American Journal of Pathology, Vol. 145, No. 6, December 1994
Copyright © American Society for Investigative Pathology

Synaptic Pathology and Glial Responses to
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The cerebral cortices of macaques (ranging in
age from 10to 37 years; n = 17) were analyzed by
immunocytochemistry and electron microscopy
to determine the cellular and subcellular localiza-
tions of the amyloid precursor protein and
B-amyloid protein, the cellular participants in the
Jormation of senile plaques and parenchymal
deposits of the [-amyloid protein, and the
temporal/spatial development of these lesions.
Amyloid precursor protein was enriched within
the cytoplasm of pyramidal and nonpyramidal
neuronal cell bodies in young and old monkeys. In
the neuropil, amyloid precursor protein was
most abundant within dendrites and dendritic
spines; few axons, axonal terminals, and resting
astrocytes and microglia contained the amyloid
precursor protein. At synapses, amyloid precur-
sor protein was found predominantly within
postsynaptic elements and was enriched at
postsynaptic densities of asymmetrical synapses.
The earliest morpbological change related to se-
nile plaque formation was an age-related abnor-
mality in the cortical neuropil characterized by
the formation of dense bodies witbin presynaptic
terminals and dendrites and an augmented local-
ization of the amyloid precursor protein to as-
trocytes and microglia. In most monkeys >26
years of age, the neocortical parenchyma exbib-
ited neuritic pathology and plaques character-
ized by swollen cytoplasmic processes, inter-
spersed somata of neurons, and reactive glia
within or at the peripbery of senile plaques. Neu-
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rites and reactive astrocytes and microglia within
these plaques were enriched with the amyloid
Pprecursor protein. In diffuse plaques, nonfibril-
lar B-amyloid protein immunoreactivity was vi-
sualized within cytoplasmic lysosomes of neuro-
nal perikarya and dendrites and the cell bodies
and processes of activated astrocytes and micro-
glia. In mature plaques, B-amyloid protein immu-
noreactivity was associated with extracellular
Sibrils within the parenchyma; some cytoplasmic
membranes of degenerating dendrites and so-
mata as well as processes of activated glia
showed diffuse intracellular B-amyloid protein
immunoreactivity. We conclude that morpbologi-
cal abnormalities at synapses (including changes
in botb pre- and postsynaptic elements) precede
the accumulation of the amyloid precursor pro-
tein within neurites and activated astrocytes and
microglia as well as tbhe deposition of extracel-
lular fibrillar p-amyloid protein; neuronal
perikarya/dendrites and reactive glia containing
the amyloid precursor protein are primary
sources of the B-amyloid protein within senile
plaques; and nonfibrillar B-amyloid protein ex-
ists intracellularly within neurons and nonneuro-
nal cells prior to the appearance of extracellular
deposits of the B-amyloid protein and the forma-
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tion of B-pleated fibrils. We bypotbesize that age-
related perturbations in cell-cell interactions at
synapses and subsequent synaptic degeneration
and activation of astrocytes and microglia are
early events that contribute to the formation of
senile plaques and B-amyloid protein deposits
within the cerebral cortex. (Am J Pathol 1994,
145:1358-1381)

Senile plaques are lesions that occur abundantly in
the cerebral cortices of individuals with Alzheimer's
disease (AD), patients with Down’s syndrome, and,
less frequently, in normal aged humans.'-'° These
lesions are heterogeneous and complex, consisting
of dystrophic neurites, activated astrocytes and mi-
croglia, and extracellular deposits of amyloid
fibrils.#7=1° Fibrils are composed of a 4-kd peptide
(B-amyloid protein (AB))''~'3 consisting of 42 or 43
amino acid residues. A is derived proteolytically
from amyloid precursor protein (APP), a cell-surface
protein with a large N-terminal extracellular domain
that contains 22 residues of AB, a hydrophobic
membrane-spanning region including the transmem-
brane portion of the AB region, and a short C-terminal
cytoplasmic segment.'5-'7 The APP gene, located on
human chromosome 21,820 is spliced alternatively
to form at least five different forms of APP transcripts
and isoforms. 520 |n cultured cells, APP normally un-
dergoes constitutive proteolytic cleavage'”?' by
a-APP secretase, an enzyme that cleaves APP within
the AB region,22-2% thereby generating secreted
forms of APP and preventing the formation of full-
length AB derivatives.?223 Alternatively, APP may be
processed by an endosomal-lysosomal pathway that,
unlike the a-secretase pathway, yields amyloidogenic
fragments of AB26-27; AB can be formed normally in
vivo and in vitro.28-30 An etiological role of APP in the
pathogenesis of AD is supported further by the iden-
tification of mutations in the APP gene linked to early-
onset AD in some families.3'-33

The biological functions of APP are unknown, al-
though APP may function at synapses.34 Further-
more, the in vivo mechanisms responsible for A
deposition are still uncertain, as are the cellular
sources of APP and AB. Neurons and possibly glial
and vascular cells may represent different sources of
APP and AB. Within senile plagues, the presence of
abnormal neuronal processes, reactive cells, includ-
ing astrocytes and microglia, and vascular elements
suggests that a variety of cellular populations may
serve as sources for the APP converted to AB.35-4°
However, the precise origins and temporal formations
of plaques and AB deposits that occur within the neu-
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ropil of cerebral cortex are still uncertain. Analysis of
the cellular localization of APP and the temporal de-
velopment of senile plagues and AB deposits would
provide needed insight into the origin of these lesions
in cerebral cortex. Because aged nonhuman pri-
mates spontaneously develop dystrophic neurites,
AB deposits, and plaques within the cerebral
cortex, 03943 these animals provide an excellent
model for analyzing the evolution of these lesions and
the cellular processes associated with these abnor-
malities. The present immunocytochemical (ICC) and
electron microscopic (EM) studies of the cerebral cor-
tex of monkeys were undertaken to determine the
subcellular localizations of APP and AB and the cel-
lular participants and early temporal structural alter-
ations that eventuate in the formation of senile
plagues and parenchymal deposits of A in the ce-
rebral cortex.

Materials and Methods

Male and female macaques (n = 17), ranging from 10
to 37 years of age, were used in this study (Table 1).
Some brains were removed rapidly, blocked coro-
nally, and frozen under dry ice. Sections of unfixed
frozen brain were cut (10 p) serially on a cryostat. For
EM, monkeys were deeply anesthetized and per-
fused intracardially with normal saline, followed by
varying concentrations of paraformaldehyde plus
glutaraldehyde prepared in 0.1 mol/L phosphate
buffer (pH 7.4) (Table 1). Fixed brains were removed

Table 1. Nonbuman Primates From Which Brain Samples
Were Obtained

Type of Age

Macaque (years)* Tissue Preparationt
Rhesus 31 4% PF (perfused)

Rhesus 26 4% PF (perfused)

Lion-tailed >36  FF/4% PF (immersion)
Rhesus 15  FF/4% PF (immersion)
Rhesus 29 3% PF + 1% glut. (perfused)
Rhesus N/A 4% PF (perfused)

Rhesus N/A 3% PF + 0.2% glut. (perfused)
Cynomolgus 10 4% PF (perfused)

Rhesus 23 4% PF (perfused)
Cynomolgus N/A 3% PF (perfused)

Rhesus 25 4% PF (perfused)
Cynomolgus 10  3.5% PF (perfused)

Rhesus 16 4% PF + 1% glut. (perfused)
Rhesus 27 4% PF + 1% glut. (perfused)
Pigtail 27 4% PF + 2% glut. (perfused)
Pigtail 28 4% PF + 2% glut. (perfused)
Lion-tailed 30 4% + 0.1% glut. (perfused)

* The precise ages of some monkeys were unknown and are in-
dicated as N/A (not available).

