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Quantification of synaptopbysinlike immunoreac-
tivity is a valuable method for studying the presyn-
aptic terminals in the normal and damaged nervous
system. The present report shows that in the control
brain, the predominant pattern of synaptic im-
munostaining in the neocortex was that of an
evenly distributed densely granular immunolabel-
ing of the neuropil, while in the paleocortex and in
subcortical areas of the brain most of the presyn-
aptic terminals were distributed along the dendritic
arborizations or around the neuronal somata. The
immunochemical and the immunobistochemical
analysis of the Alzbeimer’s disease tissue showed
that the frontal and parietal cortex presented the
most severe and widespread loss, with a 45% loss
in synaptophysin immunoreactivity. These areas
showed an average 35% loss of large neurons. The
visual cortex, bippocampus, entorbinal cortex, nu-
cleus basalis of Meynert, and locus ceruleus dis-
Dplayed some degree of loss, but to a lesser extent.
In addition to this loss, the basic patterns of orga-
nization of the presynaptic terminals were altered,
with the presence of abundant, enlarged synapto-
Dbysin-labeled terminals. This study further sup-
Dports the role of synaptic patbology in Alzbeimer’s
disease. (Am J Pathol 1991, 138:235-246)

Quantification of synaptophysinlike immunoreactivity is a
valuable method for evaluating the status of the central
nervous system presynaptic terminal populations in normal
and pathologic conditions."? Previous work with this
method showed significant synaptic loss in the Alzheimer’s
disease (AD) neocortex® and in the molecular layer of AD
hippocampus.* Studies comparing patterns of synapto-

physinlike immunoreactivity in other areas of AD brains
and the normal aged brain have not yet appeared. It also
remains to be determined whether synapse loss is a con-
sequence of the retrograde or anterograde degeneration
induced by cortical damage, and the extent to which syn-
aptic loss relates to neuronal loss. The present report 1)
compares the degree of presynaptic terminal loss in cor-
tical and subcortical regions of AD brain, and describes
the synaptic organization demonstrated by synaptophy-
sinlike immunoreactivity; 2) compares presynaptic terminal
loss with neuronal loss in different neocortical areas; and
3) provides further quantitative immunochemical data ob-
tained by Western blot analysis of control and AD nervous
system tissue, immunoreacted with the monoclonal anti-
body (SY38) against the presynaptic terminal vesicle pro-
tein synaptophysin® (p38).6

Materials and Methods
Samples

Ten autopsy cases from the Alzheimer's Disease Re-
search Center at the University of California, San Diego,
were used in the present study. Five of these cases had
clinical AD that was confirmed at autopsy histopatholog-
ically. The average age of the AD cases was 75 = 6
years, with a postmortem delay of 5.4 = 1.2 hours. The
other five cases were clinically and pathologically free of
neurologic disease. The average age of these control
cases was 72 + 13 years, with a postmortem delay of 6
+ 1.6 hours. In each case, the right hemibrain was frozen
at —70°C for further immunochemical and biochemical
analyses. The left hemibrain was fixed in 4% buffered
formalin for 5 days to preserve the relative antigenicity of
the tissue? because prolonged fixation has been shown
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Figure 1. Effect of antibody concentration
on synaptophysin immunoreactivity (38-kd
band) from homogenates of buman frontal
cortex. The protein concentration per lane
was 25 pg. The saturation and balf-satu-
ration points (determined by double-re-
ciprocal plot) were reached at concentra-
tions of anti-synaptophysin (SY38) of 1.5,
and 0.09 pg/ml, respectively. The usable
antibody concentration range was from
0.05 to 0.2 pg/ml. The integrated optical
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to alter synaptophysin immunohistochemical demonstra-
bility.” In each of the 10 cases, blocks were taken (as
defined elsewhere®) from the midfrontal (MF), inferior pa-
rietal (IP), superior temporal (ST), and striate (areas 17
and 18) neocortex, posterior and anterior hippocampus/
entorhinal cortex, basal ganglia, nucleus basalis of Meynert
(NbM), cerebellum, mesencephalon (at the level of the
oculomotor nucleus), and pons (at the level of the locus
ceruleus). The thalamus and olfactory system, because
of their neuroanatomic complexity, were not included in
this report and will be the subject of another study. The
tissue blocks were dehydrated, paraffin embedded, and
5-u-thick paraffin sections were mounted onto triple-
coated gelatin-alum slides.

