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Synaptic Changes in Alzheimer’s Disease

Increased Amyloid- B and Gliosis in Surviving Terminals Is
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In an effort to examine changes that precede synapse
loss, we have measured amyloid-3 and a series of
damage markers in the synaptic compartment of Alz-
heimer’s disease (AD) cases. Because localization of
events to the terminal region in neurons is problem-
atic with conventional methods, we prepared synap-
tosomes from samples of cryopreserved human asso-
ciation cortex, and immunolabeled terminals with a
procedure for intracellular antigens. Fluorescence
was quantified using flow cytometry. The viability dye
calcein AM was unchanged in AD terminals compared
to controls, and the fraction of large synaptosome
particles did not change, although a striking loss of
large terminals was observed in some AD cases. The
percent positive fraction for a series of pre- and
postsynaptic markers was not affected by AD in this
cohort. However, the amyloid-f-positive fraction in-
creased from 16 to 27% (P < 0.02) in terminals from
AD cortex. The expression level on a per-terminal
basis is indicated in this assay by fluorescence (rela-
tive fluorescence units). The fluorescence of presyn-
aptic markers did not change in AD terminals, but
PSD-95 fluorescence was decreased by 19% (P < 0.03).
Amyloid-f3 fluorescence was increased by 132% (P <
0.01), and glial fibrillary acidic protein labeling by
31% (P < 0.01). These results suggest that synapse-
associated amyloid-f3 is prominent in regions rela-
tively unaffected by AD lesions, and that amyloid ac-
cumulation in surviving terminals is accompanied by

gliosis and alteration in the postsynaptic structure.
(Am J Pathol 2004, 165:1809—-1817)

Despite abundant evidence supporting the amyloid cas-
cade hypothesis, the early molecular events that occur in
Alzheimer’s disease (AD) are not clear.” Loss of synaptic
terminals in AD brains demonstrates a higher correlation
with decreased cognitive function than cell death or
plaque development, which has led to the hypothesis that
disappearance of synapses is a key event in early cog-
nitive decline.? The best correlate of synapse loss in AD
is soluble rather than fibrillar forms of amyloid-gB protein
(AB).2 Transgenic mouse models that overexpress mu-
tant or wild-type amyloid precursor protein (APP) have
shown that synapse loss correlates with increased levels
of soluble AB rather than either APP level or amyloid
deposits. Further, synapse loss occurred even in the
absence of amyloid deposition.* The cellular location of
initial amyloid-related damage is controversial, but a
growing body of evidence suggests that intracellular ac-
cumulation of A precedes plague formation.®>® Recent
studies showing that perforant path and entorhinal corti-
cal lesions reduce amyloid deposition in terminal fields of
transgenic mice provide additional support for the hy-
pothesis that deposited amyloid may originate in the
synaptic compartment.”® However, the mechanism of
synapse loss in AD remain uncertain.

A large body of evidence supports the hypothesis that
the memory failure of AD, particularly early impairment, is a
result of synaptic dysfunction and loss, which is usually
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Table 1. Case Information for Synaptosome Samples

Age PMI Frontal Frontal Amyloid fluor. in
No. Sex (years) (hours) MMSE Atrophy Plaques terminals (RFU)
Controls
1 F 84 6 27 None None 18.05
2 F 91 4.4 29 Mod Mod 25.95
3 M 69 6.25 28 Mild None 19.93
4 M 90 10.75 27 None None 18.21
5 F 91 9 - Mild Sparse 13.45
6 F 92 7 25 None None 16.46
7 (Parkinson’s) F 83 517 12 Mod Sparse 50.9
8 (Parkinson'’s) M 79 3.3 - Mild Sparse 25.43
Alzheimer’s cases

1 F 77 4.25 7 Mod Mod 40.25
2 F 86 6 Mild Mod -

3 M 83 4 - Mild Mod 46.1
4 F 81 3.7 - Mod Mod 49.65
5 F 78 4.5 - Mod Mod 24.58
6 F 90 3.28 1 Mild Freq 30.29
7 F 80 3.4 0 Severe Freq 67.88
8 M 85 4.3 5 Mod Mod 95.27
9 M 66 5 1 Mild Mod 69.96
10 F 85 3.7 - Severe Mod 82.08

Plaque level refers to thioflavin-positive mature neuritic plaques with core; sparse (<5/field), mod (6 to 20/field), freq (21 to 30/field, or above). RFU,
relative fluorescence units for 10G4 antibody fluorescence measured by flow cytometry.