t Abbreviations: PF, paraformaldehyde; FF, fresh-frozen; glut.,
glutaraldehyde.
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and blocked coronally; samples were taken from dor-
solateral and orbital frontal, anterior cingulate, supe-
rior and inferior temporal, occipital, and entorhinal
cortices and hippocampus. Some samples (3 mm?3)
for EM were osmicated immediately and embedded
in plastic. Thin coronal slabs of cortex were postfixed
(1 hour) in aldehydes, rinsed in several changes of
phosphate-buffered saline (PBS), and cut (40 py) on a
Vibratome (Ted Pella, Inc., Redding, CA). Some sec-
tions of cerebral cortex were used for the histochemi-
cal visualization of cytochrome oxidase activity4 and
nicotinamide dinucleotide phosphate-diaphorase
(NADPH).#5 Following NADPH-diaphorase histo-
chemistry, selected sections were processed for ICC.
All sections were pretreated with methanol/H2O, to
eliminate endogenous peroxidase activity and rinsed
(30 minutes) in PBS. Sections intended for A ICC
were pretreated with formic acid or 1% sodium boro-
hydride. Cryostat sections were treated with 0.4% Tri-
ton X-100; Vibratome sections were either permeabi-
lized slightly (20 minutes), using 0.08% Triton X-100/
PBS, or not exposed to detergent. Sections were
blocked in 5% dry milk or 4% normal goat serum and
incubated (48 hours) in one of the following antibod-
ies (Table 2): a mouse monoclonal antibody (22C11)
that recognizes an epitope located between amino
acids 60 and 100 in the N-terminal region of the
ectodomain of human APP'7; a rabbit polyclonal an-
tibody (Bx6) directed against the C-terminal region of
APP46; rabbit polyclonal antipeptide antibody (CT15)
raised against the terminal 15 amino acids of APP25,
rabbit polyclonal antibodies that recognize amino ac-
ids 1-28 of the AB region'2, mouse monoclonal an-
tibodies (a-CD68 and HLA-DR), which are selective
markers for cells derived from monocytes/
macrophages (Dako, Carpinteria, CA); or mouse
monoclonal and rabbit polyclonal antibodies that de-
tect glial fibrillary acidic protein (GFAP). Using mon-
key brain, the specificities of anti-APP antibodies
were characterized by immunoblotting and by pread-
sorption of anti-APP antibodies against denatured
APP-695 synthesized in APP-695-transfected COS-1

Table 2. Sources and Concentrations of Primary
Antibodies Used in ICC Studies of Monkey Brain

Antibody

a-APP (22C11)  1:500
a-APP (Bx6) 1:500

Concentration Source

K. Beyreuther
T. Oltersdorf

a-APP (CT15) 1:2000 E. Koo
a-AB 1:750 C. Masters
a-CD68 1:100 Dako
a-HLA-DR 1:100 Dako

a-GFAP 1:1000-1:2000 Dako

Boehringer Mannheim

cells prior to ICC staining.4° The specificity of the A
immunoreactivity in sections of brain was evaluated
by preadsorption of anti-AB antibody against syn-
thetic AB'-28 (Bachem, Torrance, CA) and APP. For
additional controls, sections incubated with mouse
immunoglobulin served as negative controls for sec-
tions incubated with monoclonal antibodies; sections
incubated with normal rabbit serum served as nega-
tive controls for sections incubated with rabbit poly-
clonal antibodies. After incubation in primary anti-
body, sections were incubated sequentially with
appropriate secondary antibodies (Cappel, West
Chester, PA) and peroxidase-antiperoxidase com-
plex (Sternberger Monoclonals, Baltimore, MD). A
standard diaminobenzidine reaction was used to vi-
sualize immunoreactivities. After the disclosing reac-
tion, some thick (40-y) sections were mounted on
slides for light microscopy; other sections were tem-
porarily mounted on slides and viewed microscopi-
cally, and areas of cerebral cortex containing plagues
or AB deposits were sampled for EM. All samples ob-
tained from ICC-processed Vibratome sections were
postfixed (1 hour) in 2% osmium tetroxide, dehy-
drated, stained en bloc with uranyl acetate, and flat
embedded in resin. Plastic-embedded samples of Vi-
bratome sections were mounted in an Epon block
(Electron Microscopy Sciences, Fort Washington, PA)
and cut into semithin (1-p) and ultrathin sections for
light microscopy and EM, respectively. All semithin
sections were counterstained with toluidine blue be-
fore photography. Ultrathin sections, with and without
lead citrate staining, were viewed with a Hitachi 600,
Philips CM12, or JOEL 100S electron microscope. Ul-
trastructural criteria for the determination of cell type
included the nuclear morphology, presence or ab-
sence of synaptic contacts, abundance and distri-
bution of cytoplasmic organelles, and cytoskeletal
features. Moreover, cells and processes were ana-
lyzed in serial ultrathin sections of the same sample.

Some sections were used to visualize two different
antigens within the same tissue section.*”+48 Double
immunolabeling was used to colocalize APP/GFAP,
APP/CD68, AB/GFAP, and AB/CD68 using combina-
tions of primary antibodies that were raised in differ-
ent species. Briefly, the peroxidase-antiperoxidase
method was used to detect the first antigen with di-
aminobenzidene as chromogen. The first-cycle anti-
bodies were eluted (2 hours) with 0.2 mol/L glycine-
HCI buffer (pH 2.2). Following successful elution of
the first-cycle antibodies, the second antigen was de-
tected with avidin-biotin kits with benzidine dihydro-
chloride as chromogen and 10 mM sodium acetate
buffer (pH 6.0). Negative controls for dual labeling



ICC included omission of first- or second-cycle pri-
mary antibody and substitution of primary antibodies
with normal serum.

Results

In frontal, cingulate, temporal, entorhinal, and occipi-
tal cortices and hippocampi of young and old mon-
keys, neuronal cell bodies and dendrites showed APP
immunoreactivity (Figure 1). Different fixation strate-
gies did not have a major effect on antigen localiza-
tion. No species or age-related differences were ap-
parent in the distributions of APP-immunoreactive
neurons within these cortical regions. APP-
immunoreactive neuronal cell bodies were visualized
by antibodies that recognize N- and C-terminal do-
mains of APP; preadsorption of antibodies against
denatured APP (synthesized in APP-695 transfected
COS-1 cells®3) abolished immunoreactivity (Figure
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1B). Only a subset (40 to 50%) of pyramidal neurons
in layers Il and V exhibited intense APP immunore-
activity (Figure 1A) as visualized by an N-terminal-
specific monoclonal antibody (22C11), whereas the
majority (>90%) of these neurons showed APP im-
munoreactivity as demonstrated by C-terminal-
specific polyclonal antibodies (BX6 and CT15).
Smaller intensely immunoreactive nonpyramidal neu-
rons were localized in all layers. In hippocampus, APP
immunoreactivity was localized to pyramidal neurons
in CA1-CA4 and subiculum (Figure 1, D-F). Neocor-
tical and hippocampal neurons exhibited variations in
the intensities of APP immunoreactivity. Some neu-
rons were devoid of APP immunoreactivity (Figure
1D), whereas other cells showed a high expression of
APP (Figure 1, C and F). Some neuronal perikarya
showed granular immunoreactivity that appeared to
be located within the cytoplasm or associated with the

.