Immunohistochemistry

Briefly, as previously described,?® reproducible results
were obtained by incubating the sections at 4°C over-

density of the immunoreactive band in the

0.8 1 Western blot is plotted as immunoreactivity

on the y axis.

night with the monoclonal antibody SY38 against
synaptophysin® (Boehringer Mannheim Laboratories, In-
dianapolis, IN; 4 ug/ml), followed by incubation in biotin-
ylated horse anti-mouse (Vector 1:100) and Avidin-D-HRP
(Vector Laboratories, Burlingame, CA; ABC Elite 1:75).
The reaction was visualized by developing the sections
in 40 mg of diaminobenzidine in 100 ml of 0.1 TRIS-HCL
containing 45 ul of H,O, (30%) for 15 minutes. All sections
were treated simultaneously under the same conditions.
The immunolabeling protocol was repeated twice in ad-
jacent 5-u-thick paraffin sections to assure reproducibility
of results.

Microdensitometry and Morphometry

Anti-synaptophysin-immunostained sections from the MF,
IP, ST, and striate (areas 17 and 18) cortex were studied
with the Cambridge 970 Quantimet (Cambridgde Instru-

immunoreactivity
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Figure 2. Effect of total protein concentra-
tion from buman frontal cortex homoge-
nate on anti-synaptophysin immunoreac-
tivity. Primary antibody was used at a con-
centration of 0.1 pg/ml; nonlinearity
became apparent at a concentration of
more than 4 pg total protein. The ideal
range of protein concentration was from 1
to 2 ug total protein. The integrated optical
density of the immunoreactive zone in the
dot blot is plotted as ‘immunoreactivity’ on
the y axis.
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Figure 3. Synaptophysinlike immunoreactivity in the buman neocortex. A: Layer IIl of the control frontal cortex displayed dense
granular immunostaining. B: The AD frontal cortex showed a significant decrease in immunoreactivity accompanied by strongly
reacting dystrophic neurites in the neuropil (solid arrow) and around degenerating neurons (arrow beads). C: Layer IV of the
control visual cortex (area 17) presented dense immunolabeling. D: In contrast, the AD visual cortex displayed a 25% decrease
in immunoreactivity as well as the presence of abnormal terminals (arrow) (X264).

ments, UK) as previously described.? The optical density
(OD) of the reaction product in the neuropil of layers Il to
V was measured and averaged. The same method was
used to quantify the immunoreactivity of the outer and
inner molecular layers of the dentate gyrus of the hippo-
campus. The OD of the white matter in each section was

Table 1. Loss of Neurons and Presynaptic Terminals
in AD Midfrontal Cortex

Synaptophysinlike Alzheimer
immunoreactivity disease Control %
(corrected OD)§ (n = 5) (n=5) Loss
Layer Il 110+ 32* 206 + 13 —47
Layer Il 123 + 42t 219+ 10 —44
Layer IV 128 + 37% 192+ 5 -34
Layer V 137 =+ 50% 233+ 13 —42
Large neuron counts
(>90 u)§ 258 + 99 380 + 103 -33
Small neuron counts
(40-90 p)§ 819 + 112 729 + 159 +11

AD, Alzheimer's disease; OD, optical density.

*P < 0.001.

1P < 0.002.

$P <001

§ Mean + SD.

subtracted to arrive at a corrected value (COD). Total cell
counts (glia, large and small neurons) were performed
with the Quantimet 970 in 20-u-thick cresyl violet-stained
sections of the MF, IP, and ST as previously described.®
Photomicrographs (Figures 3 and 5 to 12) of individual
fields in each comparison group were taken and pro-
cessed under identical conditions.