measured by synaptophysin immunoreactivity.° On the
other hand, presynaptic markers have also been shown to
increase in early AD,'® and synapse loss is often not de-
tected in transgenic models.’"'2 Preferential loss of
postsynaptic compared to presynaptic proteins in AD has
been suggested based on decreases in drebrin, a postsyn-
aptic actin-binding protein.’>'® A role for caspase activa-
tion and apoptosis in AD cell death and neuritic damage is
suggested by the detection of caspase-cleaved actin
around plaques in AD-affected cortex and in APP trans-
genic mouse brain."® Localized caspase activation within
terminals is supported by AB-induced caspase activation in
neurites'” and synaptosomes.'®

We hypothesized that synapse loss is associated with
localized neurotoxicity of terminal B-amyloid in the termi-
nals. Because definitive localization of neuronal events to
terminal regions is difficult with conventional methods, we
prepared synaptosomes from cryopreserved human tissue.
To examine surviving terminals for changes that occur be-
fore synapse loss, we measured viability markers and levels
of synaptic, proapoptotic, and AB proteins using flow cy-
tometry. Increased glial fibrillary acidic protein (GFAP) and
AB immunoreactivity were observed in AD terminals. These
changes were accompanied by selective synaptic marker
alterations in surviving terminals, namely a decrease in ex-
pression of postsynaptic PSD-95.

Materials and Methods

The monoclonal anti-AB antibody 10G4 has been de-
scribed previously, '® and the 7A6 antibody®° was provided
by S. Schlossman (Dana Farber Cancer Institute, Boston,
MA). Polystyrene microsphere size standards were pur-
chased from Polysciences, Inc. (Warrington, PA). The via-
bility dye calcein AM and Zenon mouse |IgG labeling kits for
dual labeling were purchased from Molecular Probes (San

Diego, CA). The following monoclonal antibodies were pur-
chased: anti-SNAP-25 (Sternberger Monoclonals Inc., Luth-
erville, MD), anti-PSD 95 (Upstate Biotechnology, Lake
Placid, NY), anti-GFAP, anti-synaptophysin, and anti-syn-
taxin (Sigma, St. Louis, MO), anti-synaptobrevin (Chemicon,
Temecula, CA), anti-BACE (R&D Systems, Inc., Minneapo-
lis, MN), and anti-APP (3E9; Medical and Biological Labo-
ratories Co., Ltd., Nagoya, Japan).

Human Brain Specimens

Samples of human association neocortex (Brodmann
area 7 and area 9) were obtained at autopsy from the
University of Southern California Alzheimer’s Disease Re-
search Center. Samples were obtained from 10 cases
diagnosed clinically and histopathologically with AD
(mean age, 84.9 years; mean postmortem delay, 6.48
hours), and from eight aged controls (mean age, 81.1
years; mean postmortem delay, 4.21 hours). Two control
cases had a clinical and neuropathological diagnosis of
Parkinson’s disease and were included in all analyses as
neurological controls. The mean mini-mental state exam-
ination (MMSE) for the control group was 24.7 (+2.6),
and for the AD group was 5.1 (=2.2). Some AD patients
were untestable. Ten independent experiments were per-
formed and, when possible, experiments compared one
AD case with one control case. Case details are pre-
sented in Table 1.

P-2 Preparation

Samples (1 g), were minced and slowly frozen on the day
of autopsy in 10% dimethyl sulfoxide and 0.32 mol/L
sucrose and stored at —70°C until homogenization on the
day of the experiment. This procedure has been previ-
ously optimized for the preservation of human brain sam-



ples.?! The P-2 (crude synaptosome) fraction was pre-
pared as described previously;?? briefly, samples were
rapidly thawed and homogenized in ice-cold 0.32 mol/L
sucrose in 10 mmol/L Tris buffer (pH 7.4) with protease
inhibitors (2 mmol/L EGTA, 2 mmol/L EDTA, 0.2 mmol/L
phenylmethyl sulfonyl fluoride, 4 wg/ml leupeptin, 4 wg/ml
pepstatin, 5 pg/ml aprotinin, 20 ug/ml trypsin 1). The
tissue was homogenized in a Teflon/glass homogenizer
(clearance, 0.1 to 0.15 mm) by eight gentle up and down
strokes at 800 rpm. The homogenate was spun at 1000 X
g for 10 minutes to remove nuclei and cell debris. The
resulting supernatant was centrifuged at 10,000 X g for
20 minutes to obtain the crude synaptosomal pellet. The
final pellet was washed with 2 ml of phosphate-buffered
saline (PBS) and centrifuged (4 minutes, 2000 X g, 4°C)
before immunolabeling.

