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bstract

An increasing number of individuals in our population are surviving to over 90 years and a subset is at risk for developing dementia. However,
enile plaque and neurofibrillary tangle pathology do not consistently differentiate individuals with and without dementia. Synaptic protein
oss is a feature of aging and dementia and may dissociate 90+ individuals with and without dementia. Synaptophysin (SYN), postsynaptic
ensity 95 (PSD-95) and growth-associated protein 43 (GAP-43) were studied in the frontal cortex of an autopsy series of 32 prospectively
ollowed individuals (92–105 years) with a range of cognitive function. SYN protein levels were decreased in individuals with dementia and
ncreased in those with clinical signs of cognitive impairment insufficient for a diagnosis of dementia. SYN but neither PSD-95 nor GAP-43

rotein levels were significantly correlated with mini-mental status examination (MMSE) scores. Frontal cortex SYN protein levels may
rotect neuronal function in oldest-old individuals and reflect compensatory responses that may be involved with maintaining cognition.

2007 Elsevier Inc. All rights reserved.

eywords: Cognitively impaired not demented; MMSE; Dementia; Compensatory response; Clinico-pathology correlation; Growth-associated protein-43
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. Introduction

Individuals surviving into very old age (>90 years) are
ne of the fastest growing segments of the United States
opulation (US Census Bureau, 2004). The prevalence of
lzheimer’s disease (AD) increases with each decade over

he age of 60, and several studies have estimated prevalence
ates at 48–74% in nonagenarians (Ebly et al., 1994; Graves

t al., 1996; Jorm et al., 1987; von Strauss et al., 1999). In
ndividuals under the age of 90 years, some studies show an
ssociation between the extent of senile plaque (SP) and/or

∗ Corresponding author at: Institute for Brain Aging and Dementia, Uni-
ersity of California, 1259 Gillespie NRF, Irvine, CA 92697-4540, United
tates. Tel.: +1 949 824 8700; fax: +1 949 824 2071.

E-mail address: ehead@uci.edu (E. Head).
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eurofibrillary tangle (NFT) pathology and clinical severity
f dementia (Alafuzoff et al., 1987; Cummings et al., 1996;
ayan, 1970; Dickson et al., 1995; Langui et al., 1995; Price

t al., 1991) but others have also demonstrated significant AD
athology in nondemented elderly individuals (Caccamo et
l., 2006; Crystal et al., 1988; Katzman et al., 1988). The asso-
iation between plaques and tangles may be weaker in adults
ver the age of 90 years (i.e., the oldest-old). Several clinico-
athology studies of the oldest-old measuring the extent of SP
nd NFT do not show differences in the accumulation of AD
athology between cases with and without clinically diag-
osed dementia (Giannakopoulos et al., 1995, 1996; Silver
t al., 1998, 2002). Some individuals with clinically diag-

osed dementia show little AD pathology, and other clinically
ondemented subjects do meet pathological criteria for AD
Green et al., 2000; Silver et al., 2002). Further, Braak &
raak (B&B) neurofibrillary tangle staging shows significant

mailto:ehead@uci.edu
dx.doi.org/10.1016/j.neurobiolaging.2007.10.001
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verlap for demented vs. nondemented oldest-old individu-
ls (Gold et al., 2000; Riley et al., 2002). The link between
D pathology and the presence of dementia in the oldest-old

s also complicated by a high frequency of individuals with
ementia of unknown etiology (Crystal et al., 2000).

A consistent observation in studies of non-AD brains in
omparison to AD brains is the loss of synapses, which is
lso correlated with dementia severity (DeKosky and Scheff,
990; Scheff and Price, 2003; Scheff et al., 2006). In addition,
everal studies show a reduction in proteins associated with
ynapses using multiple methodologies (Alford et al., 1994;
ickson et al., 1995; Heinonen et al., 1995; Honer et al.,
992; Ingelsson et al., 2004; Lassmann et al., 1992; Lue et
l., 1999; Masliah et al., 1989, 1991b, 2001; Reddy et al.,
005; Sze et al., 1997).

