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Loss of the Presynaptic Vesicle Protein Synaptophysin in Hippocampus Correlates with

Cognitive Decline in Alzheimer Disease

CHUN-I Szg, MD, JuaN C. TRoNCOsO, MD, CLaupiA Kawas, MD, PETER MouToN, PHD,
DonNALD L. PrICE, MD, AND LEE J. MARTIN, PHD

Abstract. We tested the hypothesis that synaptic defects in the hippocampus of individuals with Alzheimer disease (AD)
correlate with the severity of cognitive impairment. Three postmortem groups were studied: controls with normal and stable
cognition; cognitively intact subjects with senile plaque densities diagnostic for possible AD (p-AD) and neurofibrillary
changes characteristic of early AD (Braak stage 1II); and individuals with definite AD and neurofibrillary changes typical of
incipient to severe AD (Braak stage III, V, or VI). Synaptophysin (a presynaptic vesicle protein) levels were quantified by
immunoblotting of synaptic membrane fractions isolated from hippocampus, entorhinal cortex, caudate nucleus, and occipital
cortex. Average synaptophysin levels were reduced in hippocampus when comparing definite AD to controls (55%, p <
0.0001), p-AD to control (25%, p < 0.005), and definite AD to p-AD (30%, p < 0.05), but levels in entorhinal cortex,
occipital cortex, and caudate nucleus were either unchanged or less significantly altered than in hippocampus. By univariate
analysis, hippocampal synaptophysin levels correlated with neuropsychological measurements, including Mini-mental state
examination scores (r = 0.83, p < 0.0001) and Blessed scores (r = 0.74, P < 0.001), and with senile plaque densities (r =
0.89, p < 0.0001). We conclude that synaptic abnormalities in the hippocampus correlate with the severity of neuropathology
and memory deficit in individuals with AD, and that this defect may predate neuropsychological evidence for cognitive

impairment early in AD.

Key Words:

INTRODUCTION

Progressive impairments in memory and cognition oc-
cur with aging and, more profoundly, with Alzheimer dis-
ease (AD), but the mechanisms are not understood. A
large proportion of the elderly population has impair-
ments in memory and cognition (1). Many (15 to 20%)
individuals >65 years of age will experience mild mem-
ory impairment (2). A significant proportion (5 to 7%)
of these elderly individuals with mild memory problems
will become demented, the majority having AD (1). The
prevalence of AD in elderly individuals doubles every 5
years between 65 and 85 years of age (3, 4). Initially, it
can be difficult to distinguish between benign, age-
associated memory impairments and the early manifes-
tations of AD. In this context, it is important to identify
markers for early AD.

Synapses are the principal unit of intercellular com-
munication in neural circuits, and long-term potentiation
of hippocampal synaptic function is important in animal
models of memory and learning (5, 6). Assessment of the
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regional integrity of synapses in the brains of elderly hu-
mans relies on prospective neuropsychological and neu-
rological evaluations or, in postmortem brain, quantitative
ultrastructural evaluation of synaptic density and immu-
nological detection of synaptic proteins. Based on these
approaches, synaptic loss in neocortex has been postulated
to be associated with the cognitive and memory impair-
ments in normal elderly individuals (7, 8) and in subjects
with AD (9-15). However, only a few studies have iden-
tified correlations between mental status test scores and
counts of presynaptic terminals in AD neocortex as deter-
mined by electron microscopy (12) or levels of presynaptic
enyzmes in AD neocortex as determined by neurochemical
assay of choline acetyltransferase (16), and only 1 study
(14) has shown correlations between cognitive deficits and
decrements in immunologically detectable synaptophysin
in the neocortex of individuals with AD. These findings
raise several questions. Does synaptic loss occur in aged
individuals without clinical evidence of memory deficits,
or is synaptic loss primarily an end-stage event associated
with the profound neuropathology of AD? Is there a brain
regional selectivity for the loss of synapses in normal ag-
ing and AD? Surprisingly, despite the well-established role
of hippocampus in memory and learning (17, 18) and its
vulnerability in AD (19), few studies have attempted to
identify relationships between indices of synaptic integrity
in hippocampus and neuropsychological function in elder-
ly populations (20).

To address these questions, we used quantitative im-
munoblotting (21, 22) to test the hypothesis that abnor-
malities in the levels of the presynaptic vesicle protein
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TABLE 1
Autopsy Cases Used for Immunoblotting Assay
Post-
mortem Free
Case delay MMSE Blessed recall Braak
no. Age/Sex (hours) score! score? score stage Cause of death
Control 732 93/ M 5 292 1 24 — Pneumonia
827 79/M 10 29 0 30 — Cardiac arrhythmia
1013 91/M 10 29 2 31 — Prostate carcinoma
1036 81I/M 20 30 1 37 — Pneumonia
1172 7™M 13 26 8 29 — Cardiac arrhythmia
1189 89/M 5 27 2 26 — Metastatic prostate carcinoma
P-AD 1101 79/F 11 26 4 13 111 Renal and cardiac failure
(early AD) 1104 82/F 14 27 1 n/a I Pancreatic carcinoma
1139 87/M 11 28 1 26 III Pneumonia
1141 91M 16 30 2 33 m Metastatic prostate carcinoma
AD 916 86/F 4 24 7 23 I Pneumonia
1143 83/M n/a 24 7 24 111 AD
1177 92/F 20 16 16 7 \Y% Abscess, sepsis
400 7IM 5 22 8 n/a \' AD
941 83/F 15 15 18 n/a V1 AD
1164 74/M 19 13 214 n/a VI Pneumonia

I The mean interval between last MMSE score and time of death was 25.8 months with a range of 1 month to 49 months.