Dye Labeling

Calcein AM (final concentration, 0.02 nmol/L) was diluted
in Krebs-Ringer phosphate buffer (KRP; 118 mmol/L
NaCl, 5 mmol/L KCI, 4 mmol/L MgSO,, 1 mmol/L CaCl,,
1 mmol/L KH,PO,, 16 mmol/L sodium phosphate buffer,
pH 7.4, and 10 mmol/L glucose) and added to 5- to 10-ul
aliquots of P-2 (total volume, 0.1 ml), incubated for 10
minutes at 4°C, then diluted in 0.5 ml of PBS for immedi-
ate flow cytometry analysis.

Immunolabeling of P-2 Fraction

P-2 aliquots were immunolabeled for flow cytometry anal-
ysis according to a method for staining of intracellular
antigens.?® Pellets were fixed in 0.25% buffered parafor-
maldehyde (1 hour, 4°C) and permeabilized in 0.2%
Tween 20/PBS (15 minutes, 37°C). The monoclonal anti-
bodies were diluted 1:1000 in 2% fetal bovine serum/
PBS. After a 30-minute incubation with primary antibody
at 4°C, pellets were washed two times with 1 ml of 0.2%
Tween 20/PBS, then incubated (20 minutes, 4°C) with
secondary antibody (fluorescein isothiocyanate-conju-
gated anti-mouse 1gG, Molecular Probes, San Diego, CA)
followed by two additional washes before resuspension
in KRP buffer for flow cytometry analysis. For the dual-
labeling studies shown in Figure 1, antibodies were la-
beled directly with Alexa Fluor 488 or 647 reagents ac-
cording to kit directions. This mixture was added to P-2
aliquots and incubated at room temperature for 30 min-
utes followed by two washes before flow cytometry anal-
ysis.

Biochemical Analyses

For Western analysis P-2 samples were electrophoresed
on a 10% Tris-glycine acrylamide gel (20 ng/lane) under
reducing conditions. Proteins were transferred to a poly-
vinylidene difluoride membrane (400 mA for 2 hours)
before blocking in 10% nonfat dried milk and 0.1% gel-
atin in PBS for 1.5 hours at 37°C. After incubation with
primary antibody for 3 hours at room temperature, blots
were rinsed and incubated in horseradish peroxidase-
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Figure 1. Presynaptic terminal in synaptosome preparation. Human cortical
P-2 preparations immunolabeled for SNAP-25 were dual-labeled for GFAP
(A, middle) and PSD-95 (A, right); background labeling is shown at the
left. B: Illustration of synaptosome components; cleavage planes during
homogenization are indicated by arrows.

conjugated goat anti-mouse (1:10,000) for 1 hour and
then developed with enhanced chemiluminescence (Am-
ersham Biosciences Corp., Piscataway, NJ). Films were
scanned with the Bio-Rad GS-700 imaging densitometer
(Bio-Rad Laboratories, Hercules, CA) and analysis of
variance statistics analyzed with Statview version 5.0.1
(SAS Institute Inc., Cary, NC). The sandwich enzyme-
linked immunosorbent assay for total AB has been de-
scribed previously.?* Briefly, the assay uses monoclonal
4G8 against AB17-24 (Senentek, Napa, CA) as the cap-
ture antibody (3 pg/ml), biotinylated 10G4 against
AB1-15 as the detecting antibody, and a reporter system
using streptavidin-alkaline phosphatase and AttoPhos
(JBL Scientific Inc., San Luis Obispo, CA) as the sub-
strate (excitation, 450 nm; emission, 580 nm). To mea-
sure insoluble AB, a 1:100 dilution of the guanidine-sol-
uble extracts was made with Tris-buffered saline
containing 5% bovine serum albumin and 1X protease
inhibitor cocktail (Calbiochem, La Jolla, CA), then centri-
fuged (16,000 X g, 20 minutes, 4C).

Flow Cytometry

Analysis was performed using a FACSCalibur flow cytom-
eter (Becton-Dickinson, San Jose, CA) equipped with a
488-nm argon laser and a 635-nm red diode laser. Sam-
ple flow rate was ~3000 events per second; 50,000
ungated events were collected for the analyses. A thresh-
old was set on forward light scatter (channel 42) to ex-
clude debris. Analysis was performed using FCS Express
software (DeNovo Software, Ontario, Canada). Statistics
were estimated from the data using the VassarStats web
site for statistical computation (http://faculty.vassar.edu/
lowry/vassarstats.html).
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Results

