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Image Analysis Microspectroscopy Shows
that Neurons Participate in the Genesis of
a Subset of Early Primitive (Diffuse)
Senile Plaques
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Amyloid is a component of the senile plaques that
characterize one of the major neuropathologic
changes in patients with Alzbeimer's disease (AD).
The sequence of events leading to the accumulation
ofamyloid precursors in senileplaques is unknown.
In previous studies, the authors have shown that con-
gophilic deposits in a subset of mature amyloid
plaques are angiocentric. In this study, the authors
used image analysis microspectroscopy and an anti-
body directed against a synthetic beta-protein (1) or
A4 sequence to examine the distribution patterns of
thisprotein in serial sectionsfrom brains ofpatients
with AD and in normal aged brains after quantita-
tive immunohistochemistry. Image analysis of early
primitive plaques disclosed two main patterns of
early P/A4 deposition, which consisted of neurocen-
tric and angiocentric decreasing concentration gra-
dients. In most instances, these gradients were not
recognizable by the naked eye but appeared strik-
ingly conspicuous after image subtraction and
pseudocoloring, The described neurocentricgradients
suggest that deposition of this protein, in at least
some early primitive plaques, is related to neurons
andpossibly originatesfrom these cells. The opposite
viewpoint, i.e., that peripherally synthesized 3/A4
protein would 'sink in' toward neurons, is not sup-
ported because in very early plaques the highest im-
munoreactivity within the gradient was the neuronal
body itself. A hypothesis is offered to reconcile the
presence of both neurocentric and angiocentric dep-
ositions of these substances. (Am J Pathol 1991,
139:599-607)

Among the most prominent histopathologic changes
found in the brain tissue of patients with Alzheimer's dis-

ease (AD) are discrete foci of neuropil degeneration
known as senile plaques.1 The heterogeneous nature of
these lesions has inspired several disparate, at times ap-
parently conflicting, theories of plaque formation.2"'
Amyloid filaments and their protein precursors are major
constituents of the senile plaque.12 Thus considerable
efforts have focused on identifying the mechanisms that
lead to the accumulation of these substances.

Initial studies on brain amyloid isolates disclosed a
unique 28 amino-acid sequence termed beta-protein13
or A4 peptide.14 Subsequent investigations have shown
that the P/A4-protein is part of at least four larger precur-
sor molecules encoded by a gene in chromosome 21.1'
21 Two of these precursors have antiprotease activity and
show a 56-amino-acid insert partially homologous with
the Kunitz family of serine protease inhibitors.1921 Amy-
loid precursor proteins (APP) are integral membrane gly-
coproteins containing large extracellular domains and
shorter intracytoplasmic regions.1722 It appears that ini-
tial stages of plaque formation are characterized by neu-
ropil deposits of these substances.

Amyloid or its precursor proteins have been detected
in various cell types studied, including neurons,23'24 neu-
roglial cells,23 and extracerebral tissues.25 Thus the po-
tential source of the abnormal neuropil deposits remains
an important unresolved issue.

Earlier morphologic observations on plaque amyloid,
using conventional amyloid staining such as Congo red
or electronmicroscopy, showed the brain microvascula-
ture as a possible primary site of amyloid deposition,26-"9
suggesting, perhaps, an extracerebral origin for the pep-
tide. The availability of antibodies to the R/A4 protein and
to various subsequences of the APP has allowed visual-
ization of early primitive senile plaques3o 31 and provided
a fresh reassessment of the abnormal deposition of these
substances. In this study, we used image analysis mi-
crospectroscopy32 and quantitative immunohistochem-
istry in serial sections from brains with Alzheimer's dis-

Supported in part by NIH grant NS 26312-03.
Accepted for publication April 29, 1991.
Address reprint requests to M. A. Pappolla, MD, Mt. Sinai Schoco of

Medicine, Box 1229 (Annenberg 22-72) 1450 Madison Ave. New York,
NY 10029.

599



600 Pappolla, Omar, and Vinters
AJP September 1991, Vol. 139, No. 3

ease. We report microspectroscopic images obtained af-
ter three-dimensional reconstruction and topographic
quantification of the P/A4 protein in aged brains and
brains with AD. These images show a clear-cut relation-
ship of cortical neurons to very early neuropil deposits of
1/A4 protein in a subset of early primitive senile plaques.

