisons was used for tests of significance
between two or more groups. To examine the relationship
between cognitive status and microglial content, only mon-
keys older than 20 years of age were used. Old monkeys
with cognitive Z score less than 2.0 were considered “non-
impaired” in comparison to young monkeys. Old monkeys
with cognitive scores greater than or equal to 2.0 were
considered cognitively impaired. Statistical analyses were
conducted with and without monkeys with high levels of
gray matter amyloid plaques. Statistical significance was
accepted withp # 0.05.

3. Results

Although regions of cortical gray matter showed mini-
mal evidence of HLA-DR immunoreactivity for activated

microglia in either old or young monkeys, there was con-
siderable immunoreactivity in the white matter of the aged
monkeys. Thus, HLA-DR immunohistochemistry demon-
strated diffuse activation of microglia in the corpus callo-
sum and subcortical white matter in old monkeys (Fig. 1d
and f), whereas young monkeys exhibited limited white
matter microglial activation (Figs. 1c and 1e). In contrast,
cortical gray matter showed minimal increases in activated
microglia as a function of age (Figs. 1a and 1b).

In all examined areas of white matter, the density of
activated microglia was elevated in old compared to young
monkeys (Fig. 2a). All subcortical white matter regions with
the exception of subcortical white matter beneath motor
cortex exhibited a significant correlation between activated
microglia density and age (Table 2).

Using percent area stained as a measure of HLA-DR1

microglia levels, we observed qualitative increases in per-
cent area in all white matter regions in old compared to
young monkeys (Fig. 2c). We detected increases in percent
stain that correlated significantly with age in all white mat-
ter areas except the subcortical white matter underlying
somatosensory cortex (Table 2). Using a mathematically
derived measure of immunostained individual cell area
((percent area)/100*density), no significant correlation was
detected between age and immunostained individual cell
area for any area examined (Table 2).

Among the gray matter areas measured for activated
microglia density (Fig. 2b), only the cingulate gyrus and
motor cortex gray matter showed a significant correlation
between age and activated microglial density (Table 2).
When amyloid bearing monkeys were omitted from statis-
tical analysis, density in only the cingulate gyrus was sig-
nificantly correlated with age by Spearman correlation
(Table 2).

In terms of percent area occupied by HLA-DR1 stain,
slight qualitative increases in percent area were seen in old
compared to young monkeys with age (Fig. 2d). The infe-
rior temporal gyrus and cingulate gyrus were found to have
significant correlations between percent area and age (Table
2). When monkeys that evidenced amyloid deposition in the
cortex were omitted from statistical analysis, only the infe-
rior temporal gyrus exhibited significant correlation be-
tween age and percent area stain (Table 2). No change in
significance differences between age groups was seen with
one way ANOVA when amyloid plaque bearing monkeys
were deleted from analysis of gray matter regions for either
percent area or density calculations.

We also compared activated microglial content data with
behavioral data generated before the monkeys were sacri-
ficed. Among the six old monkeys that were cognitively
assessed, we found a significant increase in the percent stain
in the subcortical white matter of the cingulate gyrus in old
cognitively impaired monkeys (13.716 0.98% (n 5 3))
compared to old cognitively normal monkeys (9.446 1.02
(n 5 3)) (ANOVA with Bonferroni correction,p , 0.05)
(Fig. 3a). Using all the old monkeys (AM31, AM30, AM29,
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AM61, and AM28) assayed for activated microglia density,
we also found a significant increase in the activated micro-
glia density in the corpus callosum in old cognitively im-
paired monkeys (4.736 0.74 cells/mm2 (n 5 3)) compared
to old cognitively normal monkeys (9.766 0.32 (n 5 2))
(ANOVA with Bonferroni correction,p , 0.05) (Fig. 3b).
No significant difference in age was detected between the
old cognitively impaired monkey group (30.56 0.42 yrs
(n 5 3)) and the old cognitively nonimpaired monkey group
(25.72 6 1.72 yrs (n 5 3)) (ANOVA with Bonferroni
correction,p , 0.05).

We next examined the relationship between gray and
subcortical white matter activated microglia content as a
function of age. When the ratio between the activated mi-
croglial content of subcortical white matter versus adjacent
gray matter was used, there was a consistent, yet insignifi-

cant, increase in the ratio of activated microglia in white
matter versus gray matter that occurred with age for all
regions examined, suggesting that young monkeys exhibit
relatively less activated microglia in white matter compared
to old monkeys.

