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Rapid Communication
Diffuse Plaques Do Not Accentuate Synapse
Loss in Alzheimer's Disease
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Applying the relatively new technique oflaser con-
focal imaging, vibratome sections which were dou-
ble immunolabeled for amyloid beta protein and
the presynaptic terminal marker synaptophysin
were examined. It was found that while synaptic
density was generally diminished in Alzheimer's
disease (AD) cortical neuropil as compared to con-
trols, the reduction was no greater within the diffuse
plaques than outside them. Synapse loss was accen-
tuated, however, within immature and mature
plaques. These findings suggest that the pathoge-
neticprocess in AD might commence with synapse
loss and neurodegeneration rather than with de-
position of amyloid beta protein. (Am J Pathol
1990, 137:1293-1297)

The role of amyloid deposition in the pathogenesis of Alz-
heimer's disease (AD) is the subject of intense scrutiny.
The diffuse senile plaque, which is characterized by de-
position of amyloid beta protein in the neuropil unasso-
ciated with dystrophic neurites,' is particularly intriguing
because its origin, significance, and destiny are all un-
determined. Some authors claim that diffuse plaques (also
called 'preamyloid deposits') are the earliest lesions of
AD,'" and that they progress to classical plaques asso-
ciated with neocortical neurofibrillary tangles, thus forming
the image of full-fledged AD. Other authors contend that
diffuse plaques may be relatively harmless accompani-
ments of normal cerebral aging and are without ominous
portent.5 If diffuse plaques do initiate the brain damage in
AD, then some measure of neuropil integrity would be
expected to be altered within the plaques themselves while

still unaffected in adjacent brain parenchyma. We recently
showed, by quantitative immunochemistry and immuno-
histochemistry of the presynaptic terminal protein syn-
aptophysin,6 that the density of presynaptic terminals is
markedly diminished in AD neocortex,'8 and in the present
investigation we used novel imaging techniques to de-
termine whether synapse loss was accentuated within
the diffuse, immature and mature plaques.

Materials and Methods

A total of eight specimens from the Alzheimer Disease
Research Center at the University of California, San Diego
was used for the present study. Routine histopathologic
examination was performed with paraffin sections from
the formalin-fixed blocks of frontal, parietal and temporal
cortex, hippocampus, and subcortical nuclei of the left
hemibrain stained with cresyl violet, thioflavin S, and he-
matoxylin and eosin.9 Four of these cases were diagnosed
as AD, clinically, with histopathologic confirmation. The
average age of the AD cases was 75 ± 10 years, with a
postmortem delay of 6 ± 1.2 hours. The other four cases
were clinically normal and free of any neuropathologic
abnormalities. The average age of these control cases
was 71 ± 11 years, with a postmortem delay of 5.2 ± 2.7
hours. From each of the eight specimens, blocks from
the midfrontal (MF) cortex9 of the right hemibrain were
fixed in paraformaldehyde 2% (in PBS pH 7.4) for 72 hours
at 40C, followed by vibratome sectioning at 40 u.

The sections were double immunolabeled for amyloid
beta protein (ABP) and synaptophysin with Texas Red
and fluorescein isothiocyanate (FITC), respectively. Briefly,
optimal and consistent results were obtained in vibratome
sections previously treated for 5 minutes with 99% formic
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Figure 1. Paraffin sections immunostained with anti-amyloid beta protein and developed with DAB, showing examples ofthe three
different types ofplaques. (A) Diffuse (arrow) and immature (arrowhead) plaques. (B) Immature (arrowhead) and mature (open
arrow) plaques. Bar, 15 /i.

acid that were incubated overnight at 40C with a mixture
of the monoclonal antibody against synaptophysin6 (SY38,
Boehringer-Mannheim Labs., Indianapolis, IN) at a con-
centration of 1 gg/ml and with the rabbit polyclonal anti-
body against ABP (region 11-22, courtesy of Dr. C. Mas-
ters) at 1:200 dilution, followed by incubation in a mixture
of horse anti-mouse-FITC and goat anti-rabbit-Texas Red
(Vector Labs, Burlingame, CA) at 1:100 dilution. All sec-
tions were treated simultaneously under the same con-
ditions. Additional sections, double immunolabeled with
anti-synaptophysin/anti-ABP, were incubated in a mixture
of horse anti-mouse-Texas Red and goat anti-rabbit-FITC
(Vector Labs.; 1:100). The immunolabeling protocol was
repeated twice to assess the reproducibility of the results.
These experimental conditions were established after
testing a wide range of primary and secondary antibody
concentations. The nonsaturating dilutions have been
shown to yield reproducible, linear results in control mi-
crodensitometric studies,8'10 as well as in studies using
FITC-tagged secondary antibodies. The double immu-
nolabeled sections were transferred to double-coated
gelatin slides and mounted under glass cover slips with
antifading media (n-propyl gallate 4%, Sigma Chemical
Co., St. Louis, MO).