The purpose of the current study was to test the hypothe-
is that there is an association between clinically diagnosed
ementia and synaptic protein loss in the oldest-old as mea-
ured by levels of: (1) presynaptic protein synaptophysin
SYN), (2) the postsynaptic marker postsynaptic density-95
PSD-95), and (3) the synapse-associated growth molecule
rowth-associated protein-43 (GAP-43). Second, we hypoth-
sized that lower synapse-associated protein levels would be
orrelated with poorer performance on a measure of global
ognition (MMSE). Third, we hypothesized that synaptic
rotein levels would be related to Braak & Braak neurofib-
illary tangle and plaque stage.

. Methods

.1. Subjects

Subjects in this study were enrolled in The 90+ Study,
prospective longitudinal population-based study of aging

nd dementia in the oldest-old. The 32 subjects in this study
eight men and 24 women) were selected from the first 45
ubjects that came to autopsy who had both frozen tissue
vailable and a post mortem interval (PMI) of less than 8 h.
he 13 subjects that were not included in the study were six
ubjects without frozen tissue, four subjects with a PMI > 8 h,
wo subjects with no protein measurements, and one subject
ithout education information.

.2. Clinical diagnosis and neuropsychological testing

Using all available information, clinical diagnoses were
etermined by a multidisciplinary consensus diagnostic con-
erence. Dementia diagnosis was assigned using Diagnostic
nd Statistical Manual of Mental Disorders 4th edition
DSM-IV) criteria (Association, 1994). The diagnosis of
ognitively impaired not demented (CIND) was assigned to

articipants with clinical evidence of cognitive or functional
oss but not of sufficient severity to meet criteria for dementia.
articipants with no cognitive or functional loss were classi-
ed as normal. Each individual in The 90+ Study was given

o
(
a
p

ing 30 (2009) 1125–1134

full neuropsychological test battery described by Whittle
t al. (2007). The present study used the mini-mental status
xamination MMSE; (Folstein et al., 1975) to represent the
omain of global cognition. The MMSE is a short screening
nstrument for dementia with scores ranging from 0 to 30, and
ower scores indicate poorer cognitive ability. The majority
f subjects included in the autopsy study had multiple visits
o the clinic as subjects were evaluated every 6 months. We
elected the visit closest to the time of death and included the
nterval between the visit and death as a covariate in statistical
nalyses.

.3. Standard neuropathological diagnostic procedures

At the University of California, Irvine—Alzheimer’s Dis-
ase Research Center, one hemisphere was selected based
n a neurologist’s impression of any asymmetry in clin-
cal features of each individual. The selected hemisphere
as immersion fixed in 4% paraformaldehyde for 2 weeks.
he contralateral hemisphere was coronally sectioned and

rozen at −80 ◦C. Multiple paraformaldehyde-fixed regions
ere subsequently dissected and paraffin embedded to estab-

ish a final neuropathologic diagnosis. These blocks were
ectioned at 8 �m. Thin sections were stained with the mod-
fied Bielschowsky procedure with hematoxylin–eosin to
dentify senile plaques and neurofibrillary tangles and the
lűver-Barrera stain, to visualize cell loss and white matter
egeneration. Immunostaining for tau, synuclein, ubiqui-
in, glial fibrillary acidic protein and CD68 were used to
etect Pick bodies, Lewy bodies and gliosis as described in
previous publication (Head et al., 2006). Braak & Braak

eurofibrillary tangle and beta-amyloid plaque staging was
ased upon previously published criteria (Braak and Braak,
991).

.4. Western blotting

Frozen samples from the midfrontal gyrus (Broadman
rea 9) were homogenized in 2% SDS/PBS (150 mg/ml)
lus protease inhibitors (ICN Pharmaceuticals, Costa Mesa,
A). Proteins were separated on a 10–20% SDS-PAGE
riterion gel (Bio-Rad Laboratories, Hercules, CA) and

ransferred to polyvinylidene difluoride (PVDF) mem-
ranes (Bio-Rad Laboratories, Hercules, CA). Membranes
ere probed with anti-SYN (1:5000, Chemicon Interna-