Synaptosomes from AD Cortex Are Intact and
Esterase-Positive

A widely used method for the in vitro study of synaptic
chemistry is the synaptosome preparation, which con-
tains neuronal terminals that have resealed into a func-
tional sphere during homogenization in isotonic sucrose
(Figure 1). We have developed a method enabling quan-
titative analysis of synaptic markers in a P-2 homogenate
using flow cytometry, and have recently compared syn-
aptosomes from fresh rat and cryopreserved human tis-
sue using our flow cytometry protocols.?®?” Synapto-
somes have historically been considered a preparation
for the study of presynaptic neurochemistry. However,
because the P-2 preparation has also been used to study
postsynaptic proteins including the NMDA receptor and
the dendritic spine protein RC3/neurogranin,?®2° and be-
cause GFAP mRNA is enriched in hippocampal synap-
tosomes,*° we have measured PSD-95, a postsynaptic
scaffolding protein for the NMDA receptor, and GFAP, an
astrocyte-specific intermediate filament protein, along
with presynaptic neuronal proteins. Dual labeling of hu-
man cortical P-2 preparations from the present cohort
reveals that both GFAP and PSD-95 co-localize with
SNAP-25, confirming that synaptosomes possess adher-
ent postsynaptic elements and astrocytic processes (Fig-
ure 1A). We did not observe differences in nonneuronal
elements between control and AD cases (data not
shown), and relatively few particles (~10%) contain only
GFAP or PSD-95 (Figure 1A). Based on previous evi-
dence®' and the present dual-labeling results, typical
cleavage planes that yield the particles analyzed in the
synaptosome fraction are illustrated (Figure 1B).

Using a viability dye, calcein AM, that labels only in-
tact, esterase-positive particles, we first examined the
hypothesis that fewer intact synaptosome particles would
be measured in AD cortex. Synaptosomes prepared from
cryopreserved cortex were labeled with calcein AM and
50,000 particles from each sample were collected and
analyzed by flow cytometry. Representative density plots
are illustrated in Figure 2, A through C, for fluorescence
versus forward scatter. Forward scatter is proportional to
particle size, and the position of 0.75-, 1.4-, and 4.5-um-
size standards is shown in Figure 2C. The calcein-posi-
tive fraction of P-2 particles (Figure 2, A and B) was
identified by an analysis gate based on background flu-
orescence in an unstained aliquot (Figure 2C). The viable
fraction did not differ between AD and controls; 63%
(x4.1, n = 5) of the P-2 fraction in controls was calcein-
positive, compared to 65% (+3.6, n = 7) for AD cases.
The ~65% integrity measured in cryopreserved human
tissue compares to 90% in freshly prepared P-2 from rat
brain,?® an expected decline in viability, given the much
longer postmortem interval (range, 3 to 10 hours) with
human cases.?’

Our previous work has shown that SNAP-25-positive
particles vary from 0.5 to 5 um in diameter, consistent
with electron micrograph observations of synaptosome
size. We next investigated the possibility that terminal
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Figure 2. A—C: Synaptosomes from normal and AD cortex stain with the
viability dye calcein AM. Flow cytometry analysis of calcein AM (30 nmol/L),
which labels esterase-positive particles with an intact membrane. The data
analysis gate is drawn to include specific labeling above background; percent
positive indicates percentage of total particles specifically labeled for calcein
AM. Forward scatter is proportional to particle size; data are from represen-
tative experiment with parallel measurements from normal and AD samples.
B-D: Loss of large synaptosomes in AD. Synaptosomes 1- to 5-um in size
based on standards (shown in C) are enclosed within the center analysis
gate; the percentage of total particles is indicated. Density plots illustrate loss
observed in some cases (B, C); data from 10 independent experiments
(50,000 events/sample) is summarized in graph D.

size varies in AD by drawing an analysis gate based on
forward light scatter, which is proportional to size. The
size-based gating analysis is illustrated in Figure 2, D and
E, for representative control and AD cases. The largest
particles are contained in the center analysis gate, which
contains only particles ~1to 5 um in diameter (based on
size standards illustrated in Figure 2C). In two AD cases,
a striking loss in the fraction of large synaptosomal par-
ticles was observed (Figure 2, D and E), suggesting
disappearance of large-diameter axonal terminals. This
loss of large synaptosomes in AD (Figure 2, D and E)
resembles the loss of large particles that we have ob-
served with our flow cytometry analysis after treatment of
synaptosomes in vitro with staurosporine.®? However, the
percentage of large synaptosomes was not decreased in
the AD samples compared to controls: the mean large
fraction was 27.9% (*2.8) in controls versus 24.2%
(+=1.8) in AD cases (Figure 2F).

Presynaptic Markers in AD Cortex Are
Preserved Despite Accumulation of AB in
Synaptic Terminals

Because flow cytometry measures fluorescence on a
per-terminal basis, quantitative data are obtained in two
dimensions: number of positives and brightness of fluo-
rescence. Therefore, changes in the fraction of marker-
expressing synaptosomes (percentage positive) can be
detected as well as changes in expression level per
terminal (indicated by relative fluorescence units). This is
in contrast to conventional biochemical techniques and a
key advantage of flow cytometry analysis.