Using antibodies to iNOS, we further confirmed that
microglial activation increases with age. Expression of
iNOS occurs principally in activated microglia in a variety
of neurological diseases [1,16,84]. In Alzheimer’s disease
(AD) brain, we have been able to localize iNOS to white
matter HLA-DR1 microglia but not astrocytes, suggesting
that iNOS expression occurs chiefly in activated microglia
[70]. Here, we have shown that iNOS1 cells showed char-
acteristic microglial morphology and therefore may repre-
sent activated microglia (Fig. 4d and f). By immunohisto-
chemistry, iNOS expression appears to increase with age in

Fig. 1. Diffuse activation of microglia in white matter. Formaldehyde-fixed coronal cryostat sections from a 7-year-old monkey (a, c, e) and a 30-year-old
monkey (b, d, f) were stained with HLA-DR monoclonal antibody. Representative staining of frontal lobe gray matter (a, b), frontal lobe subcortical white
matter (c, d), and corpus callosum (e, f) is shown (1003).
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white matter (Figures 4c–f). Although not quantified by
computerized counting methods, fewer iNOS immunoreac-
tive cells were observed in gray matter areas compared to
adjacent white matter areas (Figs. 4a–d). By Western blot,
more iNOS is found in corpus callosum of an old monkey
compared to a young monkey (data not shown).

To determine if nitric oxide and peroxynitrite are present
in subcortical white matter, we performed NTyr immuno-
histochemistry on cryostat sections of monkey brain. To
increase the sensitivity of NTyr antibodies, we delipidated
the sections with a chloroform/methanol wash (a procedure
analogous to the Folch method) [21]. Immunohistochemical
staining showed that white matter contained extensive ni-
tration in all areas examined in old monkeys (Fig. 5b).
Young monkeys contained qualitatively lower levels of ni-
tration consistent with the lower level iNOS expression and
microglial activation observed in these monkeys (Figs. 4e
and 5a) compared to older monkeys (Figs. 4f and 5b).
Virtually all cellular structures in subcortical white matter
contained immunostaining in old monkeys (Fig. 5b),
whereas the nitration pattern in the young was much more
sparse (Fig. 5a). Almost all NTyr was detected in structures

that had the appearance of myelinated axons. At higher
magnification, NTyr could be observed in myelin sheaths
(data not shown). Such staining was abolished using 3-ni-
trotyrosine to preabsorb anti-NTyr antibodies (Fig. 5c). Be-
cause we did not anticipate a dramatic elevation in NTyr
immunostaining in the old monkey, we repeated immuno-
histochemical experiments on six different brains on three
separate occasions and found similar levels of staining each
time.

4. Discussion

The principal findings of the present study were that 1)
microglia activation increases with age, 2) microglial acti-
vation occurs mainly within the white matter in a diffuse
fashion, and 3) the extent of microglia activation is related
to the degree of cognitive impairment.

Prior research has suggested the relevance of inflamma-
tory cells to the normal aging process. Although reactive
astrocytosis has been extensively evaluated for its role in
inflammatory processes associated with brain aging [36,51,

Fig. 2. Activated microglial content as a function of age in gray and white matter. Activated microglial content was measured by two different methods.
HLA-DR1 cell body density (#/mm2) was assessed in four subcortical white matter areas and the corpus callosum (a) and four gray matter areas (b) of 11
different monkeys. The area of HLA-DR1 cellular stain as a percentage of total area was assessed in four subcortical white matter areas and the corpus
callosum (c) and four gray matter areas (d) of 11 different monkeys. Data from only 10 monkeys are displayed because one monkey was between 10 and
20 years of age. Circles refer to measurements of individual monkeys and each bar graph represents the mean for each region. (Y5 young (4 to 10 years
old), O 5 old $20 years old), CC5 corpus callosum, MC5 motor cortex, CG5 cingulate gyrus, SSC5 somatosensory cortex, ITG5 inferior temporal
gyrus). In (a) and (c), indicated regions include four adjacent subcortical white matter regions in addition to the corpus callosum.
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57,85], only recently have microglia garnered much atten-
tion in the context of normal aging. Studies examining
microglia have shown that increased activation occurs with
age [45,47,59,62,67,68]. White matter is the site of most of
the age-related microglia activation [59,67]. An increase in
microglial activation and not total microglial number ac-
count for the increase in activated microglia with age in the
rat [52,59]. In contrast to the normal aging process, a se-
lective increase in gray matter microglial activation occurs
in AD, whereas white matter contains similar activation
levels compared to age-matched controls [47,65], suggest-

ing that a different mechanism is involved in the activation
of microglia in AD than in normal aging. One possible
promoter for microglia activation is fibrillar amyloid pep-
tide found within the amyloid plaque associated with AD
[6,38,46].