ional, Temcula, CA), anti-PSD-95 (1:100, Abcam Inc.,
ambridge, MA), or anti-GAP-43 (1:2000; Novus Bio-

ogicals, Littleton, CO). GAPDH (anti-GAPDH ∼36 kDa,
:5000; Abcam Inc., Cambridge, MA) was used as a
rotein loading control. Detection was by incubating mem-
ranes in either anti-rabbit (1:2500–1:5000), or anti-mouse
orseradish (1:2500–1:5000) peroxidase-conjugated sec-

ndary antibody and then visualized by chemiluminescence
ECL-Pierce, Rockford, IL). A subset of samples was pooled
nd each membrane included four lanes with increasing
rotein concentrations (2.5–20 or 10–60 �g) to ensure that
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ptical densities were within the linear range of detection.
embranes were scanned and the optical densities of the

and of interest were quantified. Values are expressed as
ercentage of loading control optical density. Western blot
xperiments for SYN were repeated in a replication study
hat showed high reliability between the two experiments
r = 0.90, p < .0005) (data not shown).

.5. Data analysis

We examined the relationship between synapse markers
nd age at death, post mortem interval, gender, and education
o determine if these variables should be included as covari-

tes in subsequent analyses. Pearson correlations were used to
ssess the relationship between protein levels and age at death
nd PMI, while a t-test was used to assess the relationship
etween protein levels and gender or education (≤some col-

w
t
r
u

ig. 1. Quantification of frontal cortex synapse proteins in the oldest-old. All prote
ncreasing concentrations of pooled homogenates of frontal cortex tissue to establi
nd for GAP-43 (C). Lines indicate either linear or logistic regression. Representat
ldest-old cases used in the current study along with a protein loading control (GA
ing 30 (2009) 1125–1134 1127

ege vs. college graduate or higher). All remaining analyses
ere performed using multiple linear regression with synap-

ic protein levels as the outcome and adjusting for the appro-
riate covariates. To determine whether synaptic protein lev-
ls were associated with dementia, a dummy coded variable
as used in the regression model to classify people as nonde-
ented (normal and CIND) vs. demented. We then ran similar

nalyses that further subdivided the nondemented group, thus
lassifying participants into normal, CIND, or demented.
econd, we looked at the association between synaptic pro-

eins and global cognition by including MMSE in the regres-
ion model as a continuous variable and including the interval
etween MMSE and death as an additional covariate. Third,

e analyzed the relationship between synaptic proteins and

he extent of pathology based upon Braak & Braak neurofib-
illary tangle and plaque stage in the entire sample. Finally,
sing dummy coded variables we categorized individuals

in levels for individual synapse markers were established based on loading
sh optimal amounts for quantifying synaptophysin (SYN) (A) PSD-95 (B)
ive Western blots of PSD-95, GAP-43 and SYN are shown for a subset of
PDH) (D).
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nto four groups according to the combination of clinical
iagnosis (nondemented or demented) and B&B tangle stage
hat included: (1) nondemented, tangle stage ≤ III (n = 8); (2)
ondemented, tangle stage > III (n = 3); (3) demented, tan-
le stage ≤ III (n = 5); and (4) demented, tangle stage > III
n = 16). Post hoc pairwise comparisons of the means for all
egression analyses were made using the Bonferroni method.

. Results

Of the 32 cases used in this study, there was a wide
ange of final neuropathology diagnoses. Of subjects that
ere not demented, three were characterized as being nor-
al, nine exhibited senile degenerative changes insufficient

or a diagnosis of AD. Of individuals who were demented,
our appeared normal (no AD changes), five exhibited senile
egenerative changes insufficient for a diagnosis of AD,
even had AD, two had a mixed AD and Lewy body dis-
ase diagnosis, one subject diagnosed clinically with FTD
ad a final diagnosis of corticobasal degeneration. Last, one
ndividual with dementia exhibited nerve cell loss with astro-
ytosis.