Figure 1. Localization of APP in thick sections (A, B) and toluidine blue counterstained semithin (1 ) plastic sections (C-G) of cerebral cortex
from monkeys 10-26 years of age. (A) In frontal cortex of monkey 26 years of age (as well as other neocortical regions), APP-immunoreactive neu-
rons (arro Is) are distributed throughout all laminae but are most abundant in layers Ill and V. Arrow identifies the pial surface. Scale bar:
75 . (B) In control sections, immunoreactivity is abolished when anti-APP antibodies are incubated with denatured APP (synthesized in APP-695
transfected COS-1 cells) prior to use in ICC. Scale bar: 100 u. (C) Some neuronal cell bodies (arrowbeads) in entorbinal cortex express abundant
APP immunoreactivity within the cytoplasm, whereas nuclei show no labeling. Scale bar = 7 p. (D) The neuropil within CA4 of bippocampus con-
tains ovoid and punctate APP-immunoreactive profiles (arrowbeads), whereas nearby neuronal perikarya (asterisks) are not immunoreactive.
Scale bar: 6.25 u. (E) In bippocampus, many proximal dendritic shafts (arrowbeads), seen in transverse and longitudinal profile, are enriched in
APP immunoreactivity, but adjacent fascicles of axons (asterisks) are not immunoreactive. Scale bar: 7 . (F) In bippocampus, cell bodies and
processes of astrocytes (thin arrows) as well as neurons (broad arrow) are APP immunoreactive. Small, round, APP-immunoreactive profiles (ar-
rowbeads) are also present in the neuropil. Scale bar: 6.5 . (G) Endothelial cells of blood vessels (arrowbeads) in cerebral cortex express APP im-
munoreactivity. The nuclei of two endotbelial cells (n) are in the plane of section. Scale bar: 8.13 y.
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surface of the cell. Proximal dendrites were also im-
munopositive for APP (Figure 1, E and F).

In 1-p plastic sections, punctate, oval, and linear
APP-immunoreactive profiles were visualized in the
neuropil; APP immunoreactivity was present within
the cytoplasm of cell bodies and dendrites (Figure 1,
C-E). Patterns of cellular immunoreactivity visualized
with N- and C-terminal anti-APP antibodies were
qualitatively similar. Immunostaining for APP was lo-
calized as discrete perinuclear granules within neu-
ronal perikarya. In young and aged monkeys, quali-
tative differences in the intensity of immunostaining
and distributions of neuronal APP immunoreactivity
were not observed using light microscopy. However,
in cerebral cortex from some aged monkeys (>26
years old), immunoreactivity for the C-terminal region
of APP was associated with some large axons, similar
to our observations using antibodies to the N-terminal
region of APP.4°

Within neocortex and hippocampus, APP immuno-
reactivity was also demonstrable within nonneuronal
cells, including some astrocytes (Figure 1F), micro-
glia (see Figure 8A), pericytes, and vascular endo-
thelial cells (Figure 1G). Double-labeling ICC showed
that APP and GFAP (see Figure 9A) as well as APP
and CD68 (see Figure 8, A and C) colocalized, thus
demonstrating the localization of APP to astrocytes
and microglia, respectively. Reactive astrocytes and
microglia in aged monkey brain were more frequently
APP immunoreactive and were more enriched in APP
(ie, more intensely immunoreactive) than resting glial
cells (see Figure 8, A and C).

EM confirmed that APP immunoreactivity was lo-
calized within a subset of neuronal cell bodies and
dendrites (Figure 2, A and C) as well as within non-
neural cells (Figure 2, E and F) in monkeys of all ages.
Immunoreactive perikarya and processes were iden-
tified by the amorphous, electron-dense immuno-
product formed by the diaminobenzidine reaction
and subsequent staining with osmium tetroxide. Con-
trol sections were devoid of immunoreactivity.
Electron-dense structures found in sections reacted
with anti-APP antibodies, normal rabbit serum, or
mouse immunoglobulin were interpreted as nonspe-
cific labeling and attributed to the inherent osmophilia
of some organelles (Figure 2B) and nonneuronal
cells. APP immunoreactivity within perikarya and den-
drites was distributed throughout the cytoplasm and
on the surfaces of membranes of neuronal subsets.
APP immunoreactivity appeared to be associated
with the plasmalemma, Golgi membranes, and outer
membranes of mitochondria (Figure 2D). Lysosomes
and lipofuscin granules did not show definitive APP
immunoreactivity. By EM, these structures were elec-

tron dense in both experimental and control sections
(Figure 2B) from young and aged monkeys, and
evaluation of these preparations at high magnification
(30,000-40,000%) revealed no evidence of APP im-
munoreaction product associated with lysosomes
and the vacuolar and granule components of lipo-
fuscin granules. Neuronal cell bodies and dendrites
enriched in APP immunoreactivity were in synaptic
contact with numerous unlabeled presynaptic ele-
ments forming asymmetric synapses. APP immuno-
reactivity was often associated with the density of
postsynaptic elements contacted by axodendritic
asymmetric synapses (Figure 2C), which have an
electron dense thickening of the junctional surface of
the postsynaptic element (Figure 2, C and D). APP-
immunoreactive structures in the neuropil observed in
1-p-thick plastic sections (Figure 1D) were, by EM,
predominantly cross sections of dendritic profiles
(Figure 2, C and D) or glial cell processes (Figure 2E),
but some APP-immunoreactive axons (Figure 2F),
presynaptic elements, and capillary endothelial cells
(Figure 2F) were also encountered in the neuropil.
Within the cerebral cortices of older monkeys (five
of seven, >26 years of age), plaques were observed
frequently (Figure 3), but neurofibrillary tangles were
not found in any of these animals. Senile plaques and
AB deposits were not visualized in animals <26 years
of age. The presence of plaques and deposits of AB
within different areas of cerebral cortex was variable,
but these lesions occurred most frequently in dorso-
lateral frontal, orbitofrontal, and superior temporal
cortices. In old monkeys, senile plaques and AB
deposition occurred less frequently in cingulate, en-
torhinal, inferior temporal, and occipital cortices and
rarely in hippocampus. Most plaques in aged ma-
caques were diffuse or primitive with no amyloid
cores; plagues with amyloid cores occurred infre-
quently in aged monkeys. In most primitive and in
some advanced diffuse plaques, extracellular amy-
loid fibrils (8 to 10 nm) and fibrillar AB immunoreac-
tivity were observed. In early diffuse plaques (defined
ultrastructurally as focal structural abnormalities of
the neuropil as evidenced by loss of synaptic integrity
and pre- and postsynaptic inclusions or dense bod-
ies) (Figure 4), AB immunoreactivity or 8 to 10-nm
amyloid fibrils were not observed.
Low-magnification EM of cerebral cortex illustrates
the heterogeneous composition and complexity of a
primitive plaque (Figure 3). Mature neuritic plaques
were characterized by a highly disrupted neuropil
that contained large, swollen cytoplasmic processes,
interspersed cells (neuronal, astrocytic, and micro-
glial), and extracellular deposits of amyloid fibrils (8
to 10 nm). Swollen neurites were spherical, ovoid, or
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Figure 2. Ultrastructural localization of APP within neuronal and nonneuronal cells. (A) APP-immunoreactive neuron in frontal cortex. Scale
bar: 1.8 1. (B) Portion of APP-immunoreactive neuronal perikaryon showing diffuse immunoreactivity within the cytoplasm, but lipofuscin gran-
ules (black objects with vacuole; arrowheads) show no immunoreactivity. Scale bar: 0.9 p. (C) In the neuropil of cerebral cortex, APP immunore-
activity is enriched in a postsynaptic dendrite (d1) that forms an asymmetrical synapse with a nonimmunoreactive terminal (11). APP immuno-
reactivity is aggregated at the postsynaptic density (arrows). Note the nonimmunoreactive symmetrical synapse (arrowbead) formed by dendrite
(d2) and terminal (12). Scale bar: 0.20 p. (D) A dendrite (d) in bippocampus shows APP immunoreactivity distributed throughout the cytoplasm,
with conspicuous aggregates associated with the plasmalemma (arrowbead), the outer membrane of mitochondria (m), and postsynaptic densities
(white arrows). Nonimmunoreactive nerve terminal (1) with mitochondrion (asterisk) forms asymmetrical synapses with labeled dendrite (d).
Scale bar: 0.19 j. (E) APP-immunoreactive profile (p) in bippocampus could represent a process of a neuron or an astrocyte because of the ab-
sence of synaptic contacts on this process. Scale bar: 0.30 u. (F) In cerebral cortex, endothelial cells (arrowbeads) of subsets of capillaries (v) show
APP immunoreactivity. Nearby APP-immunoreactive axons (broad arrows) and an unlabeled axon (asterisk) are present. Scale bar: 0.36 p.

polymorphic structures (50 to 100 p in diameter) filled
with numerous degenerating mitochondria as well as
multilamellar and dense bodies. Some round or-
ganelles or degenerating profiles within swollen neu-
rites were APP positive, but the ultrastructural iden-
tification of these profiles was equivocal. In most
mature primitive plaques (Figure 3), it was difficult to
discern if neurite-like, swollen cytoplasmic processes
were dendritic, axonal, or glial in origin. The somata
of neurons, microglia, and astrocytes were found
within and at the periphery of senile plaques (see Fig-
ures 3, 8-11).