A
background amyloid |labeling: Normal amyloid labeling: AD
10 w04
= % positive=2.33 = % positive=5.71 = positive=17.12
Q 1 9 w3 ) Q w L
= = =
32 10 =z WY -
k-] B )
? 10! E w0y E
& @ E L
100 100=F 100 S —
Wwow o @ W w w w W E
forw ard scatter (size) forw ard scatter (size) forw ard scatter (size)
B C
synaptic markers damage markers
80 80
@ Mormal @ HNormal
BAD BAD

% positive particles
Iy
=5

(5}
=
% positive particles
&
o

l.,

EI E WE
& & q}*&

P& @ .g 5 )
P AVl £ F

antibody ﬁé{b 2@‘

antibody

Figure 3. Size of percent-positive fraction for damage indicators in AD
versus cognitively normal. The P-2 fraction was immunolabeled with anti-
bodies directed against a series of markers for synapse damage and analyzed
by flow cytometry. The positive fraction was identified using an analysis gate
(A) to include particles labeled above background (left). Amyloid labeling is
shown for a representative normal case (middle) and AD case (right). The
size of the positive fraction is summarized for synaptic markers (B) and
damage markers (C). Ten independent experiments were performed (50,000
events/sample); *, P < 0.02, Student’s #test.

To elucidate mechanisms of synaptic loss operating in
AD brain, we immunolabeled synaptosome preparations
and quantified the level of five synaptic markers and five
damage indicators. Four presynaptic exocytotic proteins
were measured in the present study: SNAP-25 and syn-
taxin, which are expressed along presynaptic axonal
membranes (--SNAREs), and synaptophysin and synap-
tobrevin, which are both integral membrane proteins on
vesicles (v-SNAREs).*® PSD-95, part of a scaffolding
complex for the NMDA receptor,* was used to indicate
postsynaptic changes. The damage indicators measured
included GFAP as a measure of gliosis and the apoptosis
antibody 7A6, which identifies an antigen that is ex-
pressed on the mitochondrial membrane of cells that are
undergoing apoptosis.?° Three proteins related to amy-
loid accumulation were measured: 1) the 10G4 antibody
directed against residues 5 to 17 of the AB peptide,'® the
3E9 antibody directed against residues 18 to 38 of the
APP, and 3) the B-site APP-cleaving enzyme (BACE) that
is required for the initial APP cleavage that releases AB
peptide. The P-2 fraction was immunolabeled with mono-
clonal antibodies to each of these markers using a pro-
tocol for the staining of intracellular antigens in which
gentle fixation is followed by permeabilization with a non-
ionic detergent.®®

The positive fraction was identified by an analysis gate
that excluded background labeling measured in the
presence of an isotype-specific control antibody (Figure
3A, left), which also shows a representative AD versus
normal comparison for A labeling with the 10G4 anti-
body (Figure 3A, middle and right). Figure 3, B and C,
shows the size of the positive fraction for synaptic mark-
ers and damage markers. The positive fraction for SNAP-
25, syntaxin, and synaptophysin was almost identical,
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with each labeling ~60% of the total P-2 particles. This
result is consistent with the results in P-2 from fresh rat
brain, and indicates presynaptic neuronal component to
a majority of the particles in the homogenate.® In con-
trast, synaptobrevin labeled only 15% of the particles
above background, suggesting a more restricted distri-
bution. This result is consistent with immunocytochemical
observation of limited synaptobrevin expression in the
neuromuscular junction compared with syntaxin and
SNAP-25.35 Adherent postsynaptic elements are less fre-
quent than presynaptic elements in the population, with
PSD-95 labeling ~10% of the total.

An in vivo loss of synaptic terminals in AD cortex would
be expected to result in fewer resealed presynaptic ter-
minals in the homogenate compared to samples from
normal cortex. Because the P-2 homogenate contains
free vesicles and membrane fragments, and because
flow cytometry acquisition was set up for random acqui-
sition of 50,000 P-2 particles, synapse loss in the present
assay would be detected as a decrease in the positive
fraction for synaptic markers accompanied by an in-
crease in the background fraction, which contains the
nonsynaptosomal components in the P-2. AD did not
significantly affect the percent positive fraction of any of
the synaptic markers when the controls included the two
Parkinson’s cases (Figure 3B), although synaptobrevin
labeling showed a nonsignificant 38% decrease in AD
cases [from 15.8 (+4.7) 10 9.7% (=2.7)]. PSD-95 labeling
was nonsignificantly decreased by 28% [from 21.7
(£3.1)to 15.7 (+2.4)]. The decrease in both synaptobre-
vin becomes significant (P < 0.05, Student’s t-test) if the
demented Parkinson’s case with MMSE = 12 is removed
from the controls, and both synaptobrevin and PSD-95
are significantly reduced (P < 0.05, Student’s t-test)
when the two Parkinson’s cases are removed from the
control group, indicative of synaptic changes in the cor-
tex of the aged Parkinson’s patients in this cohort. Quan-
tification of synapse number is technically difficult, and it
is important to note that the exact relationship between
our measure and the number of synapses per unit of
cortical area is not clear. However, comparing four pre-
synaptic markers in this assay, the positive fraction for
synaptobrevin appears to be selectively altered by AD.