Table 2. Loss of Neurons and Presynaptic Terminals
in AD Inferior Parietal Cortex

Synaptophysinlike Alzheimer
immunoreactivity disease Control %
(corrected OD)* (n=15) (n=5) Loss
Layer Il 119 + 33t 250+ 15 —53
Layer Il 124 + 43t 278+ 18 —56
Layer IV 114 + 30t 232+ 20 —51
Layer V 120 + 431 289+ 20 -59
Large neuron counts
(>90 p)* 246 + 119 364 + 91 -41
Small neuron counts
(40-90 p)* 887 + 204 854 + 189 +4
AD, Alzheimer's disease; OD, optical density.
* Mean + SD.
1t P < 0.001.



238 Masliah et al
AJP January 1991, Vol. 138, No. 1

Table 3. Loss of Neurons and Presynaptic Terminals
in AD Superior Temporal Cortex

Synaptophysinlike Alzheimer
immunoreactivity disease Control %
(corrected OD)* (n=25) (n=195) Loss
Layer Il 151+ 27% 231+ 27 -35
Layer lll 150 £+ 22t 246+ 25 -40
Layer IV 147 + 12¢% 232+ 20 -37
Layer V 154 £ 36t 256+ 19 —-40
Large neuron counts
(>90 p)* 282 + 134 410+ 66 -32
Small neuron counts
(40-90 p)* 843 + 156 796 + 166 +6

AD, Alzheimer's disease; OD, Optical density.

* Mean + SD.

1P < 0.001.

1P < 0.002.

Immunochemical Detection
and Quantification

To determine optimal incubation conditions with respect
to concentrations of primary antibody (SY38, anti-syn-
aptophysin) and brain homogenate protein for immuno-
chemical quantitative studies, preliminary Western blot and
dot blot analyses were performed on whole frontal cortex
homogenates from a typical control case. Total protein
was quantified by the method of Lowry et al® and by a
modified Peterson microassay method.'® Multiple dilutions
of primary antibody (Figure 1) were tested on a blot of
uniform protein concentration using a multilane miniblotter

A

(Immunetics, Cambridge, MA). A dot blot was used to
assess the effect of protein concentration (Figure 2).
Working concentrations were chosen empirically from re-
sults that fell within a linear range while showing minimal
nonspecific binding profiles.

Brain homogenates from the right frontal cortex of five
control and five AD cases were separated into particulate
and cytosolic fractions as previously described.!" Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting were performed according
to the methods of Laemmili'2 and Towbin,® respectively.
Briefly, 1.4 ug of total protein (Figure 1) per well of each
fraction (from each case) were electrophoresed on 10%
SDS polyacrylamide gels (pH 8.8), blotted to nitrocellulose,
and blocked for 2 hours with 0.1% Tween 20 in phosphate-
buffered saline (TPBS). Blots were incubated with mouse
monoclonal anti-synaptophysin at a concentration of 0.1
ug/ml (PBS, 3% bovine serum albumin [BSA], pH 7.4)
(Figure 2) for 36 hours at 4°C, followed by rabbit anti-
mouse IgG (Accurate Chemical and Scientific Corp. New
York, NY) at 0.85 ug/ml (PBS-BSA) for 2 hours at 4°C,
followed by '®l-protein A (0.5 Ci/mi, PBS-BSA) for 2 hours
at 4°C.

Blots were autoradiographed on RPX-omat film in cas-
settes with Dupont CRONEX intensifying screens. Special
care was taken with regard to film exposure to ensure an
OD between 0.8 and 2.5, where film response is relatively
linear. The autoradiographs were scanned using a Phar-
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Figure 4. Synaptophysin immunodetection by Western blot analysis of the particulate fraction of the frontal cortex. A: Anti-synap-
tophysin detected a broad band with an apparent molecular weight of 38 kd. C = controls, A= Alzheimer. B: Immunoquantification
of the Western blot shows a significant decrease in synaptophysin immunostaining in AD. Bars are SEM. n = 5 controls, n = 5 AD
cases. The integrated optical density of the immunoreactive band in the Western blot is plotted as ‘Immunoreactivity’ on the y axis.



macia LKB Ultrascan laser densitometer (Pharmacia, Up-
salla, Sweden) for quantification of the 38-kd band. Areas
under peaks were determined by digital integration using
the Quantimet 970 and expressed in pixels. The integrated
OD of the immunoreactive band in the Western blot was
plotted as ‘Immunoreactivity’ in the y axis (Figure 4).