2 Derived from Blessed score (28).

3 The mean interval between last Blessed test and time of death was 14.5 months, with a range of 1 month to 38 months.

4 Converted from MMSE scores (28).

synaptophysin occur in the hippocampus of elderly hu-
mans with intact cognition and the neuropathology of ear-
ly or possible AD (p-AD) and in demented individuals
with AD. We used postmortem brain samples from el-
derly subjects who had undergone prospective longitu-
dinal, neurological, and cognitive evaluations shortly be-
fore death and up to 5 years prior to death and who had
received a detailed neuropathological evaluation (23). In
individuals with definite AD, loss of synapse marker in
hippocampus correlated strongly with the severity of cog-
nitive deficit and with neuropathology. In individuals
with p-AD and a Braak stage diagnostic for early AD,
loss of hippocampal synaptophysin was detected, despite
normal cognitive scores. We conclude that presynaptic
defects in hippocampus could precede the clinical occur-
rence of memory and cognitive impairment in early AD.

MATERIALS AND METHODS
Subjects and Clinical Evaluation

Most subjects (13 of 16) used in this study were examined
according to the Baltimore Longitudinal Study of Aging
(BLSA) protocols (24), including a comprehensive medical his-
tory, complete neurological examination, and a battery of neu-
ropsychological tests. The non-BLSA subjects (3 of 16) were
enrolled in the Alzheimer Disease Research Center at Johns
Hopkins. The mental status test scores that were used to estab-
lish correlation with synaptophysin levels in this study were the
Mini-mental State Examination (MMSE), Blessed, Free Recall,
Spatial Location, and Delayed Recall (23).

J Neuropathol Exp Neurol, Vol 56, August, 1997

Neuropathology

Postmortem brain samples from 3 age-matched groups of in-
dividuals were analyzed (Table 1). Paraffin-embedded blocks of
hippocampus (anterior and mid-hippocampus), occipital pole,
and caudate from formalin-fixed brains (the left hemisphere)
were sectioned (10 wm) and stained using the Hirano silver
method, which in our experience is the most sensitive method
for the detection of neuritic and diffuse SP (23). Relative den-
sities of SP in CAl, entorhinal cortex, occipital cortex, and
caudate were determined using the Consortium to Establish a
Registry for Alzheimer’s Disease (CERAD) protocol, which ad-
vocates the use of SP counts rather than neurofibrillary tangle
counts for the neuropathological diagnosis of AD (25). Diffuse
SP were identified as amorphous or fibrillary extracellular ar-
gyrophilic structures, and neuritic SP had readily identifiable
swollen axonal/dendritic processes (23). In 3 different 1 mm?
fields in each region, the number of diffuse and neuritic SP
were counted. Average counts (representing combined types of
SP) were expressed as SP per mm?. In addition, the subjects
were evaluated according to the Braak neuropathological stag-
ing scheme, which relies on neurofibrillary changes for the clas-
sification of AD (26). Neurofibrillary changes in Hirano sil-
ver-stained sections were evaluated at 3 levels to ascertain the
Braak stage (26): anterior hippocampus (through the uncus),
mid-hippocampus (at the level of the lateral geniculate nucleus),
and occipital pole (including area 17 and the para- and peri-
striate regions).

Immunoblotting

Samples from the entorhinal cortex (Brodmann area 28), hip-
pocampal formation (primarily CAl), caudate nucleus (rostral
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Fig. 1. Location of single punch samples that were taken for immunoblot analyses. Slabs A-C (from a formalin-fixed control
brain) are shown to identify the precise location of the samples that were obtained from unfixed frozen hemispheres. Solid white
ellipses indicate regions that were punched from the anterior caudate nucleus (CN, level A), hippocampus and entorhinal cortex
(CA1 and EC, level B), and visual cortex (Al7, level C). The orientation of the slabs is indicated by the arrows (S, superior; L,
lateral).

head), and primary visual cortex (Brodmann area 17; identified
by the line of Gennari) were used for quantitative immuno-
blotting (Fig. 1). Samples of caudate and striate cortex were
intended for internal controls. Using a 2 or 4 mm Acu-Punch
(Acuderm Inc., Fort Lauderdale, Florida), samples (0.3 to 0.5
g) were obtained from fresh-frozen postmortem brain slabs of
the right hemisphere (Fig. 1) that were stored at —70°C and
warmed to —20°C. As described previously (21, 22), samples
were homogenized with a Brinkman Polytron in cold 20 mM
Tris HCI (pH 7.4) containing 10% (wt/vol) sucrose, 20 U/ml
aprotinin (Trasylol), 20 pg/ml leupeptin, 20 pg/ml antipain, 20
pg/ml pepstatin A, 20 pg/ml chymostatin, 0.1 mM phenylmeth-
ylsulfonyl fluoride, 10 mM benzamidine, 1 mM EDTA, and 5
mM EGTA. Crude homogenates were centrifuged at 1,000 g,
for 10 minutes (min). The supernatant (S1 fraction) was then
centrifuged at 114,000 g,, for 20 min. The resulting pellet (P2
fraction) was washed in homogenization buffer (without su-
crose) 3 times by resuspension, followed by centrifugation at
114,000 g,, for 20 min. The final pellet (P2 fraction) was re-
suspended fully in this buffer supplemented with 20% (wt/vol)

glycerol. Protein concentrations were measured by a Bio-Rad
protein assay with bovine serum albumin as a standard.

The levels of synaptophysin (p38) and B-tubulin immuno-
reactivities were quantified by immunoblotting. To establish
linearity of the immunoblot assay and, thus, demonstrate that
synaptophysin and B-tubulin immunoreactivities were not sat-
urated by loading excessive amounts of protein, a standard
curve was created by loading 0.5, 1.0, 10, 15, 20, and 30 pg
of P2 fraction protein to each lane. Based on the results of the
standard curve (Fig. 2), 15 pg of P2 fraction protein was de-
termined to be optimal for comparisons between samples. All
samples were subjected to 10% sodium dodecy! sulfate poly-
acrylamide gel electrophoresis and transferred to nitrocellu-
lose membrane by electroblotting (21, 22). Blots were blocked
with 2.5% nonfat dry milk with 0.1% Tween 20 in 50 mM
Tris-buffered saline (pH 7.4), then incubated overnight at 4°C
with mouse monoclonal antibody against synaptophysin
(SY38, Boehringer Mannheim, stock concentration 1 mg/ml),
diluted 1:10,000 (0.1 pg/ml). For B-tubulin levels, membranes
were incubated with monoclonal anti-B-tubulin (Amersham,

J Neuropathol Exp Neurol, Vol 56, August, 1997
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Fig. 2. Standard curve analysis of immunoreactivity for synaptophysin and B-tubulin demonstrates the linearity of the assay
method. Immunoblots of synaptophysin and B-tubulin were generated by loading increasing amounts (0.5 to 30 g) of total
protein in extracts of crude synaptic membranes from human hippocampus (case 1036). The relative OD (y axis) of resulting
immunoreactivity was plotted against protein amount (x axis). Corresponding immunoblots that were quantified are shown (top).