Figure 3C demonstrates that 50% (*3.0) of the parti-
cles in both AD and control groups possessed GFAP, a
marker for astrocyte processes. Labeling of synaptoso-
mal particles with GFAP is consistent with the intimate
supportive role that astrocytes play for neurons, and is
supported by electron microscope data showing close
association of astrocyte processes with synaptic re-
gions.3¢37 The proapoptotic antigen 7A6 fraction in syn-
aptic terminals was not significantly affected by AD; how-
ever, the relatively high fraction of particles positive for
the 7A6 antigen in the age-matched controls (46 = 4.2%)
was surprising and suggests the activation of synaptic
proapoptotic pathways in the cognitively normal aged or
possible postmortem effects. In freshly prepared rat syn-
aptosomes, 7AB-positive terminals were fewer than 7% of
the total (data not shown).

The fraction of terminals labeled for AB (Figure 3C)
increased from 16% (*+3.0) in aged controls to 27%
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case. Synaptic marker (B) and damage marker (C) fluorescence in AD cases
expressed as percentage of control; data from 10 independent experiments
(50,000 events/sample) is summarized in graph; *, P < 0.03, Student’s r-test.

(£4.0; P <0.02)in AD. ltis interesting to note that in three
of the eight normal controls, the number of AB-positive
terminals was increased more than 24% (data not
shown). Two of these three cases had a Parkinson’s
disease diagnosis and the demented Parkinson’s patient
with MMSE = 12 had grossly elevated terminal AB. Figure
3C shows that a relatively small percentage of synapto-
somes labeled for APP (7 = 1.4%) and BACE (6 = 1.3%)
in the control cases, and this fraction was not affected by
AD. The precise localization of cellular AB has been
difficult to determine; therefore, the presence of AB in
surviving terminals suggests that synaptic accumulation
of AB may be an indication of synaptic damage that
precedes synapse loss in AD.

Presynaptic SNAP-25 Expression Is Preserveqd,
but Synaptic Terminals from AD Cortex Exhibit
Decreases in Postsynaptic Structure, Large
Increases in AB, and Increased Gliosis

A change in the expression level of a damage marker in
the population corresponds to a change in brightness or
relative fluorescence. Figure 4A illustrates representative
fluorescence histograms from a case-control comparison
of synaptic damage indicators. In this comparison de-
creased fluorescence is observed in the AD case for the
postsynaptic marker PSD-95 (Figure 4A, left) and in-
creased fluorescence is measured for GFAP (Figure 4A,
middle) and AB (Figure 4A, right). Background staining is
indicated by the dashed line in each histogram; note that
in this case the AB level is near background. We sum-
marized fluorescence data from the entire cohort for syn-
aptic markers in Figure 4B and for damage markers in
Figure 4C. Presynaptic antigen expression was not sig-
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Figure 5. Western analysis of P-2 fractions. Representative lanes are shown
for seven cases in the cohort for PSD-95, GFAP, actin, and SNAP-25. Position
of size standards is indicated in middle. Densitometric scanning did not
reveal significant differences in expression level between normal cases (17 =
4) and AD cases (n = 7).
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nificantly different in AD terminals, but PSD-95 expres-
sion associated with synaptosomes was decreased by
19% (+£5.9; P < 0.03) on this per-terminal basis. Because
PSD-95 is an integral part of the cytoskeletal structure in
dendritic spines, this result suggests a breakdown or
alteration in the postsynaptic marker, consistent with a
loss of connectivity. GFAP levels were increased by 31%
(£5.8; P < 0.01), and AB levels detected by the 10G4
antibody were increased by 132% (*£36.9; P < 0.01).
This large increase in AB expression per terminal in as-
sociation cortex, taken together with the increase mea-
sured in the AB-positive fraction (Figure 3B), indicates
that AB accumulation in synaptic terminals is prominent in
regions relatively unaffected by AD lesions compared to
hippocampus and entorhinal cortex. The synapse-asso-
ciated increase in GFAP suggests that glial changes
occur around terminals expressing increased AB in AD
cortex.