The double-immunolabeled vibratome sections were
studied with the Bio-Rad MRC-600 laser scanning confocal
microscope'1 (Wafford, UK) mounted on a Nikon Optihot
microscope (Tokyo, Japan). This system permits the si-
multaneous analysis of double-labeled samples in the
same optical plane. The advantage of using confocal mi-
croscopy of 40-M vibratome sections is that it allows sec-
tioning through the whole thickness of a plaque, thus
making it easier to identify and classify plaques according
to their components. Images of serial 1 -,-thick optical
sections of the neuropil harboring different types of
plaques (diffuse, immature, and mature) were recorded,
as was the corresponding serial images of the synapto-
physin-labeled presynaptic terminals. Using amyloid beta

protein immunohistochemical staining, senile plaques were
assigned to one of the three categories, according to the
following criteria for defining plaque types12: 1) Diffuse
plaques: amorphous or polymorphous zones, vaguely
defined positivity without neuropil disruption, cloudy or
cotton-wool staining patterns lacking distinct boundaries
or sharp edges; usually no swollen neurites, no compact
amyloid cores. 2) Immature plaques: generally spherical
and well defined with distinct parameters, containing
swollen neurites, lacking compact amyloid cores. 3) Ma-
ture plaques: spherical, well circumscribed, with dense,
compact, round amyloid cores and peripheral coronas of
swollen, spherical and fusiform neurites. Examples of the
three plaque types, as seen with the conventional diami-
nobenzidine (DAB) immunohistochemical system,'3 are
illustrated in Figure 1. The plaque morphology was similar
to the one obtained by using Texas Red-tagged secondary
antibodies (Figure 3).

Quenching of the fluorescent images was minimized
using the optical disk stored digitized video images for
subsequent display, analysis, and quantification. The ap-
erture, black, and gain levels initially were manually ad-
justed to obtain images with a pixel intensity within a linear
range. Subsequently all sections were viewed with a 63X
Nikon oil immersion lens (N.A. 1.4) and in all cases the
image acquisition was done while maintaining constancy
of the above-described parameters. The pixel intensity of
the synaptophysin immunofluorolabeled neuropil, inside
and outside (15 to 20 A out of the border of the amyloid)
of the plaques, was registered and averaged using the
standard data analysis software of the MRC-600 system.

Results
Sections of control samples immunoreacted with anti-
synaptophysin displayed the characteristic granular pat-
tern in the neuropil (Figure 2A), with a denser immunoflu-
orescent labeling in layers 11, III, and V than in 1, IV, and
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Figure 2. Laser confocal imaging ofthe anti synaptophysin-fluorescein-labeledfrontal cortex. (A) Control and(B) AD. The 1-p optical
sections ofthe amyloid-free AD neuropil displayed a significant reduction in the number ofimmunolabeledpresynaptic terminals
as compared to control (N, neuronal cell body; bar, 15,g). (C) Quantification ofthepixel intensity ofthe synaptophysin-immunolabeled
neuropil showed an average 40% decrease in the AD samples (n = 4 controls and n = 4AD cases, bars are SD).

VI. The neuronal cell bodies and the white matter were

not labeled (Figure 2A) and their pixel intensity was close
to zero. The optical sections of the AD samples also pre-

sented a typical granular pattern of synaptophysinlike im-
munolabeling (Figure 2B). In the AD samples, the amyloid-
free neuropil showed a 40% decrease in synaptophysinlike
immunoreactivity (Figure 2C). This decrease in the pixel
intensity of the AD neuropil was due to an overall reduction
in the total number of labeled terminals (Figure 2B), while
the average immunofluorescence of individual preserved
terminals in AD was not diminished. That is, pixel intensity
per terminal was the same in control and AD cases.

The AD neuropil within the diffuse plaques had syn-

aptophysinlike immunofluorescence values similar to those
outside the diffuse plaques (Figure 3A, D). Serial optical
sections of the diffuse plaques revealed a finely granular
or fibrillar appearance of the amyloid and often had a

close association with the surface of neuronal perikarya
(Figure 3A). In addition, serial optical sections showed
that some diffuse plaques contained small foci of amyloid
condensation, but cores or large dense amyloid deposits
were not detected. Although no dystrophic neurites were
identified in the diffuse plaques, some synaptophysin-im-
munolabeled presynaptic terminals were slightly dilated.
Immature plaques showed some synaptophysin-positive
dystrophic neurites accompanied by fibrillar amyloid de-
posits without core (Figure 38). Inside the amyloid zone,

the immature plaques presented a 47% presynaptic ter-
minal loss, while the adjacent neuropil showed a 40%
synaptic loss (Figure 3D). The mature plaques (Figure 3C)
showed a 65% decrease in synaptophysin-labeled gran-

ules within the plaque amyloid zones (Figure 3D). In con-

trast, the peripheral coronal area surrounding the amyloid
displayed a trend toward a mildly increased synaptic den-
sity as compared to the adjacent neuropil (Figure 3C).
Serial optical sections of the mature plaques showed en-

larged synaptophysin-positive immunolabeled terminals of

various sizes (Figure 3C), some closely related to amyloid
fibers.