Results
Neocortex

The synaptophysinlike immunostained neuropil of frontal,
parietal, and temporal cortex displayed a characteristic
granular pattern with densest reactivity in layers |l, lll, and
V (Figure 3A, Tables 1 to 3). The AD samples from these
areas showed an average 45% + 8% decrease in im-
munoreactivity (Tables 1 to 3), probably relating to a de-
crease in the number of immunolabeled presynaptic ter-
minals (Figure 3B). These same AD cases showed av-
erage 35% =+ 4% loss of large neurons (Tables 1 to 3).

o < S

Figure 5. Synaptophysin immunostaining in the bippocampus. A: In the control molecular layer, the inner balf is relatively more
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Table 4. Semiquantitative Assessment of the
Synaptophysinlike Immunoreactivity in the IML and
OML of the Hippocampus and of the Neuronal
Population of the Entorbinal Cortex in AD

IML oML Entorhinal cortex
Case density* density * populationt
1 +4 -1 —4
2 +2 -2 -4
3 +4 +1 -2
4 +3 +1 -3
5 +4 -1 -2

IML, inner molecular layer; OML, outer molecular layer; AD, Alzheimer's
disease.

* Semiquantitative scoring of the synaptophysin immunostaining den-
sity—IML: +4 = intense increase, +3 = moderate increase, +2 = normal
level; OML: +3 = intense increase, +2 = moderate increase, +1 = normal
level, —1 = mild decrease, —2 = moderate decrease.

t Semiquantitative scoring of the neuronal population in niss| and thio-
flavine-S stained sections——4 = intense loss, —3 = moderately intense
loss, —2 = moderate loss, —1 = mild loss.

In addition, the AD sections demonstrated immunostained,
abnormally dilated neurites scattered in the neuropil and
in neuritic plaques (Figure 3B) in layers lll and V. The striate
neocortex presented a laminar immunolabeling pattern

W i '* ; T 5 p; 0% e

dense than the outer balf (X264). B: In AD some cases displayed a widespread decrease in immunoreactivity in the molecular
layer. In addition neuritic plaques (open arrow) with large synaptophysinlike immunoreacting terminals were found in the IML
(X264). C: Other AD cases showed increased immunoreactivity in the IML and scattered dystropbic neurites (arrow heads) in the
OML (X264). D: The subiculum presented neuritic plaques with synaptophysinlike immunolabeled abnormal terminals of different
sizes (arrows) (X328). GC, granular cells; IML, inner molecular layer; OML, outer molecular layer.
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with the densest staining in layer IV of area 17 (Figure 3C
and D). Alzheimer’s disease area 17 was decreased by
25% in the presynaptic terminal immunoreactivity in layers
Il, I, and V and by 7.5% in layer IV. In area 18, the AD
cases displayed a 15% decrease in the COD.

Western blot analysis of the frontal cortex homoge-
nates showed that the monoclonal antibody against syn-
aptophysin recognized a single band of 38 kd (Figure
4A), 99% detected in the particulate fraction. Consistent
with the immunohistochemical studies, the AD samples
of the frontal cortex displayed a 60% reduction of the
immunoreactivity of the 38-kd band (Figure 4B).

Hippocampus and Entorhinal Cortex

The control molecular layer (ML) of the hippocampal den-
tate gyrus displayed a poorly delineated bilaminar pattern
of immunostaining with denser immunoreactivity in the
inner molecular layer (Figure 5A). The AD samples showed

Figure 6. Synaptophysin immunoreactivity
of the cornus Ammonis. A: The control CA3
area presented a very dense labeling of the
neuropil, with negative neuronal cell bod-
ies (N) (X 145). B: The AD CA3 zone dis-
Dplayed some decreased immunoreactivity
in the neuropil and enlarged terminals
(solid arrows) around the pyramidal neu-
rons (N) (X145). C: Control CAl area
(X230). D: AD CA1 presented immuno-
reacting plaques (arrow) (X230). E: Con-
trol layer Il of the parabippocampal gyrus
(X 145). F: In AD there were focal areas of
decreased immunoreactivity with abnor-
mal neurites in the neuropil (arrow beads)