Materials and Methods

Image Analysis Microspectroscopy and
Quantitative Immunohistochemistry

The basic principles of image analysis microspectros-
copy were developed in our laboratory and have been
published.32 Briefly, the method consists of creating im-
ages from each microscopic field using specific wave-
lengths (at least two) selected according to the sub-
stance(s) of interest. After composing a 'binary image,'
the densities at each image plane are subtracted point
by point and in precise synchronization from each other
to obtain a final image containing only the substance of
interest. This subtraction procedure allows specific opti-
cal isolation of compounds of interest for quantitative pur-
poses and simultaneously corrects for uneven illumina-
tion ('shading correction'), object overlapping, and other
unwanted interferences. In this study, image pairs were
created from each microscopic field at 470 and 620 nm.
These wavelengths were chosen because of the spectral
properties of diaminobenzidine (the chromogenic sub-
strate used in the immunostaining method) in tissue sec-
tions, as previously determined.32 After image subtrac-
tion, the densities of the final image are dependent on
diaminobenzidine concentration only.32 Final images ob-
tained after the subtraction steps are then subjected to a
pseudocolor subroutine26 in which arbitrarily chosen col-
ors are assigned to each different density region. This
allows detection of up to 255 gray density levels, far be-
yond the capability of the human eye.

Equipment calibration for quantitative immunohisto-
chemistry was conducted as previously described.32
Briefly, the monochromator was calibrated by spectral
analysis of a holmium oxide glass against standard
curves (Chemetrics, Spectrostandard) using a mi-
crospectrophotometer (Nikon, P1 model NY). The linear
response of the photomultiplier was examined with lin-
earity filters (Chemetrics, Spectrostandard) and by mea-
suring the absorbance of the peroxidase reaction on
transparent nitrocellulose filters ('blot test') as de-
scribed.33 The linear response of the image analysis sys-
tem was examined by obtaining integrated density mea-
surements of the same areas measured by microspec-
trophotometry. There was a 0.99 correlation coefficient
between the two methods as calculated by linear regres-

sion analysis. Optimal antibody concentration and color
development time were determined by the standard
checkerboard method and from zero-order kinetic plots
obtained after filming the color development step and
conducting spectrophotometric measurements within
discrete areas of sequential single film frames. A com-
puterized 'frame-freezing' video recorder (Polaroid Cor-
poration) connected to the image analyzer was used for
this purpose. The optimal development time was chosen
from the initial plateau phase of the velocity curve. In our
experience and that of others (Sternberger, personal
communication), initial plateau phase measurements
correlate best with antigenic density. Reliability of the mi-
crospectroscopic measurements was confirmed by re-
producibility of individual measurements and day to day
reproducibility.

A minimum of 15 early primitive plaques per case
were studied by image analysis. At least five early prim-
itive plaques per case were tridimensionally recon-
structed and examined by image analysis.

Staining Procedures and Tissue Specimens

The immunostaining technique used in this study was the
standard avidin-biotin peroxidase method.34 Hippoc-
ampi and adjacent parahippocampal gyri from five cases
of AD meeting the NIH consensus criteria35 for the au-
topsy diagnosis of AD were studied. Serial 1 0-SF paraffin
sections were obtained from two of the AD cases and
processed as follows: section 1 was immunoreacted with
with anti-,-protein antibody, section 2 was stained with
Congo red,36 and section 3 was impregnated with silver
as per the Gros-Schultze version of the Bielschowsky
method.37 This cycle was repeated to 400 ,u of uninter-
rupted serial sections. Whenever any of the sections were
lost, sectioning was restarted until uninterrupted serial
sections were obtained. Control material included hip-
pocampal sections from two neurologically 'normal
young' brains and five neurologically and neuropatholog-
ically 'normal' patients, which were matched with the
brains with AD for age and postmortem interval. Addi-
tional sections from brains with AD were incubated with
nonimmune rabbit serum and used as negative controls.
Immunoreactivity was enhanced by pretreatment of tis-
sue sections with formic acid as described.38 The spec-
ificity of the antibody had been previously confirmed by
absorption with the synthetic ,B/A4 peptide.39