In the present study, our data confirm that microglial
activation increases with age as revealed by an increase in
activated microglial cell density using HLA-DR and iNOS
immunohistochemistry. We have further shown that micro-
glial activation occurs principally within white matter in a
diffuse manner. Statistical analysis showed a positive cor-

Table 2
Spearman correlations: activated microglia content and agea

By percent area By density By percent area/cell

Gray matter region r (n) p r (n) p r (n) p
Motor 0.435 (11) NS 0.659 (11) 0.04* 20.165 (10) NS
Cingulate 0.641 (11) 0.04* 0.840 (11) 0.01 0.055 (10) NS
Inferior temporal 0.709 (11) 0.02 0.533 (11) NS 20.085 (10) NS
Somatosensory 0.307 (11) NS 0.570 (11) NS 20.244 (10) NS

By percent area By density By percent area/cell

White matter region r (n) p r (n) p r (n) p
Motor 0.824 (11) 0.01 0.602 (11) NS 0.006 (10) NS
Cingulate 0.613 (11) 0.05 0.713 (11) 0.02* 20.317 (10) NS
Inferior temporal 0.706 (11) 0.03* 0.828 (11) 0.01 20.235 (10) NS
Somatosensory 0.270 (11) NS 0.745 (11) 0.02 20.488 (10) NS
Corpus callosum 0.857 (9) 0.02* 0.814 (11) 0.01 0.034 (9) NS

a Both the density and percent area of staining of HLA-DR reactive cell bodies were assessed in four gray matter areas and five white matter areas.
Measurements of each area of each monkey brain were assessed three independent times and averaged. Significance was reached for Spearman correlation
between age and white matter activated microglia density and percent area HLA-DR stained in most white matter areas examined. Only three gray matter
areas showed significant correlation between age and changes in HLA-DR immunostaining and this dropped to two gray matter areas when amyloid plaque
bearing monkeys were excluded from analysis. Percent area/cell is the product of (percent area)/100*density.r represents rho,n represents monkey sample
number, andp representsp value. NS represents not significant atp # 0.05; * indicates correlation that was nonsignificant when amyloid plaque bearing
monkeys were excluded from statistical analysis.

Fig. 3. Correlation of age and cognitive function with activated microglia content. HLA-DR cell density (#/mm2) and percent area staining for HLA-DR (%)
was assessed as described for five or six monkeys, respectively. Measurements were averaged and impaired monkeys (cognitive score$ 2 SD) were
compared to old cognitively nonimpaired monkeys (cognitive score, 2 SD). There was a significant difference between microglial levels of old cognitively
nonimpaired and impaired monkeys in the cingulate gyrus subcortical white matter (a) and the corpus callosum (b) by ANOVA (indicated by *) (p , 0.05).
Activated microglia density values are displayed in (b) while percent stain values are displayed in (a). Values represent the mean6 SE.
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relation between increased age and increased density and
percent area occupied by HLA-DR1 cells in most areas of
white matter, but not in gray matter. The increase in calcu-
lated density and percent stain of HLA-DR1 microglia
indicates that activation of microglia in white matter is not
constitutive [45], but is minimally present at young ages and
significantly increases with age. It is possible that the low
level of microglial activation seen in white matter in young
individuals may be partly a reflection of the fact that most
microglia normally reside in white matter in an inactivated
state.

We also observed a less dramatic increase in microglial
activation in gray matter. Although activated microglia lev-
els were elevated in the gray matter of one old monkey,
activated microglia numbers appear to be significantly in-
fluenced by amyloid plaque content (Table 2). It is possible

that activated microglia numbers increase in a topographic
association with amyloid plaque content (preliminary data)
[69] and we are currently examining this possibility.

Because microglial activation was chiefly localized to
subcortical white matter, it is likely that the source of
activation is the white matter itself. In other studies by our
group, we have reported several relationships between my-
elin breakdown and cognitive dysfunction. By electron mi-
croscopy, breakdown of cortical myelin sheaths with axonal
sparing is easily detectable in old monkeys [64]. Although
a preliminary finding, cognitive dysfunction appears to cor-
relate well with myelin sheath degeneration both in gray and
white matter [63]. In addition, myelin breakdown products
are significantly elevated in old cognitively impaired mon-
keys compared with old nonimpaired monkeys (J. Sloane et
al., unpublished data). Coupled with the present study, these

Fig. 4. iNOS expression as a function of age in white matter. Formaldehyde-fixed coronal cryostat sections from a 7-year-old monkey (a, c, e) and a
30-year-old monkey (b, d, f) were stained with iNOS mAb. Representative staining of frontal lobe gray matter (a, b), frontal lobe subcortical white matter
(c, d), and corpus callosum (e, f) is shown (1003).
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findings suggest that microglial activation and myelin loss
may be central to age-associated cognitive loss in the rhesus
monkey.