Arlington Heights, Illinois) at a 1:20,000 dilution (0.05 g/
ml). After the primary antibody incubation, membranes were
washed and incubated with peroxidase-conjugated secondary
antibody (0.2 pg/ml) and developed with enhanced chemilu-
minescence (Amersham).

The reliability of sample loading and electroblotting in each
experiment was evaluated by staining membranes with Ponceau
S before immunoblotting. Because B-tubulin levels in the brain
have been shown to be unchanged in AD (27), each blot was
probed for B-tubulin. Thus, as best as possible, we ensured that
equivalent amounts of protein were loaded in each lane and that
transfer was comparable.

To quantify synaptophysin and B-tubulin immunoreactivities,
films were scanned using a Macintosh Adobe Photoshop pro-
gram and an Agfa Arcus Plus scanner. Densitometric analysis
was performed using signal Analytics IP Lab Gel software.
Synaptophysin and B-tubulin protein levels were expressed as
relative optical density (OD) measurements, determined by
comparing the density and area of the immunoreactive band in
each lane scanned to control lanes in the same blot. The relative
values for each case were replicated in duplicate or triplicate
experiments.

Statistical Analyses

The OD for synaptophysin and B-tubulin immunoreactivities,
numbers of SP, and mental status measurements (i.e. MMSE,
Blessed, Free Recall, Delayed Recall, and Spatial Location
scores) were assessed by student r-test, ANOVA, simple and
multiple regression, and Spearman correlation procedure to
evaluate statistically significant changes among groups.

J Neuropathol Exp Neurol, Vol 56, August, 1997

RESULTS
Characterization of Subjects

The groups of subjects evaluated in this study were
characterized as definite AD, possible AD or early AD,
and normal controls (Tables 1 and 2). Individuals with
definite AD (n = 6; age range, 74 to 92 years; postmor-
tem delay, 4 to 20 hours [h]) had a clinical history of
dementia and high densities of SP in hippocampus, en-
torhinal cortex, neocortex, and caudate (Tables 1 and 2).
The Braak stages of the definite AD cases were either
stage III (cases 916 and 1143), stage V (cases 400 and
1177), or stage VI (cases 941 and 1164). Thus, the se-
verity of neurofibrillary pathology was variable in the
definite AD cases. In the entorhinal cortex of definite AD
cases, neurofibrillary tangles were concentrated in layer
2; however, they could be found either uniformly
throughout this layer (Fig. 3A) or in clusters (Fig. 3B),
while deeper layers had varying densities of SP. The du-
ration of cognitive dysfunction in cases of definite AD
ranged from 2.1 to 10 years (Table 1). Subjects who had
normal cognitive scores but sufficient numbers of SP in
neocortex for the diagnosis of AD (Tables 1 and 2) were
classified as p-AD (n = 4; age range, 79 to 91 years;
postmortem delay; 11 to 16 h). The neurofibrillary
changes in these 4 subjects were typical of Braak stage
III and could thus be regarded as early AD (26).
Throughout the entorhinal cortex of early AD cases, the
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TABLE 2
Average Synaptophysin Levels and Senile Plaque Densities
Hippocampus Entorhinal cortex Occipital cortex Caudate
OD=*SE! SP+SE? OD=*SE SP*SE OD*SE SP+SE OD=*SE SP+SE
Control 95 £33 24+24 88 £59 33x33 88 * 5.6 1.6 £ 1.6 76 = 105 03 *0.3
P-AD 70 + 6.0 14 + 0.8 69 + 10 32 + 63 55109 16 +*6.2 54 £ 158 26 *34
(early AD)
AD 40 £ 9.2 26 £ 3.2 62 £ 12 54 + 12 68 * 8.1 40 = 4.7 68 = 5.7 29 £ 49

! Synaptophysin values represent mean * standard error (SE) of % optical density. Averages are based on 6 control cases, 6

definite AD cases, and 4 p-AD cases.

? Values represent average senile plaques (SP)/mm? * standard error (SE).

neurofibrillary changes in layer 2 were not of uniform
severity (even in the same case); some regions of ento-
rhinal cortex had more frequent neurofibrillary tangles
than other fields of entorhinal cortex (Fig. 3C, D). Nor-
mal controls (n = 6; age range, 77 to 93 years; post-
mortem delay, 5 to 20 h) had no evidence of neuropsy-
chiatric disorders, had stable cognitive performance over
the years, and had few SP in hippocampus, entorhinal
cortex, neocortex, and caudate (Tables 1 and 2). Scattered
neurofibrillary tangles were found in layer 2 of the en-
torhinal cortex in normal controls (Fig. 3E), consistent
with our previous studies of the BLSA cohort (23). Based
on autopsy reports, there was histopathological evidence
of heart disease in 5 out of 6 control cases, 1 out of 4
p-AD cases, and 2 out of 6 definite AD cases.

Immunoblot Assay System

The detection of relative amounts of synaptophysin
and B-tubulin immunoreactivities (determined by OD) in
crude synaptic membrane homogenates with enhanced
chemiluminescence was linear over a range of protein
concentrations from 0.5 to 30 pg (Fig. 2). Therefore, the
assay system was not saturated because of excessive
amounts of sample and high concentrations of reagents.
The monoclonal antibodies to synaptophysin and @-
tubulin were highly specific, and this specificity in human
brain was not altered by the presence of disease or post-
mortem autolysis ranging from 4 to 20 h. In hippocampus
(Fig. 4), entorhinal cortex, occipital cortex, and caudate
nucleus of controls and individuals with AD, the antisyn-
aptophysin antibody detected a band of proteins at 38
kDa, and the anti-8-tubulin antibody detected a band of
proteins at 55 kDa. The M, of these proteins was unal-
tered in cases of AD compared with controls.