Discussion

Synapse loss in AD has been documented by quantitative
immunochemistry and immunohistochemistry7,8"14"15 and
electron microscopy.1617 The present investigation sug-
gests that the decrease in presynaptic terminal density is
unrelated to the concomitant presence of diffuse plaques
but is accentuated within immature and mature plaques.
Such findings are consistent with the ultrastructural com-
positions of the different plaque types. Diffuse plaques
show only a few small scattered bundles of amyloid fibrils
among focally blurred membranes of cell processes, and
the neuropil within them appears almost normal morpho-
logically.' These amyloid-related cell processes also have
been demonstrated recently with immunoelectron micro-
scopic techniques,18 but their exact origin is unknown.
The serial optical sections performed for the present study
in the ABP-immunolabeled plaques suggests a possible
involvement of neuronal cell processes in the different
amyloid plaques. Immature and mature plaques, however,
have greatly distended neurites containing PHF, granular
degenerating mitochondria, and lysosomes, resulting in
clearly evident neuropil distortion.19

The presence of synapse loss both within and outside
the diffuse plaques may imply that amyloid deposition
itself is not the inciting lesion in AD, but rather could be
a response to pre-existing synaptic or neuronal pathology.
The observation that synaptic density is diminished further
within immature and mature plaques is to be expected,
given the neuropil distortion seen by electron micros-
copy.20 Because our data show that presynaptic terminal
loss occurs equally in AD neocortex with and without
amyloid deposition, the question arises as to the effect of
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Figure 3. Laser confocal imaging of the
double-immuniolabeled sections for syn-
aptophysin (green) and amyloid beta pro-
tein (red). (A) The neuropil displayed a
constant number of immunofluorescent
terminals in the area corresponding to the
diffuse plaques. (B) The immature plaques
presented a moderate synaptic decrease
andfew distended neurites (arrowhead).
(C) In the mature plaque the presynaptic
terminals were significantly decreased in
the amyloid zone and some of them were
enlarged (arrowheads). Outside the amy-
loid zone the presynaptic terminals showed
a mild trend toward increased density (N,
neuronalperikarya; L, lipofuscin). Bar, 15
I. (D) Quantification of the pixel intensity
of the synaptophysin-immunolabeled neu-
ropil in areas inside (in) and outside (out)
the different tjpes ofplaques as compared
to age-matched control cases (Bars are SD).
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the presence of amyloid in the neuropil. Recent investi-
gations have shown that the amyloid beta precursor pro-
tein (APP) is a transmembrane neuronal protein21 that un-
dergoes fast anterograde axonal transport,22 suggesting
that APP is synthesized in neurons and delivered to nerve

endings, and that subsequent alteration of local process-
ing of APP results in deposits of brain amyloid. Further
evidence suggests that a secreted form of APP is involved
in growth regulation of fibroblasts.23 Meanwhile other
studies have shown that a specific portion of the C-terminal
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region of APP has neurotoxic effects on hippocampal
neurons in vitro.24 The ABP enhances the survival of hip-
pocampal neurons in vitro.25 Together these data could
imply that the APP, or even the ABP itself, serves as
growth-promoting factors and are produced in AD in re-
sponse to ongoing synaptic pathology. If so, rather than
initiating brain damage in AD, amyloid deposition could
be a response to synaptic and neuronal degeneration.

References

1. Yamaguchi H, Nakazato Y, Hirai S, Shoji M, Harigaya Y:
Electron micrograph of diffuse plaques. Am J Pathol 1989,
135:593-597

2. Tagliavini F, Giaccone G, Frangione B, Bugiani 0: Preamyloid
deposits in the cerebral cortex of patients with Alzheimer's
disease and nondemented individuals. Neurosci Lett 1988,
93:191 -196

3. Giaccone G, Tagliavini F, Linoli G, Bouras C, Frigerio L, Fran-
gione B, Bugiani 0: Down patients: Extracellular preamyloid
deposits precede neuritic degeneration and senile plaques.
Neurosci Left 1989, 97:232-238

4. Joachim CL, Morris JH, Selkoe DJ: Diffuse senile plaques
occur commonly in the cerebellum in Alzheimer disease. Am
J Pathol 1989, 135:309-319

5. Dickson DW, Farlo J, Davies P, Crystal H, Fuld P, Yen S-H:
Alzheimer disease. A double-labeling immunohistochemical
study of senile plaques. Am J Pathol 1988, 132:87-101