To ensure that densitometric measurements of protein
evels of SYN, PSD-95, and GAP-43 were not saturated,

standard curve was derived for each. Fig. 1 shows that
he minimal amount of sample necessary for detection that
as also within the linear range of the standard curve was
�g for SYN (Fig. 1A), 15 �g for PSD-95 (Fig. 1B) and
�g for GAP-43 (Fig. 1C). In Western blot experiments,
single band representing SYN was observed at ∼38 kDa
Fig. 1D), two bands were observed representing PSD-95, a
rominent band at ∼95 kDa and one slightly higher band at
98 kDa (Fig. 1D), and a single band representing GAP-43
as observed at ∼43 kDa (Fig. 1D).

(
t
d
s

able 1
haracteristics of The 90+ Study participants included in the study

haracteristic Normal cognition (N = 7) CI

ean (range)
Age at death (years) 95.7 (93–99)
Brain weight (g) 1225.1 (1127–1390) 11
PMI (h) 4.5 (2.2–7.0)
BBNFT (stage) 3.0 (2–4)
BBSP (stage)a 0.9 (0–2)
MMSE 26.0 (21–29)
Interval from exam to death (months) 8.3 (2.8–12.9)
SYN (% of GAPDH) 106.0 (51.2–177.5) 1
PSD-95 (% of GAPDH) 24.9 (2.4–71.2)
GAP-43 (% of GAPDH) 98.3 (59.3–147.5) 1

umber (%)
Female 4 (57)

Education
Less than college 1 (14)
College or higher 6 (86)

IND = cognitively impaired not demented; PMI = post mortem interval; BBNFT =
MSE = mini-mental state exam; SYN = synaptophysin; PSD = postsynaptic densi
a Average BBSP stage was obtained by assigning a numerical score to each stage
ing 30 (2009) 1125–1134

Table 1 shows characteristics of the 32 participants
ncluded in the study. Participants had an average age at death
f 96 years (range 92–105), were mostly women (75%), had
rimarily at least a college education (69%), and a majority
ere clinically diagnosed as demented (62.5%). Pearson cor-

elation coefficients did not show any significant correlations
etween the three proteins (SYN and PSD-95: r = −0.10,
= 0.57; SYN and GAP-43: r = 0.27, p = 0.14; and PSD-95
nd GAP-43: r = −0.29, p = 0.10).

Age at death was significantly correlated with PSD-95
evels (r = 0.57, p < 0.001) and higher PSD protein level
as associated with increasing age. There was no correla-

ion between age and SYN (r = −0.09, p = 0.63) or GAP-43
r = −0.02, p = 0.93). There was a trend toward higher
YN levels among people with higher education (t = −1.85,
= 0.07) but there was no difference in education and PSD-95

t = 0.18 p = 0.86) or GAP-43 (t = 0.96 p = 0.35). Conversely,
ost mortem interval was not correlated with SYN (r = 0.20,
= 0.26), PSD-95 (r = −0.05, p = 0.77) or GAP-43 (r = 0.08,
= 0.67) protein levels and gender was not significantly

elated to levels of any of the synaptic proteins. Therefore,
e decided to only adjust for age at death and education in

ll analyses.

.1. Protein levels and cognitive diagnosis

In a regression model that adjusted for age at death
nd education level, SYN protein levels were significantly
ower in demented compared to nondemented participants
F(1,28) = 8.6, p = 0.007). When we further subdivided the par-
icipants into three clinical groups, normal (n = 7), CIND

participants with clinical evidence of cognitive or func-
ional loss but not of sufficient severity to meet criteria for
ementia, n = 5) or demented (n = 20), SYN also showed a
ignificant association with clinical grouping (F(2,27) = 9.6,

ND (N = 5) Demented (N = 20) Total (N = 32)

96.4 (94–100) 96.1 (92–105) 96.1 (92–105)
05.4 (921–1253) 1088.1 (871–1290) 1120.8 (871–1390)
4.7 (3.8–6.0) 4.1 (2–7) 4.3 (2–7)
2.8 (1–4) 4.3 (2–6) 3.8 (1–6)
1.8 (1–2) 1.5 (0–3) 1.4 (0–3)

26.0 (21–29) 14.3 (0–27) 18.9 (0–29)
7.6 (3.5–12.3) 6.8 (1.7–16.1) 7.2 (1.7–16.1)