Table 1 illustrates that synaptic amyloid levels are re-
lated to atrophy and plaques in AD cases, with relatively
high synaptic amyloid levels also measured in the de-
mented Parkinson’s case. Table 1 also reveals that the
second control case, in which moderate atrophy and
plagues were noted on the neuropathology report de-
spite a MMSE of 29, also showed relatively high synaptic
amyloid with our measure.

Western blots from representative P-2 samples in the
cohort are shown in Figure 5. Trends were observed for a
decrease in PSD-95 and increase in GFAP, but densito-
metric scanning did not reveal any significant differences
between normal cases (n = 5) and AD cases (n = 7). In
addition, no difference on Westerns was observed in the
expression of synaptophysin or the 7A6 antigen in AD
cases (data not shown), even with the addition of addi-
tional cases not in the present cohort. Western analysis
would be expected to be less sensitive than flow cytom-
etry, given that it is a one-dimensional measure that nec-
essarily includes all of the nonsynaptosomal particles in
the P-2. The increase in AB immunoreactivity measured
by flow cytometry is supported by enzyme-linked immu-



nosorbent assay for amyloid B, which showed an in-
crease in total AB from 77.49 pg/ug protein (=41, n = 4)
to 126.03 pg/ng protein in AD cases (+66, n = 6).

A positive correlation between AB fluorescence and
synaptosome size (forward scatter) in AD but not normal
cases was also observed, and this correlation was highly
significant despite the relatively small sample size (r =
0.898, P < 0.0001), ie, terminal size was increased in
samples with higher AB expression (data not shown).
This result is consistent with electron microscope obser-
vations of swollen processes and abnormal morphology
in AB-positive terminals,2® an interpretation of synaptic
pathology associated with AB that is supported by the
observation in some cases of disappearance of large
synaptosomes (Figure 1B).

Discussion

Synapse loss and dysfunction in AD is well document-
ed,>%® put the pathway(s) that lead to trimming of the
neuronal arbor before cell death have not been resolved.
Our results demonstrate synapse-associated AB labeling
in AD terminals. Moreover, we observed the loss of a
postsynaptic marker with preservation of three of four
markers on the presynaptic side in AD synapses, accom-
panied by local glial change.

Amyloid plaques and neurofibrillary pathology occur
relatively late in association neocortex, leading to the
proposal that synapse loss in frontal and temporal cortex
is the primary biological correlate of early cognitive def-
icits.?3° However, the degree of synapse loss that has
been reported in frontal cortex is variable; some authors
have observed significant loss early in AD,*° whereas
others have observed a biphasic change in which syn-
aptic markers are actually increased in mild to moderate
disease.’® One explanation proposed for an initial in-
crease is that early neuronal sprouting occurs in re-
sponse to tau aggregation and failed axonal transport. An
alternative explanation would be that AB induces aber-
rant sprouting as it does in animal models.’"'? We ob-
served slight SNAP-25 decreases in a few cases, but the
net trend for an increase in the expression of presynaptic
markers suggests that a sprouting response predomi-
nated in our sample. Interestingly, in animal models, pre-
synaptic marker loss is not evident or limited.""'?

Studies in transgenic mice have shown that cognitive
dysfunction and soluble AB levels rise months before the
appearance of amyloid plaques,*’ and a body of evi-
dence now suggests that soluble oligomeric forms of AB
are more toxic than fibrils.**>~** Intracellular accumulation
of AB before extracellular deposition has been suggested
as a mechanism for synaptic dysfunction and loss, and
our results showing increased terminal AB are supported
by electron microscope observations of AB42 accumula-
tion in both pre- and postsynaptic compartments.® Re-
cent observations that knife lesions of the perforant path-
way in transgenic mice reduce extracellular amyloid
deposits suggest that axonally transported APP is a likely
source of intraterminal AB,” but the cellular localization of
APP processing to AB remains unclear.
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The N-terminal AB antibody used in the present studies
does not distinguish between amyloid peptide species;
however, we have been unable to demonstrate increased
APP labeling with a series of APP monoclonal antibodies
in addition to the 3E9 antibody results shown here. Im-
portantly, localization of more soluble preamyloid has
been difficult, presumably because of masked epitopes
and/or peptide compartmentalization.*® For example,
GM1 ganglioside-bound amyloid, undetectable by com-
mon anti-AB antibodies without methanol extraction, has
been isolated from diffuse plaques and suggested as a
seed-forming species within lipid raft compartments.*64”
In light of previous evidence, and in the absence of
detection of other APP peptide species, the present re-
sults seem most likely to represent either increased APP
C-terminal fragments that contain the AB sequence, or
soluble AB peptide. Accumulations of AB oligomer, nota-
bly dimers, in lipid raft compartments in APP transgenic
mice and AD brain*® may, at least in part, reflect the
increases observed in synaptic terminals in the present
study.