Anti-/A4-protein Antibody

This antibody was selected from among several anti-APP
and anti-,/A4 antibodies tested because it reacted with
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intracytoplasmic and extracytoplasmic proteins. Anti-
body production and characterization has been re-
ported.39 Briefly, the 28-amino-acid sequence reported
by Masters et al14 was synthesized in a computerized
peptide synthesizer and the sequence confirmed. After
the conjugation of the peptide to thyroglobulin, New
Zealand rabbits were immunized following conventional
procedures. The optimal antibody dilution determined for
quantification purposes was 1:1000. The antibody was
reactive with the ,B/A4 peptide in Western blots experi-
ments, but did not recognize the larger precursors in the
blots (not shown).

Results

As previously described by other investigators, immuno-
staining of hippocampal sections disclosed high density
of senile plaques in brains from patients with Alzheimer's
disease. Three of the five 'normal' aged brains included
in this study showed frequent early primitive plaques
present in the parahippocampal gyrus. No plaques were
detected in the two young brains that were studied. There
was intense intracytoplasmic immunoreactivity of hippoc-
ampal and parahippocampal neurons in all brains. Intra-
cytoplasmic immunoreactivity was not limited to lipofuc-
sin 'granules,' as previously described with some ,B/A4
antibodies,40 but was also present as homogeneous im-
munolabeling of the entire neuronal perikaryon. Pyrami-
dal cell neurons in regions H2 and H3 showed strong
immunoreactivity, whereas neurons in region H1 showed
only weak immunostaining, as previously reported by
others using similar antibodies.23 Early primitive plaques
were defined as P/A4 positive and argentophilic, round to
irregular finely granular neuropil aggregates that were
devoid of dystrophic neuritic processes and showed no
congophilia. Although small amounts of amyloid fibrils
(below the sensitivity of Congo red staining) are present
in 'early primitive plaques,'41'42 there also are amorphous
,B/A4 aggregates thought to represent putative anteced-
ents of the amyloid fibril.41 The antibody used in this study
was raised against a ,/A4 sequence; however, the im-
munostaining pattern obtained as described below cor-
responds to published reports with antibodies to other
subsequences of the APP.43 Thus it is likely (although not
totally certain because of antibody reactivity in Western
blots) that our antibody also recognizes APP in tissue
sections. In a large number of early plaques (over 50%),
neurons were frequently found at some section level (Fig-
ures 1, 2, and 3). The proportion of early primitive plaques
containing neurons was highly variable from case to
case, although these neuron-bearing plaques were more
frequent in nondemented aged individuals than in AD
(above cases and unpublished observations). Some of
these plaque-associated neurons displayed morpho-

logic evidence of degeneration, such as shrinking and
loss of nuclear and cytoplasmic details, but no neurofi-
brillary pathology. In instances, 'empty-nests,' indicative
of pre-existing neurons, were clearly identified within early
primitive plaques (Figure 2). 'Empty-nests' were more of-
ten found in association with early primitive plaques, but
also could be observed in plaque-free areas of the neu-
ropil. Although some of these changes could be a result
of tissue artifact, matched regions from normal young
brains do not show the prevalence of 'empty-nests'
present in the elderly or AD population (unpublished ob-
servations). Very early immunoreactive deposits were ev-
ident as perineuronal areas of immunoreactivity (Figure
4). In more mature plaques, congophilic aggregates
were associated with plaque capillaries (not always iden-
tifiable). In a small number of primitive plaques, early im-
munoreactive deposits (which in parallel sections
showed no detectable congophilia or dystrophic neuritic
processes) surrounded blood vessels.