Abnormalities in Synaptophysin Levels Occur in the
Hippocampus of Individuals with
Definite AD and Early AD

A representative immunoblot of synaptophysin and
B-tubulin levels in definite AD, p-AD, and control hip-
pocampi is shown in Figure 4. In cases of definite AD
and p-AD compared with controls, there were qualitative

differences in the abundance of synaptophysin immuno-
reactivity, but the relative amounts of B-tubulin in hip-
pocampus were similar (Fig. 4). The quantitative densi-
tometric results of the regional levels of synaptophysin
and B-tubulin immunoreactivities are summarized in Fig-
ure 5 and Table 2. When mean levels of synaptophysin
immunoreactivity in hippocampus were compared be-
tween definite AD cases and controls, there was a large
significant decrease of 55% (p < 0.0001). A 26% de-
crease in synaptophysin was found in entorhinal cortex
of definite AD cases, but this change was not significant
(p < 0.1) compared with control, most likely because of
the greater variability in entorhinal cortical measurements
as compared with the measurements for hippocampus. A
20% reduction in synaptophysin in the occipital cortex of
definite AD cases was also not significant (p < 0.1) com-
pared with controls. No significant changes were found
in the caudate nucleus (Fig. 5). In p-AD cases, average
synaptophysin values were significantly decreased 25%
(p <0.005) in hippocampus as compared with controls.
Synaptophysin was also reduced significantly in the oc-
cipital cortex (33%, p < 0.05) of p-AD cases. However,
there were no significant changes in entorhinal cortex or
caudate. Comparisons of average levels of synaptophysin
in definite AD and p-AD disclosed a significant differ-
ence in hippocampus, with a 30% (p < 0.05) reduction
in definite AD vs p-AD, but no differences were observed
in entorhinal cortex, occipital cortex, or caudate. Mean
values for B-tubulin immunoreactivity were not signifi-
cantly different among groups in hippocampus, entorhi-
nal cortex, occipital cortex, or caudate (Fig. 5).

Synatophysin Levels Correlate with Cognitive Functions

We classified subjects with an MMSE score of 0 to 14
as severely demented and those with an MMSE score of
15 to 25 as moderately demented, while individuals with
MMSE scores > 25 were classified as cognitively nor-
mal. The majority of definite AD cases evaluated in this
study were moderately demented (Table 1). Only one sub-
ject (case 1164) was severely demented. By univariate anal-
ysis of all cases, MMSE, Blessed, and Free Recall scores

J Neuropathol Exp Neurol, Vol 56, August, 1997
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Fig. 4. Representative immunoblots of synaptophysin and
B-tubulin immunoreactivities in hippocampal (primarily CA1)
synaptic membranes (15 ng protein in each lane) from subjects
clinically and neuropathologically diagnosed (case numbers are
identified) as definite AD, p-AD (early AD), and controls. The
monoclonal antibodies to B-tubulin and synaptophysin detected
a single predominant band at 55 kDa and 38 kDa, respectively.
Individuals with AD showed a visible reduction in the amount
of synaptophysin immunoreactivity compared with controls. In
contrast, the relative amounts of B-tubulin immunoreactivity in
the same cases were similar.

(Table 1) were strongly correlated with levels of synap-
tophysin in hippocampus (Fig. 6). This correlation with
MMSE scores also existed in definite AD vs p-AD cases
(r = 0.82, p < 0.01, Spearman correlation = 0.82). A sim-
ilar, but not statistically significant, trend was also present
in the entorhinal cortex (not shown), but was not detected
in the primary visual cortex or caudate nucleus (not shown).

A relationship between synaptophysin levels, MMSE
scores and Braak stage was also apparent (Table 1; Fig.
6A). Definite AD cases at stage VI had MMSE scores of
13 (case 1164) or 15 (case 941), and those cases at stage
V had MSSE scores of 16 (case 1177) or 22 (case 400).
These cases had the lowest synaptophysin levels (10% to
40% of control levels). Definite and early AD cases at
stage IIl had MMSE scores ranging from 24 to 30 and
synaptophysin levels ranging from 55% of control to con-
trol levels.

Synaptophysin Levels Correlate inversely with SP
Densities

The results of the analysis of densities of SP in the 3
groups are summarized in Table 2. By univariate analysis

(—

Fig. 3. Neurofibrillary pathology in Hirano silver-stained
sections of entorhinal cortex of definite AD (A, B), early AD
(C, D), and control (E) cases. Numbers identify cortical layers
1 and 2. Neurofibrillary tangles and SP are identified by open
arrows and solid black arrows, respectively. In definite AD (A,
B) and early AD (C, D) groups, neurofibrillary tangles were
always present in the entorhinal cortex, but the apparent abun-
dance and distribution within layer 2 varied. Although less fre-
quent, neurofibrillary tangles were also present in entorhinal
cortex of controls (E). Scale bar = 100 pm.
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Fig. 5. Histogram summary of quantitative analyses of immunoblots of synaptophysin and B-tubulin levels in hippocam-
pus (primarily CA1l), entorhinal cortex, occipital cortex, and caudate from controls and subjects with p-AD (early AD) and
definite AD. Values (in relative OD) are mean * standard error. The level of statistical significance (determined by student
t-test) for control vs definite AD comparisons is indicated by triple asterisk (p < 0.0001). The levels of statistical significance
(determined by student t-test) for control vs p-AD comparisons are indicated by a double dagger (p < 0.005) and a single
dagger (p < 0.05). Compared with age-matched controls, individuals with definite AD had synaptophysin levels that were
reduced by 55% in the hippocampus (p < 0.0001). Synaptophysin changes in the entorhinal cortex (26%) and occipital
cortex (20%) in cases of definite AD were not significant. Compared with age-matched controls, individuals with p-AD had
synaptophysin levels that were reduced by 25% in the hippocampus (p < 0.005) and by 33% in the occipital cortex (p <
0.05). No significant differences in p-tubulin immunoreactivity were found in hippocampus, entorhinal cortex, occipital
cortex, or caudate nucleus. The error bar for B-tubulin in the control entorhinal cortex is not visible because of low variability
(SD = 1.4).

of all cases, densities of SP were inversely correlated
with levels of synaptophysin in the hippocampus (r =
0.89, p < 0.0001, Spearman correlation = —0.88) (Fig.
7A). This correlation remained even after excluding con-
trol cases (r = 0.89, p < 0.005, Spearman correlation =
—0.83). There was also an inverse correlation between
number of SP and levels of synaptophysin in the ento-
rhinal cortex (Figs. 3, 7B), but not in occipital cortex or
caudate nucleus (not shown).