In three rhesus monkeys (ages 27, 29, and 31
years), early diffuse and mature plaques in layers | to
Il in the dorsolateral frontal and temporal cortices
were evaluated ultrastructurally in detail to recon-
struct the temporal formation of plaques. Early
changes leading to plague formation were charac-
terized by single neurites surrounded by an intact
neuropil (Figure 4). Dendrites (Figure 4A) and presyn-
aptic axonal terminals (Figure 4B) participated in the
formation of dystrophic neurites. In these early diffuse
plaques, ICC localization of APP showed that early
ultrastructural alterations at synapses occur without
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Figure 3. Mature primitive senile plaque in the
dorsolateral frontal cortex of a 31-year-old rbe-
sus monkey shows the complexity of these le-
sions in the neuropil. A central area of extra-
cellular amyloid (a) is surrounded by
numerous, greatly enlarged neurites (n) filled
with altered branous organelles and a mi-
croglial cell (m). Scale bar: 1.25 p.

the accumulation of detectable APP within neurites,
but, in mature primitive plaques, APP immunoreac-
tivity was found accumulated within swollen neurites
and in membranous inclusions within neurites. More-
over, ICC for AB and analysis of serial ultrathin sec-
tions revealed that synaptic abnormalities in early dif-
fuse plaques occurred in the absence of detectable
extracellular AB immunoreactivity and amyloid fibrils
(Figure 4, C and D). There was also no evidence of
sparse or scattered bundles of 8 to 10-nm amyloid
fibrils between cell processes in early diffuse
plaques, even after intensive evaluation at high EM
magnifications. Occasionally, intracellular bundles of
intermediate filaments could be misconstrued as
amyloid fibrils if cytoplasmic membranes were dis-
rupted. ICC analysis of serial sections through primi-
tive plagues enriched in AB demonstrated the pres-
ence of APP. APP-enriched structures within plaques
corresponded to dendrites (see Figure 7B), swollen
axonal terminals, and, most frequently, reactive glial
cells and their processes (see Figures 8C and 9A).
Neuronal cell bodies and proximal dendrites, astro-
cytes, and microglia immunoreactive for APP, particu-

larly the C-terminal epitope, clustered in the vicinity of

plaques; in every plaque evaluated, APP-
immunoreactive astrocytes and microglia and glial
processes were found in immediate proximity to A
aggregates (see Figures 8-10).

Within most well-developed neuritic plaques, AB
immunoreactivity was observed intracellularly within
neuronal cell bodies (see Figure 6B), degenerating
dendrites (see Figure 7, C and D), microglial cell bod-
ies and processes (see Figure 11), and astroglial cell
bodies and processes (Figures 5B, 6A). The colocal-
ization of AB and CD68 as well as AB and GFAP re-
vealed the frequent association of AB immunoreac-
tivity with microglia and astrocytes, respectively.
Immunoreactivity for AB was enhanced in sections
pretreated with sodium borohydride. AB immunore-
activity within the extracellular compartment was
fibrillar (Figure 5C). However, within the intracellular
compartment, AB immunoreactivity occurred as non-
fibrillar aggregates or granules and was associated
with cell membranes (Figure 5B) and organelles of
neurons and astrocytes (Figure 6, A and B) in primitive
plaques. Immunoreactivity detected with antibodies
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Figure 4. Early ultrastructural changes in the cerebral cortex of macaques 26-29 years of age. (A) Early changes in dystrophic dendrites (d) in-

17, g

clude mitochondrial swelling (arrow) and the formation of dense, multil,

intradendritic inclusions (arrowbead). Scale bar: 0.30 . (B)

Dense, multilamellated inclusions (arrowbead) are also present within dystrophic presynaptic terminals (t). Scale bar: 0.26 u. (C) In early diffuse
senile plaques, neuritic abnormalities (arrows) are often found in the absence of fibrillar amyloid. The broad arrow identifies a neurite seen at
bigher magnification in Figure 4D. Scale bar: 1.13 . (D) Neurite formed by dendrite (broad arrow) contains numerous degenerating mitochon-
dria and dense, multilamellated bodies (arrowbead). Scale bar: 0.45 y.

to residues 1 to 28 of the AB region could be abol-
ished by preadsorption of antibodies with synthetic
AB (amino acids 1 to 28) (Figure 6C). No alterations
in ICC staining patterns were observed when a-AB
antibodies were preadsorbed against APP. In
plaques, intracellular AB immunoreactivity decorated
vacuoles of some lipofuscin granules within neuronal
and glial cell bodies (Figure 6, A and B) and the cy-
toplasm of many abnormal dendrites (Figure 7C).
Several examples of cytosolic accumulations of APP
and AB immunoreactivities were encountered within
dendrites at different stages of degeneration (Figure

7). Extensive dendritic degeneration and intraden-
dritic accumulation of AB appeared to occur con-
comitantly with the formation of extracellular deposits
of AB-immunoreactive fibrils (Figure 7D).

Glial cells and their processes were consistently
present within plagues and AB deposits. By light mi-
croscopy, AB immunoreactivity colocalized with mi-
croglial (Figure 8, D and E) and astrocytic markers
(Figure 9B). In serial 1-p sections reacted with anti-AB
antibodies and markers that identify microglia (CD68
or HLA-DR) and astrocytes (GFAP), cell bodies and
processes of microglia and astrocytes were embed-
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Figure 5. Ultrastructural localization of AB in a primitive senile plaque within the frontal cortex of a 27-year-old macaque. (A) Toluidine blue

counterstained semithin (1 ) plastic section co an AB-i

oreactive plaque. AB immunoreactivity is visualized as fine filamentous pro-

cesses (arrowbead) surrounding neurites (n) and as apparent extracellular aggregates (arrow). Scale bar: 8.75 p. (B) By EM, astrocytic processes
(@) with bundles of intermediate filaments (f) show AB immunoreactivity. The plasmalemma of an AB-immunoreactive astrocytic process (arrow-
beads) is in direct apposition to an abnormal neurite (n). Scale bar: 0.6 . (C) Within the same plaque, AB immunoreactivity is also associated

with extracellular fibrillar material (arrowbeads). Scale bar: 0.36 p.

ded within the AB-immunoreactive neuropil (Figure
10). By EM, AB deposits within all plaques were
closely associated with rod- or oval-shaped nonneu-
ronal cell somata that contained numerous
membrane-bound and free ribosomes and distended
endoplasmic reticulum, suggesting that these cells
were reactive microglia (Figure 11A). Within micro-
glial cell bodies, some intracellular cisterns showed
AB immunoreactivity (Figure 11B). Reactive microglia
and astrocytes issued numerous processes that in-
terdigitated with degenerating neurites and extracel-
lular aggregates of amyloid fibrils. The evaluation of
serial ultrathin sections revealed that spinous pro-
cesses, originating from microglial cell bodies in the
periphery of plagues, penetrated plaques and con-
tained AB immunoreactivity (Figure 11C). In addition,
some astroglial processes, identified by bundles of
intermediate filaments, ensheathed neurites within
plagues and expressed AB immunoreactivity (Figure
10, B and C). The cell bodies and processes of re-
active astrocytes (but not resting astrocytes) within
plaques often showed aggregates of AB immunore-
activity (Figures 9B and 10, B and C).