(X 145).

a trend toward decreased synaptophysin immunoreactivity
in the outer ML, which did not, however, correlate directly
with neuronal loss or tangle formation in the entorhinal
cortex (Table 4). The inner ML displayed a moderate in-
crease in synaptophysinlike immunoreactivity (Figure 5C).
A prominent feature of the ML of all AD cases was the
presence of anti-synaptophysin-immunolabeled abnor-
mally dilated neurites in association with senile plaques
(Figures 5B to D). The CA4 area of the control hippocam-
pus presented typical strongly immunoreacting individual
terminals distributed along dendritic trees (mossy fibers)
of pyramidal neurons. In contrast, CA3, CA2, and CA1
areas displayed a very densely populated neuropil (Figures
6A and C). The basic patterns of immunostaining were
preserved in the AD cases, although in some instances
the cornus ammonis showed focal areas of decreased
synaptophysin immunoreactivity (Figures 6B and D) and
dilated neurites scattered in the neuropil (Figure 6D). These
dystrophic terminals were larger than the ones observed
in the neocortex, and some of them were distributed
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Figure 7. Synaptophysin immunostaining of the AD entorbinal cortex. A: A low-power view of the entorhinal cortex revealed laminar
staining with denser reaction in layers Ill and V and lighter reaction in layers Il and IV (X20). B: The glomerate layer displayed
a relative decrease in immunostaining (X 100). Thioflavin-S revealed abundant tangles in this zone. C: Layer IV showed a moderate
decrease in immunoreactivity accompanied by abnormal dilated neurite (arrow bheads) (X 100).

around the perikarya of pyramidal neurons (Figure 6B).
The control entorhinal cortex displayed a typical laminar
arrangement of presynaptic terminals with decreased im-
munolabeling in layer I, and in the border between layers
IV and V. In contrast, layers lll, V, and VI showed denser
immunostaining (Figure 6E).

The entorhinal cortex in one AD case showed a sig-
nificant loss of granular labeling around the nests of neu-
rons in the glomerate layer (lamina Il) (Figures 7A and B).
Layers lll, V, and VI did not show any substantial decrease
in synaptophysin immunoreactivity, although all cases
displayed abundant dystrophic immunoreacting terminals
scattered in the neuropil or surrounding plaques (Figure
6F). Only layer IV presented a moderate decrease in im-
munoreactivity.

Basal Ganglia and Nucleus Basalis
of Meynert

The control caudate and putamen displayed an evenly
distributed, densely granular immunostaining pattern in
the neuropil (Figures 8A and C) with a 12% higher density

in the caudate. Immunostaining density of AD caudate
and putamen was similar to those of the control samples,
with the exception that in the AD tissue a moderate number
of immunoreacting dilated terminals was found (Figures
8B and D). The globus pallidus displayed a pattern com-
pletely different from the caudate and putamen. That is,
rather than the evenly distributed granular neuropil pattern
seen with anti-synaptophysin in the striatum, most of the
terminals observed in the globus pallidus were aligned
along the dendrites (Figure 9A). Significant differences
from controls were not observed in the AD globus pallidus
(Figure 9B).

The control NbM presented an immunostaining pattern
less dense than other subcortical nuclei. Some of the im-
munoreacting grains were located around the neuronal
somata and others were distributed along dendritic arbors
in the neuropil (Figure 9C). The AD NbM had a significant
decrease in density of both types of immunoreacting
granules (Figure 9D).