77.7 (117.7–241.5) 72.3 (0–194.2) 96.1 (0.0–241.5)
17.4 (0.0–54.7) 26.8 (0.0–79.0) 24.9 (0.0–79.0)
24.6 (52.6–258.8) 71.8 (27.2–156.6) 85.8 (27.2–258.8)

4 (80) 16 (80) 24 (75)

2 (40) 7 (35) 10 (31)
3 (60) 13 (65) 22 (69)

Braak & Braak neurofibrillary tangle; BBSP = Braak & Braak senile plaque;
ty; and GAP = growth-associated protein.

as follows: 0 = 0, A = 1, B = 2, and C = 3.
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Fig. 2. Protein levels as a function of clinical diagnosis in the oldest-old. SYN protein levels were highest in individuals that were cognitively impaired but not
demented (CIND) relative to cases with dementia (A). There was no difference in PSD-95 levels in the three clinical groups (B) and there was a trend towards
higher GAP-43 in CIND cases (C). This trend was primarily due to one subject with very high GAP-43 protein levels. SYN protein levels in the frontal cortex
w by the
a t the to
H hown a

p
s
d
n
d
v

p
p

ere also significantly correlated with overall cognitive function measured
nd PSD-95 (r = 0.08) (E) or GAP-43 (r = 0.31) protein levels (F). Lines a
orizontal lines in A–C represent group means. Individual data points are s

≤ 0.001). Post hoc tests revealed that SYN levels were
ignificantly higher in the CIND group compared to the

emented group (Fig. 2A). No other comparisons were sig-
ificant. PSD-95 levels were not associated with clinical
iagnosis, either when classifying participants as demented
s. not demented (F(1,28) = 0.5, p = 0.51) or when classifying

G
t
t
e

MMSE (r = 0.73) (D). However, there was no association between MMSE
p of graphs in A–C, indicate Bonferroni corrected post hoc comparisons.
s open circles. Lines in D–F represent linear regression analyses.

articipants as normal, CIND, and demented (F(2,27) = 0.70,
= 0.51) (Fig. 2B). When exploring the association between

AP-43 and cognitive diagnosis we found that demented par-

icipants had significantly lower levels of GAP-43 compared
o nondemented participants (F(1,28) = 5.0, p = 0.03), and lev-
ls were slightly higher in CIND than normal and demented



1 gy of Aging 30 (2009) 1125–1134

(
w
o
d
n
p

3

9
r
b
a
c
w
f
c
M
p
(

3
p

t
B
N
(
W
i
(
t
p
a

3
i

G
a
s
h
s
d
m
s
(
a
n
d
i
h
s

Fig. 3. Comparison of synaptic protein levels between nondemented cases
with and without tangle pathology to demented cases with and without tangle
pathology. (A) SYN levels were highest overall in nondemented individu-
als with B&B stage > III. (B) PSD-95, however, was lowest overall only in
cases with dementia and a B&B stage > III. (C) In contrast, GAP-43 was
lowest overall in demented subjects with a B&B stage < III. Lines at the top
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F(2,27) = 3.2, p = 0.06) (Fig. 2C). However, when an outlier
ith a very high GAP-43 level was excluded, the association
nly trended towards significance in the demented vs. not
emented analysis (F(1,27) = 3.3, p = 0.08) and was not sig-
ificant in the three cognitive groups analysis (F(2,26) = 1.7,
= 0.21).

.2. Protein levels and global cognition score

Demented individuals showed a wide range of SYN, PSD-
5 and GAP-43 protein levels and we hypothesized this may
eflect the severity of dementia. We analyzed the association
etween protein levels and MMSE score with a regression
nalysis that included age at death and education level as
ovariates. The interval between last examination and death
as not significant in any of the models and was dropped

rom analyses. Higher MMSE score was significantly asso-
iated with higher SYN levels (r = 0.73, p < 0.001) (Fig. 2D).
MSE was not associated with PSD-95 levels (r = 0.08,
= 0.68) (Fig. 2E) or GAP-43 levels (r = 0.31, p = 0.11)

Fig. 2F).