Although microglial activation may be a result of white
matter degeneration, it is possible that this activation actu-
ally contributes to or exacerbates age-related myelin pathol-
ogy. Hence the role of activated microglia in age-dependent
white matter damage and cognitive loss is currently unclear.

On the one hand, myelin breakdown may lead to activa-
tion of microglia, which function to clear the white matter
parenchyma of myelin breakdown products. By electron
microscopy, our group has previously shown that microglia
(and astrocytes) contain electron dense inclusions that have
the appearance of lipid-rich myelin remnants [62]. Others
have shown that microglia possess the capacity to phago-
cytose myelin in vitro and that phagocytosis is mediated by
opsonization [17,53,73,81]. Activation of microglia occurs
rapidly after myelin is phagocytosed [81]. Thus, microglia
may partly function to remove degenerating myelin from
the brain parenchyma.

Alternatively, activated microglia can also initiate or
contribute to white matter injury by release of toxic mole-
cules. In the process of clearing myelin and aiding with
repair, microglia may cause injury to surrounding oligoden-
drocytes and myelin sheaths. Several microglial-secreted
molecules, such as TNF-a [29,42], complement [82], and
nitric oxide [48,49] are known oligodendrocyte toxins. Each
of these molecules is secreted from activated microglia and
seems to be preferentially toxic to oligodendrocytes or myelin.

The present study is the first to examine cognitive defi-
cits in the context of changes in microglial activation in the
normal aging of the brain. Significant correlations between
cognitive function and activated microglia density were
attained with two white matter but no gray matter regions,
suggesting a possibly important relationship between white

matter microglial activation and age-associated cognitive
deficits. However, a more comprehensive study will be
undertaken in the future to test the strength of correlations
between microglial activation and the age-related cognitive
decline seen in the rhesus monkey.

In this study, we showed increases in iNOS and NTyr
content in subcortical white matter with age. In agreement
with the changes in activation state of microglia with age,
the density of iNOS1 cells qualitatively increased with age.
The content and distribution of NTyr was similar with the
pattern of microglial activation and iNOS expression. The
presence of NTyr indicates that both increased generation of
nitric oxide and peroxynitrite in subcortical white matter
occurred with age. Thus, several lines of evidence strongly
suggest that brain aging is linked to increased microglia
activation, iNOS expression, nitric oxide generation, and
localized nitric oxide-mediated protein nitration.

Nitric oxide and peroxynitrite may be responsible for
much of the oxidative stress observed with age [12,13].
Peroxynitrite seems capable of generating a number of ox-
idation products, such as lipid peroxides, protein carbonyls,
and oxidized DNA [18,24,30,32,34,66,77] that are also ob-
served in the aged brain [4,8,11,58,71]. In the context of
normal brain aging, we have preliminary evidence suggest-
ing increased NTyr content with age in purified myelin (data
not shown). In addition, we have found several candidate
proteins that are especially susceptible to nitration. Other
experiments are currently being conducted to assess further
the role of nitric oxide in age-related white matter damage.

References

[1] Adamson DC, Wildemann B, Sasaki M, Glass JD, McArthur JC,
Christov VI, Dawson TM, Dawson VL. Immunologic NO synthase:

Fig. 5. Tyrosine nitration as a function of age in corpus callosum. Formaldehyde-fixed cryostat sections of a 7-year-old monkey (a) and a 30- year-old monkey
(b) were delipidated using the Folch method. Sections were then rehydrated and stained with anti-NTyr antibodies (1003). NTyr immunoreactivity seen in
(b) could be preabsorbed by 10 mM NTyr (c)(1003).

403J.A. Sloane et al. / Neurobiology of Aging 20 (1999) 395–405



elevation in severe AIDS dementia and induction by HIV-1 gp41.
Science. 1996;274:1917–21.

[2] Amaral DG. Morphological analyses of the brains of behaviorally char-
acterized aged nonhuman primates. Neurobiol Aging 1993;14:671–2.

[3] Anderson JM, Hubbard BM, Coghill GR, Slidders W. The effect of
advanced old age on the neurone content of the cerebral cortex.
Observations with an automatic image analyser point counting
method. Neurol Sci 1983;58:235–46.