In aged monkeys, early diffuse and neuritic senile
plaques showed increases in cytochrome oxidase
and NADPH-diaphorase activity (Figure 12). En-
hanced cytochrome oxidase activity was a consistent
marker for early changes within plagues, as mani-
fested by an increase in the activity of this enzyme
within neurons and astrocytes in early plaques. Dif-
fuse plagues positive for cytochrome oxidase (Figure
12C) occurred in the presence or absence of AB im-
munoreagctivity. In neuritic plaques with diffuse depos-
its of AB, cytochrome oxidase activity was enriched
within large, swollen neurites. As senile plaques be-
came fully mature, cytochrome oxidase staining be-
came aggregated (Figure 12D) and then reduced.
Control sections from the brains of young and old
monkeys incubated in the presence of potassium
cyanide or in the absence of cytochrome C showed
no cytochrome oxidase activity. NADPH-diaphorase
activity was not located within neurites of senile
plaques but was usually enriched diffusely within the
neuropil of plaques (Figure 12A). Astrocytes and mi-
croglia and arborizing processes of these cells within
early plaques with diffuse AB often showed positive



staining for NADPH-diaphorase. Control sections of
brain incubated without NADPH or nitroblue tetrazo-
lium showed no NADPH-diaphorase activity.
Neuritic plaques as well as AB and APP immuno-
reactivities were also associated with blood vessels
within the cerebral cortex of some aged macaques
(Figure 13). Capillaries in the vicinity of senile plaques
were often surrounded by neurites (Figure 13B); many
of these neurites were APP positive (Figure 13A). By
EM, some capillaries showed AB immunoreactivity di-
rectly associated with the basement membrane and
with astrocytic processes surrounding vessels. The
colocalization of AB and GFAP as well as Ag and
CD68 revealed that AB-immunoreactive components
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Figure 6. Localization of AB within cells in
dorsolateral frontal cortex of a lion-tailed ma-
caque (>36 years of age). (A) A cell with a
nuclear and cytoplasmic morphology of an as-
trocyte shows discrete granules of AB immuno-
reactivity at proximal processes and pe-
rinuclear sites (arrowbeads). Scale bar: 7 u.
(B) Ultrastructural localization of AB immuno-
reactivity within vacuoles of perikaryal lyso-
somes or degenerating profiles (arrowbeads)
within a neuron in frontal cortex. Scale bar:
0.45 . (C) Control sections show an absence of
AB immunoreactivity within lysosomal vacu-
oles (arrowbeads). Scale bar: 0.45 .

of some blood vessels often corresponded to cyto-
plasmic processes of perivascular astrocytes (Figure
9C) and, less frequently, microglia (Figure 8F).

Discussion

The purpose of this study of the cerebral cortex of
monkeys was twofold. The first aim, an extension of an
earlier light microscopic study,“° was to identify the
cellular and subcellular localizations of APP and AB
within the cerebral cortex in young and aged ma-
caques. The second aim was to evaluate the cellular
participants and evolution of structural abnormalities
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Figure 7. Putative sequence of changes in the neocortical neuropil leading to the deposition of extracellular AB within senile plaques. (A) In nor-
mal cerebral cortex, APP immunoreactivity is enriched in subsets of dendrites (d1) that form synapses with nonimmunoreactive axonal terminals
(D). The dendrite (d2) is not immunoreactive. Scale bar: 0.36 u. (B) In the early stages of pathology in the cerebral cortex of an aged monkey, an
abnormal dendrite (d) with degenerating mitochondria (arrows) shows intracellular aggregations of APP immunoreactivity (arrowbeads) near
the synaptic junctions formed at presynaptic terminals (11 and t2). Scale bar: 0.36 u. (C) In developing plaques that show neurites (n), subsets of
dendrites (d) accumulate intracellular AB immunoreactivity, particularly near plasmalemmal sites postsynaptic to nerve terminals (t1, 12, and t3).
Scale bar: 0.60 u. (D) A degenerating dendrite (d) shows extensive cytoplasmic accumulation of AB immunoreactivity. A presynaptic nerve termi-
nal (1) maintains an apparent synapse (arrow) with a degenerating dendrite. Aggregates of extracellular fibrillar AB (arrowbeads) are nearby.

Scale bar: 0.45 .

that lead to the formation of plaques and AB deposits
within the brains of monkeys during normal aging.
These observations have implications for delineating
the cellular pathology and events that lead to amy-
loidogenesis in the primate cerebral cortex during
normal aging.

Localization of APP Within
Cerebral Cortex

The precise cellular and subcellular localizations of
APP in the brain are important for understanding the
functions of APP and the mechanisms of amyloido-
genesis as well as senile plaque formation. We have
shown that APP is expressed by neural and nonneural

cells, including subsets of pyramidal and nonpyra-
midal neurons, astrocytes, microglia, and vascular
endothelial cells and pericytes in the cerebral cortex.
In normal brain, the most prominent neuronal local-
ization of APP is within cell bodies and dendrites; fur-
thermore, APP is particularly enriched postsynapti-
cally at subsets of synapses. By in situ hybridization,
mRNA transcripts for APP were found to be ex-
pressed in neuronal perikarya in the brains of rats,*®
monkeys,%%-51 and humans.5°-52 Light microscopic
ICC studies have shown that APP immunoreactivity is
localized to neurons and their processes in several
brain regions.40-49-53-58 |Jltrastructural studies show
that APP is localized presynaptically in axonal termi-
nals within the rodent central and peripheral nervous
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Figure 8. Microglia express APP and AB. (A) A resting microglia cell (arrowbead), identified by particulate CDGS immunoreactivity (black-green
at small arrows), shows low APP immunoreactivity (brown). Scale bar: 11.5 u. (B) A senile plaque in the frontal cortex of an aged (29-year-old)
monkey contains several large, globoid, CDG8-i oreactive, activated microglial cells (arrowbeads). Scale bar: 11.25 u. (C) Activated micro-
glia within this senile plaque are enriched in APP immunoreactivity (arrowbeads) as demonstrated by the colocalization of CD68 immunoreac-
tivity (black-green) and APP immunoreactivity (brown). APP-immunoreactive neurons (arrows) are present. Scale bar: 12 u. (D) This AB-
immunoreactive plaque (black-green) contains several CD68-immunoreactive microglia (brown). Some of these microglial cells colocalize within
AB immunoreactivity (arrowbeads). Scale bar: 11.7 p. (E) Focusing on microglial cell bodies (brown) in the z-axis of this plaque reveals that mi-
croglia have AB immunoreactivity (black-green) on or near their surfaces (arrowheads). Scale bar: 10 p. (F) This AB-immunoreactive capillary

(arrow) contains CDG8-immunoreactive perivascular cells (arrowbead). Scale bar: 10 p.

systems.5° However, our study of monkey brain and
another EM investigation of rat brain® demonstrate
that, at synapses, APP is predominantly localized
postsynaptically within dendrites and dendritic
spines of subsets of asymmetrical synapses. More-
over, our observations show that APP is associated
with postsynaptic densities as suggested by another
study.© Because the antibodies used in this study

were not selective for specific APP isoforms, we can-
not address the possible differential localizations of
these APP isoforms, including the forms containing
the Kunitz protease inhibitor domains.