.3. Protein levels and Braak & Braak tangle and
laque staging

After adjusting for age at death and education level,
here was a significant positive association between Braak &
raak tangle stage and SYN levels (F(5,24) = 5.2, p = 0.002).
o association was seen between tangle stage and PSD-95

F(5,24) = 0.04, p = 0.99) or GAP-43 (F(5,24) = 1.5, p = 0.23).
e did not find an association between plaque stag-

ng and levels of SYN (F(3,26) = 2.0, p = 0.13) or PSD-95
F(3,26) = 1.0, p = 0.40). There was a trend towards an associa-
ion between plaque staging and GAP-43 levels (F(3,26) = 2.6,
= 0.07) which disappeared after exclusion of an outlier with
very high GAP-43 level (F(3,25) = 1.8, p = 0.17).

.4. Protein levels comparison of high vs. low pathology
n nondemented vs. demented

Increased levels of SYN and a trend toward increasing
AP-43 protein levels in individuals with CIND suggested
compensatory response in nondemented individuals with

ignificant AD pathology. To address this, we used a post
oc exploratory analysis and categorized individuals in the
tudy into four groups according to a combination of clinical
iagnosis and B&B tangle stage that included: (1) nonde-
ented, tangle stage ≤ III (n = 8); (2) nondemented, tangle

tage > III (n = 3); (3) demented, tangle stage ≤ III (n = 5); and
4) demented, tangle stage > III (n = 16). Thus, group 2 serves
s a high pathology control group. SYN protein varied sig-
ificantly across groups (F(3,26) = 3.6, p = 0.03) and this was

ue to nondemented individuals with high pathology hav-
ng significantly higher SYN than demented individuals with
igh pathology (Fig. 3A). Average SYN levels were very
imilar in the two demented groups (low and high pathol-

a
l
w
n

f the graphs indicate significant group differences using Bonferroni post
oc comparisons. Individual data points are represented as open circles and
eans of each group are shown as horizontal lines.

gy). Group differences for PSD-95 (F(3,26) = 0.8, p = 0.50)
Fig. 3B) and GAP-43 (F(3,26) = 1.7, p = 0.19) (Fig. 3C) were
ot significant. However, GAP-43 appears to linearly decline
rom being high in nondemented subjects with low tangle
athology to subjects with dementia and high tangle pathol-
gy.

. Discussion

Levels of the presynaptic protein SYN in the frontal cortex
f individuals aged 90 and over were significantly lower in
ases with dementia and were associated with MMSE scores

nd the extent of neurofibrillary tangle pathology (control-
ing for both age at death and education level). SYN levels
ere also higher in nondemented participants with significant
eurofibrillary tangle pathology as compared to participants
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ith clinical dementia with and without neurofibrillary tan-
le pathology. PSD-95, a marker of postsynaptic densities,
as not related to the presence or absence of dementia,
MSE score, or the extent of plaque and tangle pathol-

gy. The growth molecule GAP-43 showed similar levels in
emented and nondemented individuals, and did not correlate
ith MMSE scores nor with plaque or tangle pathology.
Synaptophysin is a 38 kDa integral membrane glycopro-

ein located in presynaptic vesicles (Wiedenmann and Franke,
985). Previous studies in younger individuals with AD (typ-
cally under 90 years of age) reported synaptic protein losses
e.g., Masliah et al., 1991b, 1989; Reddy et al., 2005; Terry et
l., 1991). Consistent with previous reports, participants with
linically diagnosed dementia in the present study had sig-
ificantly lower frontal SYN than those without dementia.
urther, increasingly severe neurofibrillary tangle pathol-
gy based on B&B staging was associated with lower SYN
rotein levels. Higher NFT pathology and reduced synap-
ophysin protein is consistent with a report of a decrease
n mRNA for synaptophysin specifically in tangle-bearing
eurons (Callahan et al., 2002) but interestingly, this was
ndependent of whether an individual was diagnosed with
D or clinically normal. In this previous study, the authors

uggest that synaptophysin protein decreases may reflect
he number of neurons differentially affected by disease
ith NFT pathology in dementia as compared with con-

rols (Callahan et al., 2002). In the present study, SYN
rotein levels were also lower in those individuals with lower
MSE scores, which is consistent with previous reports in

ounger individuals (Terry et al., 1991). Further, the corre-
ation between MMSE scores and SYN protein level was
.73, which is similar to previous reports (Sze et al., 1997;
erry et al., 1991) and also observed when counting synapses
DeKosky and Scheff, 1990), thus SYN protein can account
or ∼53% of the variance in MMSE scores. This supports the
ypothesis that SYN protein loss is associated with clinically
iagnosed dementia and has been extended to a cohort of the
ldest-old.