[4] Ansari KA, Kaplan E, Shoeman D. Age-related changes in lipid
peroxidation and protective enzymes in the central nervous system.
Growth Dev Aging 1989;53:117–21.

[5] Bagasra O, Michaels FH, Zheng YM, Bobroski LE, Spitsin SV, Fu
ZF, Tawadros R, Koprowski H. Activation of the inducible form of
nitric oxide synthase in the brains of patients with multiple sclerosis.
Proc Natl Acad Sci USA 1995;92:12041–5.

[6] Barger SW, Harmon AD. Microglial activation by Alzheimer amy-
loid precursor protein and modulation by apolipoprotein E. Nature
1997;388:878–81.

[7] Beal MF, Ferrante RJ, Browne SE, Matthews RT, Kowall NW,
Brown RH. Increased 3-nitrotyrosine in both sporadic and familial
amyotrophic lateral sclerosis. Ann Neurol 1997;42:644–54.

[8] Bonnes-Taourel D, Guerin MC, Torreilles J, Ceballos-Picot I, de
Paulet AC. 4-Hydroxynonenal content lower in brains of 25 month
old transgenic mice carrying the human CuZn superoxide dismutase
gene than in brains of their non-transgenic littermates. J Lipid Med
1993;8:111–20.

[9] Brody H. Organization of the cerebral cortex. III A study of aging in
the human cerebral cortex. J Comp Neurol 1955;102:511–56.

[10] Brody H. Structural changes in the aging nervous system. In: Blu-
menthal HT, editor. The regulatory role of the nervous system in
aging. Interdisciplinary topics in gerontology. Basel, Switzerland: S.
Karger Publishing, 1970. p. 9–21.

[11] Carney JM, Starke-Reed PE, Oliver CN, Landum RW, Cheng MS,
Wu JF, Floyd RA. Reversal of age-related increase in brain protein
oxidation, decrease in enzyme activity, and loss in temporal and
spatial memory by chronic administration of the spin-trapping com-
pound N-tert-butyl-alpha-phenylnitrone. Proc Natl Acad Sci USA
1991;88:3633–6.

[12] Chia LS, Thompson JE, Moscarello MA. Changes in lipid phase
behavior in human myelin during maturation and aging. FEBS Lett
1983;157:155–8.

[13] Chia LS, Thompson JE, Moscarello MA. X-ray diffraction evidence
for myelin disorder in brain from humans with Alzheimer’s disease.
Biochim Biophys Acta 1984;775:308–12.

[14] Cragg BG. The density of synapses and neurons in normal, mentally
defective ageing human brains. Brain 1975;98:81–90.

[15] Cross AH, Manning PT, Keeling RM, Schmidt RE, Misko TP. Per-
oxynitrite formation within the central nervous system in active
multiple sclerosis. J Neuroimmunol 1998;88:45–56.

[16] Cross AH, Manning PT, Stern MK, Misko TP. Evidence for the
production of peroxynitrite in inflammatory CNS demyelination.
J Neuroimmunol 1997;80:121–30.

[17] DeJong BA, Smith ME. A role for complement in phagocytosis of
myelin. Neurochem Res 1997;22:491–8.

[18] Deliconstantinos G, Villiotou V, Stavrides JC. Tumour promoter
tert-butyl-hydroperoxide induces peroxynitrite formation in human
erythrocytes. Anticancer Res 1996;16:2969–79.

[19] Devaney KO, Johnson HA. Neuron loss in the aging visual cortex of
man. J Genrontol 1980;35:836–41.

[20] Dickson DW, Wertkin A, Kress Y, Ksiezak-Reding H, Yen SH.
Ubiquitin immunoreactive structures in normal human brains. Distri-
bution and developmental aspects. Lab Invest 1990;63:87–99.

[21] Folch J, Lees M, Sloane-Stanley GH. A simple method for the
isolation and purification of total lipids from animal tissues. J Biol
Chem 1957;226:497–509.

[22] Gomez-Isla T, Price JL, McKeel DW, Morris JC, Growdon JH,
Hyman BT. Profound loss of layer II entorhinal cortex neurons occurs
in very mild Alzheimer’s disease. J Neurosci 1996;16:4491–50.

[23] Good PF, Hsu A, Werner P, Perl DP, Olanow CW. Protein nitration
in Parkinson’s disease. J Neuropathol Exp Neurol 1998;57:338–42.