Brainstem and Cerebellum

The control substantia nigra displayed two different pat-
terns of synaptophysinlike immunoreactivity. In the pars
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Figure 8. Synaptophysin immunoreactivity in the basal ganglia. A: The control caudate nucleus displayed a dense neuropil labeling.
B: The AD samples showed staining intensity similar to the controls. C: Control putamen. D: In AD the immunostaining density of
the neuropil was similar to control putamen, altbough some abnormal terminals were found (arrow beads) (X230).

reticularis, most of the immunolabeled grains were dis-
tributed along dendritic trees (Figure 11A) of nonpig-
mented neurons. In contrast, the presynaptic terminals in
the pars compacta also were located around the melanin-
containing neurons (Figure 10A), as well as in a low-density
granular pattern in the neuropil. This latter pattern of im-
munoreactivity also was found in the locus ceruleus (Figure
10C). The oculomotor nucleus showed densely labeled
individual nerve terminals distributed in the neuropil (Figure
11C). The pontine nucleus presented a typical pattern of
synaptophysin immunostaining with a granular, densely
populated neuropil (Figure 11D). There were no significant
differences in the immunoreactivity patterns between AD
and controls in the substantia nigra (Figure 10B), oculo-
motor nucleus, or pontine nucleus. The AD locus ceruleus
displayed a decrease in the number of immunolabeled
neuropil grains (Figure 10D).

The control cerebellar vermis displayed fine granular
labeling of the molecular layer, with dense immunostaining
of prominent terminals around the Purkinje cells, and
strongly labeled glomerular synaptic complexes in the in-
ner granular layer (Figure 12A). The AD cerebellum (Figure
12B) presented a mild collapse of the molecular layer, but
there was no change in the basic patterns of immuno-
staining as compared to controls (Figure 12A).

Discussion

Previous quantitative electron microscopic studies in AD
biopsy'* tissue from the frontal cortex have shown a 27%
synapse loss in layer V and a 36% synaptic decrease in
layer V of the temporal cortex. Electron microscopic stud-
ies in autopsy material'® from AD cases demonstrated a
42% synaptic loss in layers Il and lll and 29% synapse
loss in layer V of the frontal cortex. The present report
indicates that in AD the frontal and parietal cortex show
the most widespread and severe presynaptic terminal loss,
with an average 45% decrease in synaptophysin immu-
noreactivity. These latter quantitative immunohistochem-
ical results are supported by Western blot analysis and
by recent immunochemical and immunohistochemical
studies with the membrane skeletal protein—brain spec-
trin, where increased immunoreactive degradation prod-
ucts are indicators of synapse and neuronal degenera-
tion."™ The visual cortex, hippocampus, and entorhinal
cortex also displayed some synapse loss, but only focally
and to a lesser extent. In contrast, areas such as basal
ganglia'” and cerebellum, which are known not to be se-
verely affected in AD, were not marked by a substantial
terminal loss. Only in the NbM and locus ceruleus was
there significant synaptic decrease. These findings are
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Figure 9. A: The control globus pallidus presented a characteristic granular immunolabeling around dendrites (arrows). B: The

AD globus pallidus presented a preserved immunostaining pattern around the dendrites. C: The control NoM showed immunostained
presynaptic terminals around the cell bodies of neurons (arrow bead) as well as scattered in the neuropil (arrows). D: The AD

NbM displayed a moderately severe decrease in immunolabeled nerve terminals (X265).

consistent with our previous report® and support the idea
that AD is characterized by extensive presynaptic terminal
loss, especially in the neocortex.

The possibility that these immunohistochemical find-
ings in AD neocortex are the results of fixation or post-
mortem delay rather than specific damage to presynaptic
terminals is unlikely because 1) the decreased immuno-
staining was found in specific areas of the neocortex rather
than as a diffuse and widespread loss, 2) the immunohis-
tochemical findings in the neocortex were paralleled by
the results of Western blot analyses (of unfixed tissue),
3) the various patterns of immunostaining in different cor-
tical and subcortical regions were consistent with the syn-
aptic distributions reported in previous electron
microscopic'®2' and immunohistochemical studies,? and
4) the immunostaining densities observed in the basal
ganglia were consistent with previous immunochemical?
and immunohistochemical studies.?®2* Our confidence in
the ability of this method to quantify synapse loss is bol-
stered further by the finding of time-dependent changes
in synaptophysin immunoreactivity in denervated molec-
ular layer of the rat with unilateral transection of the per-
forant pathway,? as predicted by electron microscopic
studies.®®