When considering cognitive status on a continuum from
ormal to mild cognitive impairment (MCI) to dementia, an
ncrease in presynaptic protein levels in those with CIND
participants with clinical evidence of cognitive or func-
ional loss but not of sufficient severity to meet criteria for
ementia), as in the current study, may be considered as a
ompensatory response to incipient pathology. For instance,
ndings from the Religious Orders Study demonstrated
igher levels of frontal SYN in the superior frontal cortex of
articipants with MCI as compared to participants with nor-
al cognition or dementia (Counts et al., 2006). Similarly, the

resent study noted significantly higher SYN levels in CIND
ases than in dementia cases, suggesting a possible compen-
atory mechanism. However, we would like to note that the

ample size is relatively small and additional studies would
e helpful for confirming this result. Other studies demon-
trated a potential compensatory response with observations
f significantly higher SYN levels in elderly participants with

c
a
s
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igh levels of pathology but normal cognition as compared to
atients diagnosed with clinical and pathological AD (Lue et
l., 1996, 1999). Those findings were repeated in the present
tudy. Clinically nondemented participants with high tangle
athology had the highest SYN protein levels overall and sig-
ificantly higher SYN levels than the nondemented with low
athology group and demented groups (both high and low
athology). The pattern of elevated SYN levels in the present
tudy of 90+ year olds suggests a presynaptic compensatory
echanism that is activated during the early stage of cogni-

ive decline that might account for the relatively preserved
ognitive abilities of participants in the presence of moderate
o severe neuropathology.

Proposed models of the brain’s compensatory molecu-
ar mechanisms must take into account that increased or
ecreased SYN protein levels may not directly reflect changes
n synapse number. In ultrastructural studies of AD biopsy
nd autopsy material, the number of synapses may decrease
ut the apposition size of remaining synapses may increase
reviewed by Scheff and Price, 2003). These observations
ave led to the hypothesis that initial neuron and synapse
osses stimulate synaptic enlargement to maintain a stable
otal synaptic contact length during the progression of AD
Scheff and Price, 2003). During this time of compensa-
ion, relative level of synaptic proteins may be predicted to
tay the same or possibly increase, with a decline in levels
f synaptic proteins beginning in early AD. An increase in
YN levels in CIND individuals may reflect an increase in
ynapse number or the size of individual synapses. However,
ince protein levels of PSD-95, a postsynaptic marker did not
orrelate with SYN protein our current results may suggest
hat synapse number or size per se was unchanged in our
tudy. Increased SYN may better represent higher numbers
f presynaptic vesicles or larger vesicles reflecting a change
n synaptic function rather than synapse structure or number.
urther studies should look more closely at the association
etween synaptic markers and clinically determined cases
f CIND, as well as neuropathological equivalents to CIND
o distinguish between changes in the number of presynap-
ic vesicles and synapses vs. a lengthening of the synapse.
ongitudinal data sets that are able to clinically characterize
nd differentiate CIND cases who do convert to dementia
s compared to those who maintain cognitive function will
e important sources of information on how synaptic func-
ion and compensatory responses may discriminate between
onverters vs. non-converters.