No significant correlation between synaptophysin lev-
els and postmortem delay or age was identified in the
hippocampus or entorhinal cortex (Fig. 8).

DISCUSSION

The neurobiological mechanisms that influence the
progressive impairments in memory and intellectual per-
formance occurring with AD are not understood. The cel-
lular and molecular mechanisms of memory and learning

J Neuropathol Exp Neurol, Vol 56, August, 1997
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Fig. 6. Regression analysis between synaptophysin levels
in the hippocampus, and MMSE (A), Blessed (B), and Free
Recall scores (C) in aged controls and subjects with p-AD and
definite AD. See Table 1 data set. In A, one control case with
an MMSE score of 29 was not included in the regression anal-
ysis because this score was derived from the Blessed score;
therefore, the number of individuals included in the regression
was 15, not 16. In A, only 14 data points are shown because 2
cases of definite AD with MMSE scores of 24 had the same
synpatophysin levels in the hippocampus. In B, 2 definite AD
cases with Blessed scores of 7 had the same synaptophysin
levels in the hippocampus.

depend on synaptic function in the hippocampus (6, 29).
Regulated exocytosis of neurotransmitter-containing ves-
icles is obligate for normal synaptic function (30-32).
Synaptophysin (p38), an integral membrane glycoprotein
of small synaptic vesicles in the presynaptic terminal (33,
34), is one protein that functions in regulated exocytosis
(32). B-tubulin is the principal constituent of microtu-
bules, the key cytoskeletal components within presyn-
aptic and postsynaptic elements of the synaptic complex
(35, 36).

Here, we have identified a reduction in synaptophysin
in the hippocampus of individuals with AD who had
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Fig. 7. Regression analysis between synaptophysin levels
in the hippocampus (A) and entorhinal cortex (B), and SP (neu-
ritic and diffuse) density in elderly controls and individuals with
p-AD and definite AD.

moderate to severe deficits in memory. This finding is
not surprising in view of the vulnerability of the hippo-
campus in advanced AD (19). A more interesting finding
is the loss of synaptic marker in early AD (or p-AD)
cases, diagnosed as such based on Braak’s staging
scheme (26) or CERAD criteria (25), with no detectable
cognitive impairment. The severity of the decrement in
synaptophysin in hippocampus correlated strongly with
the magnitude of memory impairment in individuals with
AD. In contrast, no alterations in B-tubulin were observed
in hippocampus in individuals with AD, confirming a
previous radioimmunoassay study (27) and suggesting
that the physical structure of the synaptic complex is un-
altered or that compensatory repair or sprouting mecha-
nisms within the neuropil occur concomitantly to main-
tain B-tubulin levels. We conclude that defects in
presynaptic components for neurotransmitter release oc-
cur in the hippocampus of individuals with AD and that
this defect in subjects with early AD may foreshadow the
clinical appearance of memory/cognitive impairment.
Immunoreactivity for synaptophysin or other presyn-
aptic proteins in brain samples of individuals with AD
has been quantified previously by densitometric analysis
of immunohistochemical sections (10, 11, 14, 37, 38),
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immunodot blots (39), and ELISA (15). Despite differ-
ences in the methods used here and in previous studies,
the results are remarkably comparable in light of possible
variations in the severity of neuropathology among in-
dividuals, tissue sampling differences, and the use of un-
fixed frozen or fixed postmortem brain samples. By ELI-
SA, reductions in synaptophysin-like immunoreactivity in
hippocampus (77%) and temporal cortex (54%), but not
in caudate and occipital cortex, have been found in AD
(15). By immunohistochemistry, synaptophysin immu-
noreactivity in frontal, parietal, and temporal neocortices
was reduced (45%) in cases of AD compared with con-
trols, and, by immunoblotting, a 60% reduction in syn-
aptophysin was found in the frontal cortex of AD cases
(40). By dot immunobinding, the same group (39) re-
ported a 40% decrease in synaptophysin immunoreactiv-
ity in the midfrontal cortex of cases of AD compared with
controls. These observations indicate that there is wide-
spread loss of synaptic markers in association neocortex
and hippocampus in individuals with definite AD with
moderate to severe cognitive abnormalities. Our new ob-
servations based on individuals with early AD and nor-
mal cognition suggest that loss of synaptophysin in hip-
pocampus precedes the appearance of functional
impairments detected by detailed neuropsychological
testing. Thus, we conclude that presynaptic defects in the
hippocampus may be an early, primary change associated
with the onset of memory impairment in AD.

Several studies have evaluated levels of synaptophysin
immunoreactivity in the brains of subjects with AD, but