Microspectroscopic images displayed the following
patterns of P/A4 deposition:

Pattern 1
Overall, early primitive plaques contained neuronal cell
bodies at some section level in over 50% of all early prim-
itive plaques. These early deposits ranged from discrete
P/A4 aggregates surrounding a single neuron to large
areas (>400 ,u) of 1/A4 deposition containing several
neurons. When neuron-containing early primitive plaques
were subjected to image analysis, the concentration of
immunolabeled protein was highest at the neuronal cell
bodies and decreased progressively toward the perineu-
ronal regions as the distance from the neurons increased
(Figures 4-7). More than 90% of plaque-associated neu-
rons were present at the epicenter of ,/A4 concentration
gradients. Frequently early plaques were composed of
several confluent gradients (Figure 5). Occasionally the
centers of these gradients showed neurons with mark-
edly decreased intensity of intracytoplasmic immunore-
activity. Some of the neurons with decreased intracyto-
plasmic immunostaining were undergoing histologic
changes of degeneration such as loss of nuclear or cy-
toplasmic details, hydropic degeneration, karyopyknosis,
or karyorrhexis. In most instances, neurocentric gradients
were not recognizable by the naked eye, but appeared
remarkably conspicuous after image subtraction and
pseudocoloring. Only very rarely (less than 1%), neurons
associated with early primitive plaques showed neurofi-
brillary degeneration.

Pattern 2
These deposits showed early angiocentric gradients of
,B/A4 deposition. The central blood vessel could not be
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Figure 1. Mlicrophotograph depicting earl/!
primitilve plaque. Neurons can be identified
"embedded" within argentophilic areas. Ear/l
primitil e plaques are strong/v! inmunnoreac-
tive u'ith anti-BMA4 antibody and are devoid
of dvstrophic neuritic processes and congo-
philia (Gros-Sc-hultze-Biel/chouwskv method,
x.300).

Figure 2. Ilicroscopicfields shou'ing changes
characteristic ofearl/i primitiveplaques. These
are seen as perineur^onal areas of argento-
philia. Changes such as those illustrated are
often the most prominent onesfound in the
brains oJ'some "nornmal" el/erl/ individuals.
Note "empty-nest" in the photograph at the
right, u'ithin earl/ primitive plaque (Gros-
Schultze-Bie1schouwskv method, X200).

Figure 3. Representative field illustrating
ear/v plaque characterized by perineuronal
areas of argentophilia. These areas are
strong/v immunoreactive uwith B/A4 antibod-
ies (Gros-Schultze-Bie/schouskv method,
X 350).
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Figure 4. Section from a patient uwith Alzbe-
imer's disease immunostained with anti-BMA4
antibody. Earlyt primitive plaques are illus-
trated. Straight arrous point to perineuronal
deposits (pattern 1). Curied arrou' indicates
perivascular deposit (pattern 2) These images
are black and white reproductions made
along the process ofquantitative immunohis-
tochemistrv whereby, field illumination waas
manipulated to allouw photographic visual-
ization of the deposits. The contrast seen,
therefore, does not correspond to the actual
dve (diaminobenzidine) concentration. Neu-
rons indicated by, tuwo straight arrows shouwed
decreased intracytoplasmic immunostaining
in comparison to "nonini'olied" neurons. In-
tracgtoplasmic pattern of immunostaining is
strong and homogeneouis and it is niot limited
to lipofucsin 'granules" as previously de-
scribed uith some B/A4 antibodies.40 Intracp
toplasmic immunostaining such as this can
be obserted only u'ith some (but not all) B/A4
antibodies2" (aiso unpublished obsenrations)
(Ai'idin-Biotin-Peroxidase niethod, X300).

directly related to neurons or to 'empty-nests,' and they
were sometimes larger than capillaries (Figure 5, open
curved arrow). This pattern was noted in less than 20% of
noncongophilic early primitive plaques in the AD cases
and was present only rarely in one of the 'normal aged'
brains.

Pattern 3

This pattern corresponds to early primitive plaques com-
posed of concentration gradients of ,B/A4 with no neurons
or vascular elements identifiable in serial sections at the
epicenter of the gradients. The prevalence of this pattern
was highly variable from case to case and ranged from
less than 5% to over 50% of all early primitive plaques in
individual cases. The presence of other cell types (such
as microglial or astroglial) at the epicenter of pattern 3
gradients can not be established in this study.

Pattern 4

This pattern was characterized also by gradients of /A4
concentration, but corresponded to that observed in
more mature stages of plaque formation (plaques con-
taining aggregates of congophilic amyloid). The concen-
tration gradients were either angiocentric or showed no
traceable cellular or vascular elements at the areas of
highest amyloid concentration. Angiocentric gradients of
congophilic amyloid in mature plaques correspond to our
earlier published observations with Congo red staining.26
Histologically normal appearing neurons were never ob-
served at the center of congophilic gradients.