[24] Gunasekar PG, Sun PW, Kanthasamy AG, Borowitz JL, Isom GE.
Cyanide-induced neurotoxicity involves nitric oxide and reactive ox-
ygen species generation after N-methyl-D-aspartate receptor activa-
tion. J Pharmacol Exp Ther 1996;277:150–5.

[25] Haug H, Eggers R. Morphometry of the human cortex cerebri and
corpus striatum during aging. Neurobiol Aging 1991:336–8.

[26] Haug H, Kuhl S, Mecke E, Sass NL, Wasner K. The significance of
morphometric procedures in the investigation of age changes in cytoar-
chitectonic structures of human brain. J Hirnforsch 1984;25:353–74.

[27] Henderson GB, Tomlinson E, Gibson PH. Cell counts in human
cerebral cortex in normal adults throughout life using an image
analyzing computer. J Neurol Sci 1980;46:113–36.

[28] Herndon JG, Moss MB, Rosene DL, Killiany RJ. Patterns of cognitive
decline in aged rhesus monkeys. Behav Brain Res. 1997;87:25–34.

[29] Hisahara S, Shoji S, Okano H, Miura M. ICE/CED-3 family executes
oligodendrocyte apoptosis by tumor necrosis factor (TNF). J Neuro-
chem 1997;69:10–20.

[30] Hogg N, Darley-Usmar VM, Wilson MT, Moncada S. Production of
hydroxyl radicals from the simultaneous generation of superoxide and
nitric oxide. Biochem J 1992;281:419–24.

[31] Huttenlocher PR. Synaptic density in human frontal cortex—devel-
opmental changes and effects of aging. Brain Res 1979;163:195–205.

[32] Inoue S, Kawanishi S. Oxidative DNA damage induced by simulta-
neous generation of nitric oxide and superoxide. FEBS Lett 1995;
371:86–8.

[33] Inouye SK, Albert MS, Mohs R, Sun K, Berkman LF. Cognitive
performance in a high-functioning community-dwelling elderly pop-
ulation. J Gerontol 1993;48:146–51.

[34] Ischiropoulos H, al-Mehdi AB. Peroxynitrite-mediated oxidative pro-
tein modifications. FEBS Lett 1995;364:279–82.

[35] Kemper TL. Neuroanatomical and neuropathological changes during
aging and dementia. In: Alber ML, Knoefel JE, editors. Clinical neurol-
ogy and aging, New York: Oxford University Press, 1994. p. 3–67.

[36] Kohama SG, Goss JR, Finch CE, McNeill TH. Increases of glial
fibrillary acidic protein in the aging female mouse brain. Neurobiol
Aging 1995;16:59–67.

[37] Komori T, Shibata N, Kobayashi M, Sasaki S, Iwata M. Inducible
nitric oxide synthase (iNOS)-like immunoreactivity in argyrophilic,
tau-positive astrocytes in progressive supranuclear palsy. Acta Neu-
ropathol 1998;95:338–44.

[38] Kopec KK, Carroll RT. Alzheimer’s beta-amyloid peptide 1–42 in-
duces a phagocytic response in murine microglia. J Neurochem 1998;
71:2123–31.

[39] Lai ZC, Rosene DL, Killiany RJ, Pugliese D, Albert MS, Moss MB.
Age-related changes in the brain of the rhesus monkey: MRI changes in
white matter but not gray matter. Soc Neurosci Abstr 1995;21:1564.

[40] Leuba G, Garey LJ. Evolution of neuronal numerical density in the
developing and aging human visual cortex. Hum Neurobiol 1987;6:
11–8.

[41] Leuba G, Kraftsik R. Changes in volume, surface estimate, three-
dimensional shape and total number of neurons of the human primary
visual cortex from midgestation until old age. Anat Embryol 1994;
190:351–66.

[42] Louis JC, Magal E, Takayama S, Varon S. CNTF protection of
oligodendrocytes against natural and TNF-induced death. Science
1993;259:689–92.

[43] Martin LJ, Pardo CA, Cork LC, Price DL. Synaptic pathology and
glial responses to neuronal injury precede the formation of senile
plaques and amyloid deposits in the aging cerebral cortex. Am J
Pathol 1994;145:1358–81.

404 J.A. Sloane et al. / Neurobiology of Aging 20 (1999) 395–405



[44] Masliah E, Mallory M, Hansen L, DeTeresa R, Terry RD. Quantita-
tive synaptic alterations in the human neocortex during normal aging.
Neurology 1993;43:192–7.

[45] Mattiace LA, Davies P, Dickson DW. Detection of HLA-DR on
microglia in the human brain is a function of both clinical and
technical factors. Am J Pathol 1990;136:1101–14.