The level of BACE in our assay was not affected by AD,
which is in contrast to other studies in which increased
BACE expression level and activity in AD cortex were
observed.***° Low levels of BACE signal in terminal re-
gions compared to whole brain homogenates may be
responsible for our inability to detect changes; however,
our results are consistent with findings that show in-
creased BACE activity but not BACE protein levels in
mouse models of AD and in aged human cortex.®’

Recent evidence indicates that astrocytes regulate the
formation, maturation, and maintenance of synapses in
the central nervous system,3® and that the peripheral
astrocyte process positioned next to the synaptic cleft
represents a separate astroglial compartment.®” In the
present results, the increased expression of GFAP in the
synaptosomal population is consistent with a mainte-
nance role in which GFAP up-regulation occurs in re-
sponse to initial localized damage and dysfunction in the
synapse. A dynamic synapse maintenance role is sup-
ported by recent evidence that glial-derived cholesterol
is responsible for enhancing the number of synapses in
cultured neurons.®2°3 In addition, glial processes in the
aging human brain have been observed to be wrapped
tightly around synapses, leading to the suggestion that
these processes aid in the phagocytosis and removal of
terminals.>*

A large body of evidence has shown that caspase
activation and apoptosis are induced by AB proteins, but
the precise contribution of caspase activation to Alzhei-
mer pathology is unclear.®® 7A6 antibody detects a mi-
tochondrial antigen that is expressed in cells that have
just begun to undergo apoptosis;®° this antigen is not
expressed in young adult rodents (data not shown). Be-
cause the mitochondria in the present study are in syn-
aptic regions, the relatively high levels of labeling that we
observe in the aged cohort in the present study (mean
age, 83 years) may indicate that apoptotic changes oc-
cur in synaptic regions as a part of neuronal aging.
Alternatively, some of the proapoptotic signal that we
observe may represent a postmortem autolysis effect.
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Because controls have slightly longer postmortem inter-
vals in our cohort than do AD cases and no postmortem
interval effect was observed (data not shown), 7A6 label-
ing presumably reflects premortem pathology.

The present observation that PSD-95 is decreased in AD
synaptosomes on a per-terminal basis is backed by recent
observations in our laboratory showing that PSD-95 de-
creases are greater than synaptophysin decreases in
APPsw (Tg2576) transgenic mice®® and in AD temporal
cortex (Calon F, unpublished observations). These results
are in line with previous work showing dramatic AD-related
decreases in drebrin, a protein involved in synapse plastic-
ity. "8 Like PSD-95, drebrin is a structural protein found in
dendritic spines that is an important determinant of den-
dritic morphology,®” leading to the proposal that caspase
activation in neurites may induce disorganization of the
actin filamentous network, including drebrin, with subse-
quent dyswiring between pre- and postsynapses.'® Deter-
mining the sequence of synaptic changes from observa-
tions at a single postmortem time point is difficult; however,
our ability to measure postsynaptic marker loss that is not
accompanied by significant presynaptic loss in a synapto-
some preparation may indicate that the postsynaptic ele-
ment is more vulnerable than the presynaptic side and
suggests it may degrade first. Also, early and larger alter-
ations in postsynaptic versus presynaptic mRNA levels
have been observed in aging dual APPsw and presenilin-1
transgenic mice.®®

Considered together, the present findings in AD synapse
regions suggests a pathway for synapse degeneration in
which amyloid accumulation results in synaptic dysfunction
that is manifested by selective pre- and postsynaptic
changes in surviving terminals. The actin filamentous net-
work in the more vulnerable postsynaptic side begins to be
degraded, and the decline in synapse function induces a
feedback response in which GFAP up-regulates in support-
ing astrocyte processes, and expression of exocytotic pro-
teins may increase on the presynaptic side. This sequence
provides a mechanism by which intracellular AB could re-
sult in trans-synaptic spread of AD pathology from presyn-
aptic sites to postsynaptic sites.®® Continued investigation
into pre- and postsynaptic mediators of AB damage and
identification of the amyloid species present in affected
terminals is needed for more detailed answers about mech-
anisms of initial synaptic damage before cell death in AD.
Future studies including mild cognitive impairment cases
and a range of dementia severity will be important to clarify
the sequence of changes observed in the present study.
Flow cytometry analysis provides the necessary precise
quantification and definitive synaptic localization in surviv-
ing terminals to answer important questions about the se-
quence of events before the disappearance of synapses.
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