The expression of APP within nonneuronal cells in
brain has been controversial. ICC studies of rat brain
have reported APP-immunoreactive astrocytic pro-
cesses surrounding neurons and blood vessels in ce-
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Figure 9. Astrocytes express APP and AB. Scale
bar: 10 u. (A) Some GFAP-positive elements
(brown) in this APP-enriched plaque (black-
green) are immunoreactive for APP (arrow-
beads). The surrounding neuropil displays a
reticular network of single-labeled astrocytic
processes (brown). (B) Astrocytic processes,
identified by GFAP immunoreactivity (brown),
within this AB-positive plaque (black-green) are
AB  immunoreactive (arrowheads). Single-
labeled astrocytic processes form a reticular
network in the surrounding neuropil (brown).
(C) This cerebral microvessel (asterisk) is envel-
oped by an astrocyte (arrowbead) identified by
GFAP immunoreactivity (brown). This perivas-
cular astrocyte is AB immunoreactive (black-
green).
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Figure 10. Postembedding ICC on adjacent 1-j-thick plastic sections
of the same senile plaque shows the spatial relationships between mi-
croglia (A), AB (B), and astrocytes (C). Numbers (1, 2, and 3) iden-
tify the same cells in all three sections of the plaque. (A) Three micro-
glial cells identified by CDG8 immunoreactivity are found within this
Pplaque at this plane of section. The somata of these three microglial
cells are immunonegative for AB (Figure 10B), but the AB envelop-
ment of these cells may correspond to microglial processes that are
poorly labeled by CD68 antibodies. Scale bar: 7.5 ji. (B) AB immuno-
reactivity is in immediate proximity to surfaces of microglial cells
Carrowhead). Some processes that surround microglial cells (broad
arrow) are AB immunoreactive and correspond to astrocytic pro-
cesses (broad arrow in C). Some cell bodies that are AB immunore-
active (thin arrow) correspond to astrocytes (thin arrow in C). Scale
bar: 7.5 u. (C) Localization of GFAP immunoreactivity shows that re-
active astrocytes are located within or at the periphery of plaques,
and numerous astrocytic processes infiltrate into plaques. Astrocytic
cell body (thin arrow) shows GFAP-positive cytoplasm and a large
immunonegative nucleus. Some GFAP-positive astrocytic elements
(broad and thin arrows) colocalize with AB immunoreactivity
(broad and thin arrows in B). Scale bar: 7.5 1.
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Figure 11. EM shows that microglia within senile plaques are AB im-
munoreactive. (A) A microglial cell (m) found within a plaque con-
taining dystrophic neurites (n) and AB. Outlined areas (b and c) are
shown at bigher magnification in B and C. Scale bar: 1.29 y. (B)
Cisterns within the cytoplasm of microglial cells show AB immunore-
activity on the surface. Scale bar: 0.60 u. (C) AB-immunoreactive
spiny processes of microglial cells are found within plagues. Analysis
of serial ultrathin sections revealed that this process was continuous
with a primary process of a microglial cell. Scale bar: 0.45 .

rebral cortex,5 but endothelial cells of the cerebral
vasculature were not immunoreactive.>® APP-
expressing glial cells were not observed in rodent
brain in another ICC study.*® In situ hybridization and
ICC studies of human brain suggest similar discrep-
ancies.52:5561.62 |n yjtro data show that astrocytes
and microglia express the major isoforms of APP.63
Our study of monkey brain demonstrates that non-
neuronal cells (ie, astrocytes, microglia, and endo-
thelial cells) express APP. The abundance of APP-
immunoreactive nonneuronal cells in brain is low in
comparison with the dominant expression of APP
within neurons and their processes, and it appears
that astrocytes and microglia constitutively express
APP at low levels in the resting state. However, the
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Figure 12. Histochemical localization of NADPH-diaphorase (A)
and cytochrome oxidase (C, D) activities within neocortical senile
plaques. (A, B) In adjacent sections, NADPH-diaphorase activity is lo-
calized diffusely in the neuropil of plaques (arrowheads in A) that
contain AB immunoreactivity (arrowbeads in B). In this photomicro-
graph (A), diaphorase-positive nonpyramidal neuronal cell bodies
are not present. Scattered dark crystals are background. Scale bars:
25.8 u. (C) In early plaques, large swollen neurites are enriched in
cytochrome oxidase activity (arrowbead). Surrounding capillaries
are also enriched in cytochrome oxidase. Scale bar: 18.8 u. (D) In
Plaques (arrowbeads) more mature than the plaque shown in C, cy-
tochrome oxidase activity is very dense in neurites within the paren-
chyma. Scale bar: 37.5 u.

relative enrichment of APP within these nonneuronal
cells may change in response to synaptic abnormali-
ties that occur during aging. This idea is supported by
our finding that APP is expressed prominently by ac-
tivated astrocytes and microglia within plagues in
aged monkey brain and by other EM reports®* show-
ing that APP is localized to astrocytes in senile

Figure 13. Associations between neurites, astrocytes, AB immunore-
activity, and blood vessels. (A) A plaque (p) enriched in APP immu-
noreactivity (visualized with antibody CT15) is close to a blood vessel
(). An APP-immunoreactive neurite (arrowbead) is closely apposed
to the vessel. Note the other APP-enriched neurite (thin arrow). Scale
bar: 50 . (B) EM shows that a neurite (n) of a senile plaque is sepa-
rated from a blood vessel (v) by processes (p) of an astrocyte (a) con-
taining bundles of intermediate filaments (arrowbead). Scale bar:
1.50 p. C. Astrocytic process that envelops a blood vessel (v) shows AB
immunoreactivity at the pl I a (arrowbeads). Intermediat

Sfilaments (/) are seen in the upper left. Scale bar: 0.36 .

plagues in cases of AD. Further support for our results
is found in studies showing that APP isoforms con-
taining the Kunitz protease inhibitor domain are ex-
pressed in reactive astrocytes in early stages of brain
damage.®¢ Because levels of APP in some neurons
and nonneuronal cells are increased by interleukin-
1,85 it is likely that the expression of APP is inducible



in gliawhen these cells are transformed from a resting
state to an activated state.

In postmortem brain tissue from control humans,
ICC studies of non-AB regions of APP have yielded
conflicting results. In normal human brain, cortical
neurons, astrocytes, and blood vessels are APP posi-
tive.5 CA1 neurons of hippocampus are immunore-
active,5* and APP is thought to be concentrated in
neuronal lysosomes (see Figure 4 in Benowitz et
al.5%). For the most part, our present and previous
results*® on the cellular localization of APP in nonhu-
man primate brain are consistent with studies of hu-
man brain. However, we were unable to confirm the
localization of APP within neuronal lysosomes. Al-
though electron-dense organelles that resemble ly-
sosomes and lipofuscin granules were identified
within the cytoplasm of neuronal perikarya in monkey
brain, these organelles did not show specific immu-
noreactivity for APP in sections incubated with three
different anti-APP antibodies compared with sections
incubated with control sera. Several other immuno-
EM localization studies of APP in the central nervous
system of experimental animals have also failed to
document the presence of APP in neuronal lyso-
somes in vivo.53:59:60.66 Thege discrepant results be-
tween optimally prepared animal and postmortem hu-
man brains may be caused by differences in the anti-
APP antibodies used or by artifactual, autolytic
changes in postmortem human brain. However, we
did visualize AB immunoreactivity within neuronal
lysosomes/lipofuscin granules, suggesting that AB is
incorporated into these organelles but not derived
from APP within these structures or that APP within
lysosomes is processed rapidly so that antigenicity is
lost. Furthermore, the antipeptide antibody to A
used in this study immunolabels structures that were
not labeled with three APP antibodies that recognized
different epitopes of the molecule. AB immunoreac-
tivity was not diminished by competition with APP;
thus, it is likely that this a-AB antibody is not cross
reacting with full-length APP.