[46] McDonald DR, Bamberger ME, Combs CK, Landreth GE. beta-Amy-
loid fibrils activate parallel mitogen-activated protein kinase pathways in
microglia and THP1 monocytes. J Neurosci 1998;18:4451–60.

[47] McGeer PL, Itagaki S, Tago H, McGeer EG. Reactive microglia in
patients with senile dementia of the Alzheimer type are positive for the
histocompatibility glycoprotein HLA-DR. Neurosci Lett 1987;79:195–
200.

[48] Merrill JE, Ignarro LJ, Sherman MP, Melinek J, Lane TE. Microglial
cell cytotoxicity of oligodendrocytes is mediated through nitric oxide.
J Immunol 1993;151:2132–41.

[49] Mitrovic B, Ignarro LJ, Montestruque S, Smoll A, Merrill JE. Nitric
oxide as a potential pathological mechanism in demyelination: its
differential effects on primary glial cells in vitro. Neurosci. 1994;61:
575–85.

[50] Mitrovic B, Ignarro LJ, Vinters HV, Akers MA, Schmid I, Uittenbo-
gaart C, Merrill JE. Nitric oxide induces necrotic but not apoptotic
cell death in oligodendrocytes. Neuroscience 1995;65:531–9.

[51] Morgan TE, Rozovsky I, Goldsmith SK, Stone DJ, Yoshida T, Finch
CE. Increased transcription of the astrocyte gene GFAP during mid-
dle-age is attenuated by food restriction: implications for the role of
oxidative stress. Free Rad Biol Med 1997;23:524–8.

[52] Morgan TE, Xie Z, Goldsmith S, Yoshida TS LA, Stone DIR, Perry
G, Smith MA, Finch CE. The mosaic of brain glial hyperactivity
during normal ageing and its attenuation by food restriction. Neuro-
science 1999;89:687–99.

[53] Mosley K, Cuzner ML. Receptor-mediated phagocytosis of myelin by
macrophages and microglia: effect of opsonization and receptor
blocking agents. Neurochem Res 1996;21:481–7.

[54] Moss MB, Killiany RJ, Lai ZC, Rosene DL, Herndon JG. Recogni-
tion memory span in monkeys of advanced age. Neurobiol Aging
1997;18:13–9.

[55] Moss MB, Rosene DL, Peters A. Effects of aging on visual recognition
memory in the rhesus monkey. Neurobiol Aging 1988;9:495–502.

[56] Murphy S, Simmons ML, Agullo L, Garcia A, Feinstein DL, Galea E,
Reis DJ, Minc-Golomb D, Schwartz JP. Synthesis of nitric oxide in
CNS glial cells. Trends Neurosci 1993;16:323–8.

[57] Nichols NR, Day JR, Laping NJ, Johnson SA, Finch CE. GFAP
mRNA increases with age in rat and human brain. Neurobiol Aging
1993;14:421–9.

[58] Nomura Y, Wang BX, Qi SB, Namba T, Kaneko S. Biochemical
changes related to aging in the senescence-accelerated mouse. Exp
Gerontol 1989;24:49–55.

[59] Ogura K, Ogawa M, Yoshida M. Effects of ageing on microglia in the
normal rat brain: immunohistochemical observations. NeuroReport
1994;5:1224–6.

[60] Oleszak EL, Zaczynska E, Bhattacharjee M, Butunoi C, Legido A,
Katsetos CD. Inducible nitric oxide synthase and nitrotyrosine are found
in monocytes/macrophages and/or astrocytes in acute, but not in chronic,
multiple sclerosis. Clin Diagn Lab Immunol 1998;5:438–45.

[61] Peters A. Age-related changes in oligodendrocytes in monkey cere-
bral cortex. J Comp Neurol 1996;371:153–63.

[62] Peters A, Josephson K, Vincent SL. Effects of aging on the neuroglial
cells and pericytes within area 17 of the rhesus monkey cerebral
cortex. Anat Rec 1991;229:384–98.

[63] Peters A, Leahu D, Moss MB, McNally KJ. The effects of aging on
area 46 of the frontal cortex of the rhesus monkey. Cerebral Cortex
1994;4:621–35.

[64] Peters A, Rosene DL, Moss MB, Kemper TL, Abraham CR, Tigges
J, Albert MS. Neurobiological bases of age-related cognitive decline
in the rhesus monkey. J Neuropathol Exp Neurol 1996;55:861–74.

[65] Rozemuller JM, Eikelenboom P, Stam FC. Role of microglia in
plaque formation in senile dementia of the Alzheimer type. An im-
munohistochemical study. Virchows Arch B 1986;51:247–54.