A second measure of synapses in the current study was
postsynaptic protein, PSD-95, that is involved with learn-

ng and memory (Migaud et al., 1998). In Tg2576 mice, a
ouse model of human brain aging associated with A� depo-

ition, PSD-95-positive synaptic compartments are fewer
nd smaller in size by immunofluorescence and A� specifi-

ally reduces protein levels (Almeida et al., 2005). A similar
ssociation between PSD-95 and A� is observed in cortical
ynaptosome preparations from AD patients (Gylys et al.,
004). Further, PSD-95 is lower in the temporal cortex of AD
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ases relative to controls (Love et al., 2006). In the present
tudy, we observed little overall clinical group differences
n PSD-95 protein level by Western blotting nor a correla-
ion with MMSE or with Braak & Braak tangle stage. This
as somewhat unexpected given previous reports of synap-

ophysin and PSD-95 being colocalized in mouse models of
D (Spires et al., 2005). Further, other measures of postsy-
aptic markers such as spinophilin, particularly when taking
nto account measures of NFT number in a regression analy-
es can account for up to 61.9% of the variability in MMSE
cores in human frontal cortex (Akram et al., 2007). The lack
f group differences in PSD-95 and correlation with other
athological and clinical markers in the current study may be
ue to the use of total protein levels as an outcome measure
hat may obscure losses in vulnerable neuronal populations.
dditional studies using immunohistochemistry and unbi-

sed counting measures as described previously (Akram et
l., 2007) would help to refine these initial studies.

The third marker of synapse associated proteins used in
he current study, GAP-43, is involved with neurite outgrowth
Benowitz et al., 1987), synaptogenesis, and axonal sprout-
ng (Skene, 1989). In sporadic AD, the extent of GAP-43
mmunolabeling increases in the hippocampus but is reduced
n the frontal cortex (Masliah et al., 1991a, 2001), suggesting

region-specific compensatory response. Further, message
evels of GAP-43 decrease with increasing tangle pathology
Coleman et al., 1992). Initially we observed a trend towards
ower GAP-43 protein in demented cases and higher protein
evels in those with CIND, a finding consistent with previ-
us research. However, one individual with CIND had very
igh levels of GAP-43 and was a significant contributor to
hese effects. When this case was removed from the analysis,
AP-43 was not significantly lower in cases with dementia
r higher in CIND brains. Further, GAP-43 was not asso-
iated with MMSE scores or Braak & Braak tangle stage.
evels of GAP-43 in the frontal cortex may not be a signifi-
ant contributor to the presence or absence of dementia and
ssociated brain changes in the oldest-old. However, similar
ethodological limitations as those discussed for the PSD-

5 measures would also apply to GAP-43. Further, increased
r decreased GAP-43 may be more robust if measured in the
ippocampus due to the higher levels of expression in this
ulnerable brain region.

Several caveats should be considered when evaluating the
esults of this study. First, correlations between SYN pro-
ein level and dementia status or MMSE may be relatively
onservative because measuring synapse-associated proteins
y Western blots does not take into account possible differ-
nces in synapse loss within select cortical layers. Further,
here most likely will be differences in the amount or density
f grey matter and the cell constituents (i.e., neurons, glial
ells, etc.). Despite these potential contributors to SYN, PSD-

5 and GAP-43 protein levels, the differences in total protein
ere still able to differentiate our three clinical groups. Sec-
nd, the participants in the study have a mix of pathology
nd extent of cognitive dysfunction and were grouped into a

A

ing 30 (2009) 1125–1134

eneral dementia clinical category in the analyses instead of
ooking at specific subtypes of dementia (e.g., AD, vascular
ementia, and Lewy body dementia). This limits an inter-
retation of how synaptic protein levels may vary by type
f dementia. This method of categorization was due in part
o the small number of available participants representative
f each group. Furthermore, clinical criteria for AD, such as
he NINCDS-ADRDA criteria (McKhann et al., 1984), were
ot developed to include patients over the age of 90 years. A
hird caveat concerns the small number of individuals with
clinical diagnosis of CIND (which in itself may be subject

o variability in the definition used) and those characterized
s being high pathology controls (which may vary depend-
ng on the criteria used for specific studies). An extension
f these results to larger sample sizes may confirm possible
ompensatory events. This study provided preliminary evi-
ence of a possible adaptation to plaque and tangle pathology
ia increased SYN levels in the frontal cortex of the oldest-
ld, suggesting continued brain plasticity into the 10th and
1th decades of life.
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