Discussion

Various types of ,/A4 deposits were described by sev-
eral investigators using anti-,B-protein antibodies within
brains from patients with AD.30,31,383942X6 Early primi-
tive deposits are noncongophilic, lack the characteristic
cores present in 'mature' senile plaques and are devoid
of dystrophic neuritic processes. Although neurons could
consistently be identified within these early primitive
plaques [see references 30,42-46, and this study]), the
significance of their presence has been questioned be-
cause of the high neuronal density at the site where early
primitive plaques occur and the multiple potential
sources (other than neuronal) of ,B/A4 protein. The im-
ages obtained in this study, however, showed that most
neurons 'embedded' in early primitive plaques are lo-
cated at the epicenter of /A4 concentration gradients.
This finding excludes chance as a possible explanation
for encountering neurons within early primitive plaques. If
the presence of neurons within early primitive plaques
were incidental, the relationship between neurons and
the concentration gradients would be erratic, a situation
found only in rare instances. The microspectroscopic im-
ages obtained suggest that the P/A4 protein that accu-
mulates in this subset of early primitive plaques either
derives from neurons or that these neurons play an im-
portant role in the initial stages of plaque formation. An
alternate possibility, that is, that peripherally synthesized
,/A4 protein would 'converge' toward neurons, is ex-
tremely unlikely because the highest density of the gra-
dients were frequently the neuronal bodies themselves.
In instances, neurons at the epicenter of a gradient
showed decreased intracytoplasmic concentrations of
,B/A4 protein in comparison with 'noninvolved' neurons,
which suggested some relationship between ,/A4 accu-
mulation and neuronal disease.
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Figure 5. M1icrospectroscopic image reveals that neurons in-
dicated byt arrows in Figure 4 are located at highest-
concentration regions in four confluentrdensitp gradients
(indicated by "open " arrows in thisfigure). The open cuned
arrou' in this figure conrespond to the solid cunried arrou' in
Figure 4, which points to a blood i'essel. Note that these gra-
dients are conJfluent and inv'olh e larger areas of neuropil
than those obseried b3 unaided light microscoply. This is one
of the advantages of image analysis microspectroscopv (i.e.,
the detection ofpathologic changes belond the capability, of
the human eve). 7he lower end ofthe color scale corresponds
to the highest optical density, ie, the strongest immunoreac-
tii n'i.

Figure 7. Mlicrospectroscopic image obtainedffrom the mi-
croscopic field illastrated in Figure 6. In both immunoreac-
tive areas a clear-cut "neurocentric" pseudocolor gradient
(pattern 1 of B/A4 deposition) is readily apparent. Such a
gradient coulld not have been detected without image anal-
ysis microspectroscopl. 7The intetnsity of immunostaining of
the neuron indicated b?y the open straight arrou' is decreased
when compared with the intensint of "uniniolied" neurons.
Howei'er the level of intracytoplasnic immunoreactivity, is
still the highest in the gradient. 7he lou'er end of the color
scale corresponds to the highest optical density (i.e., immu-
noreactiivity).

Figure 6. "Liive" i'ideo image ofanother rep-
resentatii 'e areafrom a quantitatii'eiy immu-
noreacted brain section from a patient with
Alzbeimer's disease. The image includes con-
taminating "nonspecific"gray shades that are
taken into consideration bhy computerized
image processing (shade correction). Straight
arrou' points to a neuronal cell body "em-
bedded" within a B/A4 immunoreactive area.
Open curied arrou' points to immunoreac-
tive area whereby a neuron was identified in
a subjacent section (not shown) (Avidin-
Biotin-Peroxidase method, X300).
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In adopting one or another theory regarding the
source of P/A4 protein, some degree of speculation is
necessary to reconcile the simultaneous presence of two
main patterns of early accumulation, namely, neurocen-
tric (pattern 1) and angiocentric (pattern 2). In a previous
study, we have shown that congophilic deposits in ma-
ture plaques are angiocentric. Because it is generally as-
sumed that the so-called 'mature' plaques (plaques with
congophilic cores) represent later stages in plaque for-
mation," one can speculate that neuronally synthesized
APP may migrate toward blood vessels, where its amy-
loidogenic fragment accumulates. Although it has been
argued that amyloid deposits in blood vessels may re-
flect the accumulation of a blood-borne precursor,2728
the presence of early primitive neurocentric plaques
does not support this view. In the hamster model of
scrapie (biochemical differences from AD aside), it has
been proposed that vascular deposits of amyloid are
secondary and reflect 'bulk-flow' removal of intracere-
brally produced 'prion' proteins.47 Yet there are a number
of observations that make the interpretation of t3/A4 ac-
cumulation less straightforward. Early deposits of P/A4
protein in cortical vessels larger than capillaries (see ref-
erences 31, 48, 49 and pattern 2 in this study) are obvi-
ously not directly related to neurons and would leave the
question of a secondary source of the P/A4 protein or a
concomitant vascular dysfunction open to further inves-
tigation. Relevant to the latter possibility, perhaps, is the
reported presence of abnormal deposits of P/A4 protein
in cerebrovascular malformations.50