relatively few have attempted to establish direct correla-
tions between reduced synaptic markers and cognitive
performance. One study reported that decreases in syn-
aptophysin immunoreactivity correlate better with the de-
gree of dementia in AD than the classical neuropatholog-
ical features such as neurofibrillary tangles or SP (14).
Other studies indicate that cytoskeletal changes are reli-
able correlates of AD-related dementia (20, 41). These
correlations, however, appear to be regionally and even
subregionally specific (20). Previously, we have observed
that neurofibrillary tangles are present in the entorhinal
cortex of elderly subjects in the BLSA, occurring inde-
pendently of cognitive status (24). The presence of neu-
rofibrillary tangles in layer 2 of the entorhinal cortex of
controls was also shown here. In the present study, we
used the Braak staging scheme to evaluate AD-related
neurofibrillary changes (26) and found that subjects with
early AD (stage III) tended to have better cognitive per-
formance and higher synapse levels than AD cases at
Braak stages V and VI. Our experiments demonstrate a
strong correlation between subject MMSE, Blessed, and
Free Recall scores and synaptophysin levels in hippocam-
pus of individuals with AD. This correlation remained
after exclusion of control cases. This result contrasts with
findings by another group (37) showing that significant
correlation vanished after control cases were excluded.
Individuals with early AD (Braak stage III) are more sim-
ilar cognitively to age-matched normal controls than to
individuals with definite AD (Braak stage V and VI).
However, subjects with early AD also had synaptophysin
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abnormalities in the hippocampus and, to a lesser extent,
in the primary visual cortex. We conclude that the elderly
control subjects with stable cognitive performance and
few SP, and elderly individuals who are normal cogni-
tively but have sufficient numbers of neocortical SP for
the neuropathological diagnosis of p-AD are 2 distinct
populations that differ in presynaptic functioning. The
loss of synaptophysin in the visual cortex of subjects with
p-AD further supports this idea. Although we cannot yet
explain this difference, this abnormality may be indepen-
dent of AD because synaptophysin levels in the visual
cortex of definite AD cases were not significantly differ-
ent from controls. These p-AD cases with normal cog-
nitive status, abundant neocortical SP, and synaptic ab-
normalities may represent early AD, as suggested by the
Braak stage III classification, or they may represent a
variant of normal aging characterized by visual system
and hippocampal abnormalities.

Synaptic alterations in the neuropil may be related to
amyloid deposits (42—44) and cytoskeletal abnormalities
(44). In aged individuals with minimal cognitive dys-
function, synaptic loss (determined immunocytochemi-
cally) in the molecular layer of the dentate gyrus occurs
early in the development of AD and is associated with
abnormal accumulation of amyloid precursor protein and
cytoskeletal proteins in entorhinal cortex (44). Our results
are in accordance with this concept. For example, we
found a strong inverse correlation (r = 0.89) between
synaptophysin loss and the density of neuritic and diffuse
plaques in the hippocampus. It is not surprising to find
an inverse correlation between SP density and synapto-
physin immunoreactivity, because synaptic abnormalities
in the neuropil are early events in the formation of SP
43).

The full interpretation of changes in synaptic markers
in the brains of demented individuals with AD and el-
derly, cognitively normal subjects with possibly incipient
AD relies on several yet to be clarified issues. The rela-
tionships between synaptophysin protein levels, the num-
ber of neurotransmitter vesicles, and the number of syn-
aptic contacts are unclear. A regionally selective loss of
synaptophysin in subjects with AD or p-AD could result
from the degeneration of entire presynaptic terminals,
loss of neurotransmitter vesicle density, redistribution of
vesicles or proteins within the presynaptic terminal, or a
combination of these possibilities as a result of primary
loss of postsynaptic targets. If reduced immunological de-
tectability of presynaptic vesicle proteins corresponds to
physical loss of entire presynaptic terminals, then pre-
synaptic terminal density should be reduced in AD. Al-
though electron microscopic studies of synapse counts in
AD hippocampus have not been conducted, loss of syn-
aptic density in subjects with AD occurs in layers III and
V of several neocortical regions (9, 12, 13, 45, 46), but
not in layers IIl and V of entorhinal cortex (47). Our
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measurements of synaptophysin in homogenates of en-
torhinal cortex of definite AD cases were not significantly
different from control cases, consistent with synapse den-
sity measurements in this region (47), despite definite AD
cases having neurofibrillary changes in entorhinal and
transentorhinal regions that ranged from Braak stages III
to VI. However, the variability in the entorhinal cortical
synaptophysin measurements was high, which likely con-
tributes to the lack of significant change in view of the
small group sizes. This lack of significant change in syn-
apses in the entorhinal cortex is surprising in light of the
finding that neurons are lost in entorhinal cortex in early
and severe AD, with layer 2 being severely affected (48).
However, our observation can be partially reconciled in
view of the variability in the laminar neurofibrillary pa-
thology (and perhaps subregional pathology) in the en-
torhinal cortex of definite and early AD cases (Fig. 3)
and the small tissue mass sampled relative to the total
volume of entorhinal cortex (Fig. 1). Measurements of
synaptic markers within a brain region are likely to pro-
vide highly sensitive information about the integrity of
the neuropil (rather than direct counts of neuronal cell
bodies) within a small sample of the total region; thus,
large differences in synapses in AD entorhinal cortex
compared with age-matched controls may be obscured,
possibly by subregional or topographic variations in neu-
ropathology and by normal age-related declines in syn-
aptic markers occurring in elderly controls. To resolve
this uncertainty, synapse levels in the entorhinal cortex
of young controls should be compared with elderly con-
trols and AD cases with larger group sizes and using a
tissue sampling design that encompasses a greater volume
of entorhinal cortex.

Loss of presynaptic vesicle protein in hippocampus
may be a secondary change resulting from degeneration
of postsynaptic structures. Dendritic atrophy, as deter-
mined by Golgi studies, occurs in the brains of aged in-
dividuals and subjects with AD (49, 50). Alternatively,
loss of presynaptic vesicle proteins may be secondary to
impairments in the expression or function of other pro-
teins involved in the synaptic vesicle cycle, including
proteins that function in neurotransmitter vesicle docking,
priming, fusion, and exocytosis/endocytosis (32). Addi-
tional studies of the brains of normal individuals and el-
derly subjects with mild to severe impairments in cog-
nition are necessary to systematically evaluate proteins
that function in synaptic physiology to help identify the
neurobiological mechanisms for age-related memory loss
in elderly humans.

ACKNOWLEDGMENTS

The authors are indebted to the participants of the BLSA and ADRC
programs and are grateful for the work of the technical and scientific
staff of these longitudinal studies. We also thank Michael Calhoun for



SYNAPTIC DEFECTS IN HUMAN HIPPOCAMPUS AND MEMORY LOSS

advice on statistical analyses as well as Nader Bakhos and Dr Carlos
Portera-Cailliau for suggestions on figure design.

13.

14.

15.