The mechanisms underlying synapse loss in the AD
neocortex are largely unknown, but possible explanations
include 1) presynaptic terminal loss is secondary to neo-
cortical and subcortical (eg, NbM) neuronal loss, or 2) the
diminution in synapses in AD is a primary pathologic pro-
cess due to an agent (or agents) damaging synapses or
altering biochemical pathways involved in the maintenance
and regulation of synapses and neurons. Peptides related
to the amyloid precursor protein may well play a role in
this latter hypothesized pathogenesis because one in-
vestigation demonstrated that the amyloid beta protein
enhances survival of hippocampal neurons in vitro.2” Ab-
normal processing of the precursor protein could result
in a deficiency of this trophic effect causing synaptic loss.
Meanwhile other studies showed that different fragments
of the amyloid beta protein precursor are involved in the
regulation of fibroblasts?® and have neurotoxic effects on
hippocampal neurons in vitro.?

As to the possible biochemical pathways involved in
synapse and neuronal maintenance that could be altered
in AD, it was shown that protein kinase C plays an im-
portant role in long-term potentiation® and synapse mod-
ulation.®' In AD, brain levels of this kinase are reduced,®
and subtypes alpha, beta |, and beta Il are present in the



Figure 10. Synaptophysin immunostaining in the brain stem. Control (A) and AD (B). In the pars compacts of the substantia nigra,
immunolabeled synapses were distributed along dendrites with fewer around the pigmented neurons (N). Significant and consistent
differences were lacking. Control (C) and AD (D) locus ceruleus. In AD there was a decreased number of perineuronal (N) and
neuropil presynaptic terminals (arrows). The arrow beads indicate extraneuronal melanin (X265).
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Figure 11. Miscellaneous patterns of synaptophysinlike immunoreactivity in AD. A: Pars reticularis of the substantia nigra (X 100);
B: lateral geniculate body (X20); C: oculomotor nucleus (X230); D: pontine nucleus (X 100).
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Figure 12. Synaptophysinlike immunoreactivity of the cerebellar vermis. (A) In the control cerebellum anti-synaptophysin labeled
fine terminals in the molecular layer (ML) as well as terminals (arrows) around Purkinje cels (PC) and the glomerular synaptic
complexes (arrow beads) in the granular cell layer (GL). B: In AD the basic patterns of immunostaining were preserved despite
some atrophy (X250).

different pathologic components of the neuritic plaque.®
The present study shows that percentage neocortical
presynaptic terminal loss is greater than percentage loss
of large neurons in the same cortical areas. Interestingly,
in this small series of five AD brains and five controls,
synapse loss is a more sensitive indicator of the presence
of AD than is loss of large neurons. Although large neuron
populations are diminished in AD brains relative to controls
when large numbers of cases are compared,® in this report
synapse quantifications show statistically significant dif-
ferences between AD and controls while large neuron
counts do not (Tables 1 to 3). These findings might well
be interpreted as implying that synapse loss precedes
neuron loss and that the synapse damage is primary rather
than a secondary reflection of degeneration occurring in
the perikaryon.

Another consistent finding, which may be related to
synapse pathology and alteration of the organization of
the presynaptic terminals in the AD brain, was the pres-
ence of large synaptophysinlike immunoreacting dilated
terminals, distributed around amyloid plaques and scat-
tered in cortical and subcortical neuropil. These abnormal
terminals are also chromogranin A positive,® and some
of them have been reported to contain different neuro-
transmitters.® It has been proposed that these plaques
originate from degenerating NoM terminals,® but studies
in the plaque-free AD reticular thalamic nucleus® suggest
that cortical plaque formation is probably a local process
rather than a consequence of NbM degeneration. Electron
microscopic studies in the AD neocortex demonstrated
that the synapse deficit is associated with a significant
increase in the diameter of the synaptic disc in layer V.'4'®
The abnormal immunoreacting neurites scattered in the
neuropil in cortical and subcortical areas may correspond
to these enlarged terminals. The presence of synaptic
vesicle-associated proteins (synaptophysin and chrom-

ogranin A) in these abnormal terminals suggests that some
of the dystrophic neurites represent regenerating or de-
generating presynaptic terminals responding to local syn-
apse damage and loss in the AD neocortex.
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