6. Wiedenmann B, Franke WW: Identification and localization
of synaptophysin, an integral membrane glycoprotein of Mr
38,000 characteristic of presynaptic vesicles. Cell 1985, 41:
1017-1028

7. Masliah E, Terry RD, DeTeresa RM, Hansen LA: Immuno-
histochemical quantification of the synapse-related protein
synaptophysin in Alzheimer disease. Neurosci Left 1989,
103:234-239

8. Masliah E, Terry RD, Alford M, DeTeresa RM, Hansen LA:
Cortical and subcortical patterns of synaptophysin-like im-
munoreactivity in Alzheimer disease. Am J Pathol 1990 (In
press)

9. Terry RD, Peck A, DeTeresa R, Schechter R, Horoupian DS:
Some morphometric aspects of the senile dementia of Alz-
heimer type. Ann Neurol 1981, 10:184-192

10. Masliah E, Terry RD, Alford M, DeTeresa RM: Quantitative
immunohistochemistry of synaptophysin in human neocortex:
An alternative method to estimate density of presynaptic
terminals in paraffin sections. J Histochem Cytochem 1990,
38:837-844

11. Masliah E, Hansen LA, DeTeresa R, Terry R: Confocal laser
imaging of synapse-plaque relationships in Alzheimer dis-
ease. J Neuropath Exp Neurol 1990, 49:335

12. Yamaguchi H, Hirai S, Morimatso M, Shoji M, Ihara Y: A
variety of cerebral amyloid deposits in the brains of the Alz-

heimer-type dementia demonstrated by fl-protein immuno-
staining. Acta Neuropathol 1988. 76:541-549

13. Masliah E, Cole G, Shimohama S, Hansen LA, DeTeresa R,
Terry RD, Saitoh T: Differential involvement of protein kinase
C isozymes in Alzheimer's disease. J Neurosci 1990, 10:
2113-2124

14. Hamos JE, DeGennaro LJ, Dachman DA: Synapse loss in
Alzheimer's disease and other dementias. Neurology 1989,
39:355-361

15. Masliah E, limoto D, Saitoh T, Hansen LA, Terry RD: Increased
immunoreactivity of brain spectrin in Alzheimer disease: a
marker for synapse loss? Brain Res 1990 (In press)

16. Davies CA, Mann DMA, Sumpter PQ, Yates PO: A quantitative
morphometric analysis of neuronal and synaptic content of
the frontal and temporal cortex in patients with Alzheimer's
disease. J Neurol Sci 1987, 78:151-164

17. Scheff SW, DeKosky ST, Price DA: Quantitative assessment
of cortical synaptic density in Alzheimer's disease. Neurobiol
Aging 1990, 11:29-37

18. Yamaguchi H, Nakazato Y, Hirai S, Shoji M: Immunoelectron
microscopic localization of amyloid beta protein in the diffuse
plaques of Alzheimer-type dementia. Brain Res 1990, 508:
320-324

19. Terry RD, Gonatas NK, Weiss M: Ultrastructural studies in
Alzheimer's presenile dementia. Am J Pathol 1964, 44:269-
297

20. Wisniewski H, Terry RD: Re-examination of the pathogenesis
of senile plaque. Progr Neuropathol 1973, 2:1-26

21. Kang J, Lemaire H-G, Unterbeck A, Salbaum JM, Masters
CL, Grzeschik K-H, Multhaup G, Beyreuther K, Muller-Hill B:
The precursor of Alzheimer's disease amyloid A4 protein
resembles a cell-surface receptor. Nature 1987, 325:733-
736

22. Koo EH, Sisodia SS, Archer DR, Martin LJ, Weidemann A,
Beyreuther K, Fischer P, Masters CL, Price DL: Precursor of
amyloid protein in Alzheimer disease undergoes fast antero-
grade axonal transport. Proc Natl Acad Sci USA 1990, 87:
1561-1565

23. Saitoh T, Sundsmo M, Roch J-M, Kimura N, Cole G, Schubert
D, Oltersdorf T, Schenk BD: Secreted form of amyloid beta
protein precursor is involved in the growth regulation of fi-
broblasts. Cell 1989, 58:615-622

24. Yankner BA, Dawes LR, Fisher S, Komaroff-Villa L, Oster-
Granite Ml, Neve RL: Neurotoxicity of a fragment of the amy-
loid precursor associated with Alzheimer's disease. Science
1989, 245:417-420

25. Whitson JS, Selkoe DJ, Cotman CW: Amyloid beta protein
enhances the survival of hippocampal neurons in vitro. Sci-
ence 1989, 243:1488-1490

Acknowledgments

The authors thank Dr. T. Saitoh and Dr. P. Shapiro for their critical
comments on the manuscript, and E. Michels for preparing the
manuscript.