The functions of APP are not well defined. Secreted
and nonsecreted forms of APP exist.6768 APP has
structural features similar to some cell surface recep-
tors.'® In addition, APP is incorporated into the ex-
tracellular matrix®® and may have roles in cell-cell and
cell-substrate adhesion.49:67.70-72 Fyrthermore, APP
may function in the regulation of neurite out-
growth”374 perhaps by mediating the effects of nerve
growth factor,”® in the morphogenesis of neural”® and
nonneural®’ tissues, and in neuronal and glial re-
sponses to brain injury.36-56.77 Although APP is a
ubiquitous protein within neurons throughout the
brain in several species of animals, different popu-
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lations of cells may differentially regulate the expres-
sion of APP at perikaryal and synaptic levels. Most, if
not all, neurons within specific cortical laminae and
hippocampal subfields contain mRNA for APP,50.51
whereas ICC shows that neocortical and hippocam-
pal neurons exhibit varying cytoplasmic accumula-
tions of APP immunoreactivity.*® As is the case for
numerous brain neuropeptides and neurotrophic
factors,”®81 the posttranslational expression of APP
in distinct populations of neurons and at synapses
may be regulated differentially by activity-dependent
mechanisms (ie, transsynaptic activation by neuronal
afferents) or by factors within the synaptic microen-
vironment. For example, expression of the APP gene
is regulated by cell- or tissue-specific factors that may
modulate the synthesis of APP.82 However, we know
little about the posttranslational kinetics of APP me-
tabolism in vivo. Our data, which demonstrate syn-
aptic and reactive glial localizations of APP, are con-
sistent with evidence indicating that APP has an
important function in cell adhesion and in the plas-
ticity of neurons and supporting cells. It is possible
that APP within neurons and glia has a role in the
steady-state dynamics of synaptic contact formation,
stabilization, and maintenance within the immature,
mature, and aged brain.

Formation of Senile Plaques and AB
Deposits Within the Aging
Cerebral Cortex

Differences and similarities exist between the forma-
tion and distribution of age-related neuropathology in
nonhuman primates and humans. In the present
study, senile plagues were found most frequently in
frontal (dorsolateral and orbital) and temporal (supe-
rior) neocortex, whereas entorhinal cortex and hip-
pocampus were relatively spared during the aging
process in nonhuman primates. Neurofibrillary
tangles are not formed in these animals. Most mature
plagues in these aged macaques are classified as
diffuse or primitive and contain AB immunoreactivity.
The early diffuse plagues, defined ultrastructurally as
focal abnormalities in synaptic morphology of the
neuropil, were devoid of amyloid fibrils and A im-
munoreactivity. These early diffuse plaques identified
in the present study are seemingly precursors of ma-
ture diffuse plaques with AB deposits. Classic (with
central amyloid cores) and compact plaques oc-
curred less frequently than diffuse plaques in the neo-
cortex in aged monkeys. In normal aged nonde-
mented humans, diffuse and primitive plaques with
AB immunoreactivity are quantitatively the prevalent
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lesions found in neocortical regions (eg, frontal and
superior/middle temporal cortex) but not in
hippocampus.83-86 |n contrast, in individuals with AD,
diffuse, primitive, classic, and compact senile
plagues as well as neurdfibrillary tangles occur in a
variety of neocortical regions and in hippocampus.8”
We conclude that mechanisms for the formation of
diffuse senile plaques and AB deposits are similar in
aged monkeys and normal elderly humans, but
mechanisms (possibly involving paired helical fila-
ments) for the formation of classic plaques and neu-
rofibrillary tangles differ in normal aging as compared
with AD. Unfortunately, EM studies of diffuse and
primitive plaques in autopsy tissue from cognitively
characterized, nondemented elderly individuals have
not been done, but EM studies of senile plaques in AD
brain are available for comparison.

Earlier EM reports are discrepant regarding the cel-
lular dynamics and temporal evolution of amyloid
deposition within senile plagues.'0:37:88-20 plaques
contain degenerating neuronal cell bodies and
neurites (ie, abnormal presynaptic nerve terminals
and dendrites), reactive astrocytes and microglia,
microvessels, and aggregates of amyloid
fibrils.®:10.91.92 Thys, it is understandable that several
hypotheses of senile plague formation and amyloid
deposition have been promulgated. The genesis of
senile plaques may begin with the formation of ex-
tracellular amyloid before the degeneration of cellular
elements within plaques.8%9% Alternatively, AB may
be derived from degenerating axonal nerve terminals
or dendrites containing APP that evolve into neurite-
rich foci that form A at the plasmalemma by aberrant
processing of APP,3%:40.94 invading reactive microglia
that actively produce AB,1°-37:95 or capillary or serum-
derived APP.#3.92 Specifically, in one scheme for se-
nile plague formation, amyloid (in a nonfibrillar form
and then a fibrillar form) is deposited before neuritic
degeneration;®°-%¢ in diffuse plagues, AB may be
formed by amyloid-related cells and processes®®-°7
that are possibly astrocyte derived.®” In our EM
preparations from several aged monkeys, we did not
identify extracellular amyloid (even as sparse, scat-
tered bundles of fibrils) before the appearance of syn-
aptic abnormalities and dendritic/axonal neurites.
Our EM observations on early diffuse plaques thus
differ from the results seen in AD brain.®® The lack of
evidence for extracellular amyloid fibrils in early dif-
fuse plaques in this study may be accounted for by
our evaluation of plaques at an earlier stage of matu-
ration than plagues evaluated by others.8® However,
in diffuse plaques, we did identify AB-immunoreactive
transformed astrocytes and microglia corresponding
to previously shown amyloid-related cells.®°-°7 Qur

EM data and the interpretation of these results in ag-
ing nonhuman primates are most concordant with ul-
trastructural studies of senile plaques in cerebral cor-
tex from cases of AD and aged monkeys conducted
by Wisniewski and coworkers.0:37:88 |n these stud-
ies, senile plagues were envisioned to be dynamic
lesions that evolve from primitive plaques to mature
plagues; the sequencing of degenerative changes
was thought to be the degeneration of neuritic struc-
tures, followed by the attraction of reactive glia, and
the subsequent deposition of extracellular amyloid
derived from microglia.'®-37 Our observations favor
the view that morphological and biochemical pertur-
bations within neuronal and nonneuronal cells occur
before the deposition of extracellular AB fibrils. Fur-
thermore, our results suggest that focal abnormalities
in neuron-neuron synaptic contacts within the neuro-
pil (synaptic disjunction) may incite this complex se-
ries of events resulting in the formation of diffuse se-
nile plagues and deposits of amyloid.