18.

19.

20.

21,

REFERENCES

. Katzman R. The prevalence and malignancy of Alzheimer's dis-

ease. A major killer. Arch Neurol 1976:33:217-18

. Crook T, Bartus RT, Ferris SH, et al. Age-associated memory im-

pairment: Proposed diagnostic criteria and measures of clinical
change. Report of a National Institute of Mental Health work group.
Dev Neuropsychol 1986;2:261- 76

. Evans DA, Funkenstein HH, Albert MS, et al. Prevalence of Alz-

heimer’s disease in a community population of older persons. High-
er than previously reported. JAMA 1989;262:2551-56

. Bachman DL, Wolf PA, Linn RT, et al. Incidence of dementia and

probable Alzheimer’s disease in a general population: the Framing-
ham study. Neurology 1993;43:515-19

. Bliss TV, Lomo T. Long-lasting potentiation of synaptic transmis-

sion in the dentate area of the anaesthetized rabbit following stim-
ulation of the perforant path. J Physiol 1973;232:331-56

. Nicoll RA, Kauer JA, Malenka RC. The current excitement in long-

term potentiation. Neuron 1988;1:97-103

. Adams I. Comparison of synaptic changes in the precentral and

postcentral cerebral cortex of aging humans: A quantitative ultra-
structural study. Neurobiol Aging 1987;8:203~12

. Masliah E, Mallory M, Hansen L, et al. Quantitative synaptic al-

terations in the human neocortex during normal aging. Neurology
1993;43:192-97

. Davies CA, Mann DMA, Sumpter QP, Yates PO. A quantitative

morphometric analysis of the neuronal and synaptic content of the
frontal and temporal cortex in paitents with Alzheimer’s disease. J
Neurol Sci 1987;78:151-64

. Hamos JE, DeGennaro LJ, Drachman DA. Synaptic loss in Alz-

heimer’s disease and other dementias. Neurology 1989:;39:355-61

. Masliah E, Terry RD, DeTeresa RM, Hansen LA. Immunochisto-

chemical quantification of the synapse-related protein synaptophy-
sin in Alzheimer disease. Neurosci Lett 1989;103:234-39

. DeKosky ST, Scheff SW. Synapse loss in frontal cortex biopsies in

Alzheimer’s disease: Correlation with cognitive severity. Ann Neu-
rol 1990;27:457-63

Scheff SW, DeKosky ST, Price DA. Quantitative assessment of cor-
tical synaptic density in Alzheimer’s disease. Neurobiol Aging
1990;11:29-37

Terry RD, Masliah E, Salmon DP, et al. Physical basis of cognitive
alterations in Alzheimer’s disease: Synapse loss is the major cor-
relate of cognitive impairment. Ann Neurol 1991;30:572-80
Honer WG, Dickson DW, Gleeson J, Davies P Regional synaptic
pathology in Alzheimer’s disease. Neurobiol Aging 1992;13:375-82

. DeKosky ST, Harbaugh RE, Schmitt FA, et al. Cortical biopsy in

Alzheimer’s disease: Diagnostic accuracy and neurochemical, neu-
ropathological, and cognitive correlations. Ann Neurol 1992;32:
625-32

. Squire LR, Zola-Morgan S. Memory: Brain systems and behavior.

TINS 1988;11:170-75

Zola-Morgan S, Squire LR, Amaral DG. Lesions of the hippocam-
pal formation but not lesions of the fornix or the mammillary nuclei
produce long-lasting memory impairment in monkeys. J Neurosci
1989;9:898-13

Ball MJ, Hachinski V, Fox A, et al. A new definition of Alzheimer's
disease: A hippocampal dementia. Lancet 1985;1:14-16

Samuel W, Masliah E, Hill LR, et al. Hippocampal connectivity
and Alzheimer’s dementia: Effects of synapse loss and tangle fre-
quency in a two-component model. Neurology 1994;44:2081-88
Rothstein JD, Van Kammen M, Levey Al, et al. Selective loss of
glial glutamate transporter GLT-1 in amyotrophic lateral sclerosis.
Ann Neurol 1995;38:73-84

22,

23.

24,

25.

26.

27,

28.

29.

30.

31.

32,

33.

34.

35,

36.

37.

38.

39,

40.

41.

42,

943

Ginsberg SD, Rothstein JD, Price DL, Martin LJ. Fimbria-fornix
transections selectively down-regulate subtypes of glutamate trans-
porter and glutamate receptor proteins in septum and hippocampus.
J Neurochem 1996,67:1208-16

Troncoso JC, Martin LJ, Dal Forno G, Kawas CH. Neuropathology
in controls and demented subjects from the Baltimore Longitudinal
Study of Aging. Neurobiol Aging 1996;17:365-71

Shock NW, Greulich RC, Costa PT Jr, et al. Normal human aging:
The Baltimore longitudinal study of aging. Baltimore, MD: U.S.
Department of Health & Human Services. 1984

Mirra SS, Gearing M, McKeel DW Jr., et al. Interlaboratory com-
parison of neuropathology assessments in Alzheimer’s disease: A
study of the consortium to establish a registry for Alzheimer’s dis-
ease (CERAD). J Neuropathol Exp Neurol 1994;53:303-15

Braak H, Braak E. Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol 1991;82:239-59

Nieto A, Montejo de Garcini E, Avila J. Altered levels of micro-
tubule proteins in brains of Alzheimer’s disease patients. Acta Neu-
ropathol 1989;78:47-51

Thal LJ, Grundman M, Golden R. Alzheimer’s disease: A correla-
tional analysis of the Blessed Information-Memory-Concentration
Test and the Mini-Mental State Exam. Neurology 1986;36:262-64
Liao D, Jones A, Malinow R. Direct measurement of quantal
changes underlying long-term potentiation in CA1 hippocampus.
Neuron 1992;9:1089-97

Trimble WS, Linial M, Scheller RH. Cellular and molecular biology
of the presynaptic nerve terminal. Ann Rev Neurosci 1991;14:93—
122

Damer CK, Creutz CE. Secretory and synaptic vesicle membrane
proteins and their possible roles in regulated exocytosis. Prog Neu-
robiol 1994;43:511-36