With all these observations considered, we propose
the following mechanisms of senile plaque formation.
First, an initial vascular defect or lesion would trigger in-
creased production, secretion, and/or abnormal pro-
cessing of amyloid precursors by neurons and by peri-
vascular neuronal processes. Current investigations
favor increased levels of some amyloid precursor pro-
teins in AD.51 Initially, deposits of 3/A4 would be visu-
alized as early primitive neurocentric and angiocentric
plaques. Neurons at the epicenter of gradients would de-
generate and die early in the process, while a subpopu-
lation of surviving neurons may go on to form neurofibril-
lary pathology. Thereafter, macrophages and microglial
cells might attempt to clear these deposits employing
their proteolytic enzyme systems. This proteolysis, how-
ever, may become 'impaired' because of several factors,
including the antiprotease activity of some peptides de-
rived from some amyloid precursors. This would be as-
sociated with 'incomplete' proteolysis that results in the
formation of amyloidogenic fragments, which by virtue of
their relatively insoluble properties can not traverse vas-
cular structures and would accumulate at vessel walls.
This stage may represent what we visualize as congo-
philic angiocentric gradients. The observations that an-

giocentric gradients (pattern 2) are less frequent than
neurocentric gradients in 'normal' aging brains is in line
with this proposed mechanism of amyloid deposition.
Moreover, because mature plaques may represent later
stages of plaque formation, the fact that neurocentric gra-
dients are never observed in mature plaques also would
be consistent with the above-proposed sequence of
events. Finally small blood vessels are effaced and amy-
loid deposits then would be seen as congophilic gradi-
ents, with no traceable vascular elements at their center.
Electron microscopic studies showing basement mem-
brane fragments at the center of mature plaques-9 would
support the latter possibility. The presence of 'neuron-
free' and 'vessel-free' early P/A4 deposits (pattern 3) re-
mains enigmatic to us. The role of microglial cells in the
genesis of the senile plaques is not addressed in the
current study, but may be relevant to the latter pattern of
,/A4 accumulation. Microglial cells have been demon-
strated at the center of a putative initial stage of senile
plaque by one investigation,11 but may be found in all
kinds of plaques according to other studies.56Several
investigators have failed to detect microglial cells in early
diffuse deposits,57 '58 and suggested that ,B/A4 deposi-
tion precedes microglial activation. The above results,
however, may be complicated by a number of technical
difficulties encountered in the immunohistochemical de-
tection of microglial cells.56 Recently published studies
have postulated that either microglial cells may play a
role in processing neuronally derived amyloid precur-
sors59 or that microglia may induce increased APP pro-
duction by neurons.56

To conclude, we report that neurons are related to a
subset of early primitive senile plaques and that these
neurons display (at times) evidence of disease. The hy-
pothesis proposed herein in regard to plaque formation is
speculative because it rests on assumed sequences of
pathogenetic events reconstructed from morphologic
observations alone. Such an exercise, however, is nec-
essary to help shape our future research directions.

Note Added in Proof

While this manuscript was in press, two different groups
of investigators reported their findings, which support our
interpretation that ABP deposition commences on the
neuronal level, in transgenic mice (Wirak et al., Science
1991, 253:323-325 and Quon D et al., Nature 1991,
352:239-241).
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