On the basis of our present data, we have tenta-
tively reconstructed the temporal and spatial events
that lead to the formation of plaques and AB in the
cerebral cortex (Figure 14). Synaptic abnormalities
are early events in plaque formation and take place
before the accumulation of intracellular and extracel-
lular APP and AB (Figure 14, A and B). This conclusion
is supported by our observations showing that alter-
ations in the fine structure of both pre- and postsyn-
aptic neuronal processes occur within the neocortical
neuropil to form early diffuse plaques. These synaptic
changes were defined by the formation of inclusions
and degenerating profiles within presynaptic and
postsynaptic elements, possibly reflecting mitochon-
drial degeneration. Our observations showing en-
hanced cytochrome oxidase activity in early diffuse
senile plaques could be interpreted as a mitochon-
drial functional impairment with a compensatory aug-
mentation in cytochrome oxidase activity early in
these lesions. Alternatively, increased cytochrome
oxidase staining in early senile plaques may reflect
activation of glial cells. In response to synaptic dis-
junction, neuritic abnormalities may occur to form
primitive senile plagues (Figure 14, B and C). These
neurites, formed by dendrites and nerve terminals,
accumulate full-length APP and eventually intracel-
lular, perhaps soluble, AB (Figure 14C). The accu-
mulation of APP within neurites of neocortical plagues
in aged monkeys“*° and in cases of AD26:61.98-101 jg
consistent with observations in the peripheral nervous
system showing that APP is transported antero-
gradely in axons'02.193 and that nerve injury in-
creases the cellular expression of APP mRNA. %4 Oc-
curring concomitantly with synaptic disjunction and
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Figure 14. Schematic diagram depicts the possible temporal and spatial sequence of events that lead to senile plaque formation and parenchymal
deposits of AB. (A) Simplified synaptic organization in normal cerebral cortex as represented by an axon terminal (with synaptic vesicles and mi-
tochondria) forming an asymmetrical synapse with an APP-enriched dendritic profile seen in cross section. An astrocyte partially envelops the syn-
apse, and a resting microglial cell is found in the surrounding neuropil. (B) At an early stage in the formation of early diffuse senile plaques, these
important events occur: synaptic disjunction (ie, separation of pre- and postsynaptic elements), possibly caused by impairments in mitochondrial
Sfunctioning or cell-cell contact; transformation of astrocyte and microglia to an activated state; and up-regulation of APP expression in activated
glial cells. Astrocytic processes invade the synaptic cleft and begin to isolate the disconnected axon terminal ( forming dense bodies) and dendrite.
An activated microglial cell migrates toward the abnormal synapse, possibly in response to secreted factors from an astrocyte or damaged nerve
terminal/dendrite. (C) Axonal and dendritic neurites (containing degenerating mitochondria and dense bodies) are formed within diffuse
plaques. An APP-enriched activated microglial cell begins to envelop dystrophic neurites, and an APP-enriched reactive astrocyte isolates the ab-
normal focus within the brain parenchyma. Dendritic neurite, astrocyte, and microglial cells accumulate intracellularly nonfibrillar AB. (D)
Within primitive plaques, degenerating neurites (containing degenerating mitochondria and dense multilamellated bodies) are phagocytosed more
completely by activated microglia, and the site of parenchymal injury is partially isolated by reactive astrocyte. Intracellular, nonfibrillar AB
( formed by reactive astrocyte, activated microglia, and degenerating neurites) is released/secreted into the extracellular compartment and aggre-
gates as B-pleated fibrils.

incipient degeneration of neurites derived from neu-
ronal processes is the transformation of resting as-
trocytes and microglia to activated glia and the in-
creased expression of APP within these cells (Figure
14, A-C) or increased uptake of extracellular APP by
these cells. Synaptic changes may provoke in-
creased APP expression in neuronal and glial cells
through factors released from degenerating den-
drites or axonal terminals. Some molecular signals
may be factors such as calcitonin gene-related pep-
tides'®® or complement proteins.'%® Activated APP-
enriched microglial and astrocytic processes infiltrate

into neuritic foci and produce intracellular nonfibrillar
AB (Figure 14, B and C). The precise cytosolic pro-
teolytic events that form AB from APP are uncertain,
but calcium influx into neuronal or glial elements and
the subsequent activation of calcium-stimulated cys-
teine or serine proteases may be involved.38:107.108

Enzyme histochemistry shows that, within imma-
ture plaques, astrocytes and microglia express
NADPH-diaphorase, a nitric oxide synthase.'°° Thus,
reactive glial cells may synthesize and secrete focally
diffusible agents that promote cellular injury and re-
sorption of damaged dendrites and nerve terminals
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within the brain parenchyma. Other investigations
support the active participation of microglia”-*> and
astrocytes'° in the formation of AB. The finding that
nonfibrillar AB is localized intracellularly within den-
drites and activated glial cells in plaques of monkey
cerebral cortex is consistent with in vitro®®-3° and in
vivo?® studies showing that cells normally produce
and release soluble 4-kd AB that is essentially iden-
tical to the AB protein deposited extracellularly as in-
soluble amyloid fibrils.

As the neuritic plaque matures, our results show
that neuronal and glial processes laden with intracel-
lular AB degenerate; this event corresponds tempo-
rally with the formation of extracellular aggregates of
fibrillar AB (Figure 14D). Thus, the formation of ex-
tracellular deposits of amyloid appears to be a late
pathological event in the development of senile
plagues. In addition, we provide evidence that AB can
be formed by the processes of APP-containing non-
neuronal cells (astrocytes, microglia, pericytes) that
surround microvessels within cerebral cortex and that
neurons, astrocytes, and microglia may be equally
important for AB deposition. Our study also indicates
that a common mechanism for the formation of AB at
parenchymal, perivascular, and white matter loca-
tions is the derivation of AB from glial APP.

We propose that, in the cerebral cortex of aged
monkey, perturbations in neuron-neuron contacts
and neuron-glia interactions at synapses (ie, synaptic
disjunction) are early events that precede and, per-
haps, lead to the formation of senile plagues and AB
deposits (Figure 14). Quantitative studies of cerebral
cortical synapses in normal aged individuals®1-113
and in individuals with AD''4-118 have shown signifi-
cant losses of synapses that may occur at an early
stage of the disease.''* Some studies show that the
loss of neocortical synapses in subjects with AD cor-
relates strongly with an increase in the numbers of
plagues,''® whereas other studies show the lack of
correlation between synaptic density and senile
plaques.'13.116.117 These discrepant results are likely
to be related to whether synaptic markers were evalu-
ated in the neocortical neuropil that contained or was
free of senile plaques. In the present study, we show
by EM that morphological changes at synapses are
associated with senile plaque formation. Many ultra-
structural changes that occur at synapses in the early
stages of senile plaque formation resemble patterns
of anterograde, retrograde, and transsynaptic degen-
eration in experimental lesion studies.''®-'22 |n the
cerebral cortex of aged monkey, the intracellular ac-
cumulation of APP and nonfibrillar AB within neurites
and glia may be a response of some cellular popu-

lations to the disruption of normal afferent-target in-
tegrity that results from the degeneration of afferent
nerve terminals and postsynaptic dendritic targets. In
this concept, the intracellular formation of AB within
denervated dendrites and reactive glia (Figure 14)
would result from up-regulation of APP and abnormal
processing of APP to amyloidogenic derivatives
through the endosomal-lysosomal system.26:27 Ag
neurons and their dendrites degenerate and as ac-
tivated glia and their processes turn over (expand
and retract), AB could be released into the extracel-
lular compartment, and/or released amyloidogenic
derivatives could serve as substrates for proteases
(a4-antichymotrypsin) found within glia that have in-
filtrated into the foci of injury. Our findings that Ag
immunoreactivity is localized within neuronal
lysosomes/lipofuscin granules and that AB is pro-
duced by reactive astrocytes and microglia are con-
sistent with this hypothesis, and our inability to detect
APP immunoreactivity within lysosomes may reflect
the absence of APP within these organelles, the lack
of accumulation of APP in lysosomes in amounts that
are immunologically detectable, or rapid processing
of APP into nonantigenic derivatives. Additional sup-
port for this concept is found in data showing that the
deafferentation of neocortex causes an increased ex-
pression of APP within cerebral cortex'23 and that le-
sions in the hippocampus induce an increase in APP
immunoreactivity within astrocytes in the vicinity of
neuronal damage.3® Moreover, as suggested by in
vitro studies of the neurotoxicity of AB,124125 it is pos-
sible that the chronic deposition of extracellular amy-
loid fibrils within the brain parenchyma may further
potentiate synaptic disjunction and glial activation in
the aged cerebral cortex. We believe that synaptic
pathology, possibly resulting from aberrations in cell
adhesion or extracellular matrix molecules, and glial
responses to synaptic injury may be causal mecha-
nisms that underlie the spontaneous development of
senile plaques and deposits of amyloid within the ag-
ing cerebral cortex.
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