[66] Salgo MG, Pryor WA. Trolox inhibits peroxynitrite-mediated oxida-
tive stress and apoptosis in rat thymocytes. Arch Biochem Biophys
1996;333:482–8.

[67] Sheffield LG, Berman NEJ. Microglial expression of MHC class II
increases in normal aging of nonhuman primates. Neurobiol Aging
1998;19:47–55.

[68] Sheng JG, Mrak RE, Griffin WS. Enlarged and phagocytic, but not
primed, interleukin-1 (IL-1) alpha-immunoreactive microglia increase
with age in normal human brain. Acta Neuropathol 1998;95:229–34.

[69] Sloane JA, Pietropaolo MF, Rosene DL, Moss MB, Peters A, Kemper
T, Abraham CR. Lack of correlation between plaque burden and
cognition in the aged monkey. Acta Neuropathol 1997;94:471–8.

[70] Sloane JA, Rosene DL, Moss MB, Abraham CR. Nitric oxide as a
mediator of myelin damage and cognitive dysfunction in the aged
rhesus monkey. J Neurochem 1997;69:S181.

[71] Smith CD, Carney JM, Starke-Reed PE, Oliver CN, Stadtman ER,
Floyd RA, Markesbery WR. Excess brain protein oxidation and
enzyme dysfunction in normal aging and in Alzheimer’s disease. Proc
Natl Acad Sci USA 1991;88:10540–3.

[72] Smith MA, Richey Harris PL, Sayre LM, Beckman JS, Perry G.
Widespread peroxynitrite-mediated damage in Alzheimer’s disease.
J Neurosci 1997;17:2653–7.

[73] Smith ME. Phagocytosis of myelin by microglia in vitro. J Neurosci
Res 1993;35:480–7.

[74] Terry RD, DeTeresa R, Hansen LA. Neocortical cell counts in normal
human adult aging. Ann Neurol 1987;21:530–9.

[75] Tigges J, Herndon JG, Peters A. Axon terminals on beta cell somata
of area 4 in rhesus monkey throughout adulthood. Anat Rec 1992;
232:305–15.

[76] Tigges J, Herndon JG, Rosene DL. Mild age-related changes in the
dentate gyrus of adult rhesus monkeys. Acta Anat 1995;153:39–48.

[77] Traylor LA, Mayeux PR. Nitric oxide generation mediates lipid
A-induced oxidant injury in renal proximal tubules. Arch Biochem
Biophys 1997;338:129–35.

[78] Uchida K, Nakayama H, Tateyama S, Goto N. Immunohistochemical
analysis of constituents of senile plaques and cerebro-vascular amy-
loid in aged dogs. J Vet Med Sci 1992;54:1023–9.

[79] Wallace MN, Bisland SK. NADPH-diaphorase activity in activated
astrocytes represents inducible nitric oxide synthase. Neuroscience
1994;59:905–19.

[80] West MJ. New stereological methods for counting neurons. Neuro-
biol Aging 1993;14:275–85.

[81] Williams K, Ulvestad E, Waage A, Antel JP, McLaurin J. Activation
of adult human derived microglia by myelin phagocytosis in vitro.
J Neurosci Res 1994;38:433–43.

[82] Wing MG, Zajicek J, Seilly DJ, Compston DA, Lachmann PJ. Oli-
godendrocytes lack glycolipid anchored proteins which protect them
against complement lysis. Restoration of resistance to lysis by incor-
poration of CD59. Immunology 1992;76:140–5.

[83] Wisniewski HM, Ghetti B, Terry RD. Neuritic (senile) plaques and
filamentous changes in aged rhesus monkeys. J Neuropathol Exp
Neurol 1973;32:566–84.

[84] Wong ML, Rettori V, al-Shekhlee A, Bongiorno PB, Canteros G,
McCann SM, Gold PW, Licinio J. Inducible nitric oxide synthase
gene expression in the brain during systemic inflammation. Nature
Med 1996;2:581–4.

[85] Yoshida T, Goldsmith SK, Morgan TE, Stone DJ, Finch CE. Tran-
scription supports age-related increases of GFAP gene expression in
the male rat brain. Neurosci Lett 1996;215:107–10.

[86] Zecevic N, Bourgeois JP, Rakic P. Changes in synaptic density in
motor cortex of rhesus monkey during fetal and postnatal life. Brain
Res Dev Brain Res. 1989;50:11–32.

405J.A. Sloane et al. / Neurobiology of Aging 20 (1999) 395–405