Sudhof TC. The synaptic vesicle cycle: A cascade of protein-
protein interactions. Nature 1995;375:645-53

Wiedenmann B, Franke WW. Identification and localization of syn-
aptophysin, an integral membrane glycoprotein of M, 38,000 char-
acteristic of presynaptic vesicles. Cell 1985;41:1017-28

Navone F, Jahn R, DiGioia G, et al. Protein p38: An integral mem-
brane protein specific for small vesicles of neurons and neuroen-
docrine cells. J Cell Biol 1986;103:2511-27

Caceres A, Binder LI, Payne MR, et al. Differential subcellular
localization of tubulin and the microtubule-associated protein
MAP2 in brain tissue as revealed by immunocytochemistry with
monoclonal hybridoma antibodies. J Neurosci 1984:4;394-410
Gotow T, Miyaguchi K, Hashmioto PH. Cytoplasmic architecture
of the axon terminal: Filamentous strands specifically associated
with synaptic vesicles. Neuroscience 1991;40:587-98

Lassmann H, Weiler R, Fischer P, et al. Synaptic pathology in Alz-
heimer’s disease: Immunological data for markers of synaptic and
large dense-core vesicles. Neuroscience 1992;46:1-8

Heinonen O, Soininen H, Sorvari H, et al. Loss of synaptophy-
sin-like immunoreactivity in the hippocampal formation is an early
phenomenon in Alzheimer’s disease. Neuroscience 1995;64:375-84
Alford MF, Masliah E, Hansen LA, Terry RD. A simple dot-
immunobinding assay for quantification of synaptophysin-like im-
munoreactivity in human brain. J Histochem Cytochem 1994:42:
283-87

Masliah E, Terry RD, Alford M, et al. Cortical and subcortical
patterns of synaptophysin-like immunoreactivity in Alzheimer’s
disease. Am J Pathol 1991;138:235-46

Dickson DW, Crystal HA, Bevona C, et al. Correlations of synaptic
and pathological markers with cognition of the elderly. Neurobiol
Aging 1995;16:285-304

Martin LJ, Sisodia SS, Koo EH, et al. Amyloid precursor protein
in aged nonhuman primates. Proc Natl Acad Sci USA 1991;88:
1461-65

J Neuropathol Exp Neurol, Vol 56, August, 1997



944
43,

44,

45.
46.

47.

Martin LJ, Pardo CA, Cork LC, Price DL. Synaptic pathology and
glial responses to neuronal injury precede the formation of senile
plaques and amyloid deposits in the aging cerebral cortex. Am J
Pathol 1994;145:1358-81

Masliah E, Honer WG, Mallory M, et al. Topographical distribution
of synaptic-associated proteins in the neuritic plaques of Alzhei-
mer’s disease hippocampus. Acta Neuropathol 1994;87:135-42
Adams IM. Structural plasticity of synapses in Alzheimer’s disease.
Mol Neurobiol 1992;5:411-19

Scheff SW, Price DA. Synapse loss in the temporal lobe in Alz-
heimer’s disease. Ann Neurol 1993;33:190-99

Scheff SW, Sparks DL, Price DA. Quantitative assessment of syn-
aptic density in the entorhinal cortex in Alzheimer’s disease. Ann
Neurol 1993;34:356-61

J Neuropathol Exp Neurol, Vol 56, August, 1997

48.

49,

50.

SZE ET AL

Gomez-Isla T, Price JL, McKeel DW I, et al. Profound loss of
layer II entorhinal cortex neurons occurs in very mild Alzheimer’s
disease. J Neurosci 1996;16:4491-4500

Flood DG, Coleman PD. Failed compensatory dendritic growth as
a pathophysiological process in Alzheimer’s disease. Le J Can Des
Sci Neurologiques 1989;13:475-79

Jagadha V, Becker L. Dendritic pathology: An overview of Golgi
studies in man. Can J Neurol Sci 1989;16:41-51

Received November 1, 1996
Revisions received March 12, 1997 and May 9, 1997
Accepted May 14, 1997



Neuropathology Fellowship

The Department of Pathology at Loyola University Chicago Stritch School of Medicine offers a two-year accredited program
in Neuropathology, one year of which is assigned for experimental neuropathology research. Special emphasis is on diag-

nostic neuropathology, as well as nerve and muscle diseases. Molecular technique and cytogenetic applications are empha-
sized.

This fellowship, beginning July 1, 1998, is available to qualified, licensed, AP or AP/CP board eligible pathologists. Address
letters of inquiry, current CV and three letters of recommendation to the address below. Loyola is an equal opportunity
employer/educator.

Loyola University Chicago, Department of Pathology, % Maria Pelc, Education Coordinator, Loyola University, Medical
Center, 2160 S. First Ave., Maywood, IL 60153. (708) 216-5591, fax (708) 216-8225, E-mail: mpelc@luc.edu.

Neuropathology—Assistant Professor of Pathology

The Department of Pathology at the University of Michigan has reopened the search for applicants for a position at the
level of Assistant Professor. Candidates must hold an MD degree, be certified by the American Board of Pathology in
Anatomic Pathology and in Neuropathology and obtain a full and unrestricted license to practice medicine in the state of
Michigan. A demonstrated record of scholarly activity in an academic setting will be necessary. Candidates will be expected
to participate actively in institutional activities related to understanding the biology of dementias, including participating
with the Alzheimer’s Disease Research Center at the University of Michigan Medical Center. The establishment and/or
maintenance of an independently-funded research program will also be required. Application may be made in writing, including
a statement of research interests and experience, a curriculum vitae, and the names of at least three references to:

John B. Lowe, MD, Neuropathology Search Committee, Department of Pathology, University of Michigan Medical School,
M5240 Medical Science I, 1301 Catherine Road, Ann Arbor, Michigan 48109-0602.

The University of Michigan is an equal opportunity/affirmative action employer and complies with all applicable federal
and state laws regarding nondiscrimination and affirmative action, including Title IX of the Education Amendments of 1972
and Section 504 of the Rehabilitation Act of 1973,

945






