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Abstract

The cognitive impairment in patients with Alzheimer’s disease is closely associated with synaptic
loss in the neocortex and limbic system. Although the neurotoxic effects of aggregated amyloid-f8
(Ap) oligomers in Alzheimer’s disease have been widely studied in experimental models, less is
known about the characteristics of these aggregates across the spectrum of Alzheimer’s disease.
Here, postmortem frontal cortex samples from control and Alzheimer’s disease patients were
fractioned and analyzed for levels of oligomers and synaptic proteins. We found that levels of
oligomers correlated with the severity of cognitive impairment (Blessed score and Mini-Mental),
and with the loss of synaptic markers. Reduced levels of the synaptic vesicle protein vesicle-
associated membrane protein-2 and the postsynaptic protein post-synaptic density-95 (PSD95)
correlated with levels of oligomers in the various fractions analyzed. The strongest associations
were found with AP dimers and pentamers. Co-immunoprecipitation and double-labeling
experiments support the possibility that Ap and PSD95 interact at the synaptic sites. Similarly, in
transgenic mice expressing high levels of neuronal amyloid precursor protein (APP), Ap co-
immunoprecipitated with PSD95. This was accompanied by a reduction in the levels of the post-
synaptic proteins Shankl and 3 in Alzheimer’s disease patients and in the brains of APP
transgenic mice. In conclusion, this study suggests that the presence of a subpopulation of Ap
oligomers in the brains of patients with Alzheimer’s disease might be related to alterations in
selected synaptic proteins and cognitive impairment.
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Introduction

Results

The cognitive impairment in patients with Alzheimer’s disease (AD) is closely associated
with synaptic loss in the neocortex and limbic system [1-3]. Several lines of investigation
support the view that increasing levels of amyloid-p 1-42 (AB), the proteolytic product of
APP metabolism, might be centrally involved in the pathogenesis of AD [4-7]. The
mechanisms through which accumulation of A monomers, oligomers and other APP
metabolites might lead to synaptic damage and neurodegeneration are under investigation.
More specifically, the potential role of neurotoxic AB oligomers has emerged as a topic of
considerable interest in recent years [8-11].

Under pathological conditions, monomeric forms of A} can aggregate to form several
different species, which include amyloid fibrils, protofibrils, annular structures, Ap-derived
diffusible ligands (ADDLS) [12] and smaller order oligomeric species (for reviews, see Refs.
[13], [14] and [15]). Smaller oligomeric species of synthetic AB are different than
protofibrils depending on how synthetic Ap is prepared. Oligomers of AB peptides can
organize into dimers, trimers, tetramers, and higher order arrays that can form annular
structures. Smaller oligomers are divided into those generated from synthetic peptides and
those purified from cells, transgenic (tg) mice or AD human brains [13].

Naturally occurring A oligomers can be resistant to SDS, guanidine hydrochloride and Ap-
degrading proteases [16]. An example of a naturally occurring oligomer species is AB*56
derived from the brains of APP tg mice, which has been shown to promote age-dependent
memory deficits [17]. AB*56 and AP trimers secreted by cultured cells could turn out to
share common synaptotoxic properties [13]. The Ap dimers, trimers, and higher order
oligomers secreted by cultured neurons inhibit LTP, damage spines and interfere with
activity-regulated cytoskeleton associated protein (Arc) location [9,10,13,18]. Additional
studies have shown that AP dimers extracted from human CSF disrupt synaptic plasticity
and inhibit hippocampal LTP in vivo [19]. Together, these studies indicate that Ap oligomers
ranging in size from 2-12 subunits might be responsible for the synaptic damage and
memory deficits [20]. The mechanisms through which Ap aggregates might lead to synaptic
damage are unclear. A number of recent studies have begun to investigate the possibility that
Ap oligomers might interfere with synaptic function by altering synaptic proteins such as
post-synaptic density-95 (PSD95) [21-24] and glutamate receptors [25]. In addition to the
role of oligomers, AB monomers also accumulate in high levels in the brains of patients with
AD and may also contribute to the neurodegenerative process.

Although the neurotoxic effects of the AB oligomers have been widely studied in
experimental models, less is known about the characteristics of the oligomers across the
spectrum of AD and how this correlates with cognition and synaptic proteins. For this
purpose, we utilized immunablot analysis to investigate the relationship between levels of
AP oligomers and synaptic proteins in fractions from the brains of AD patients and APP tg
mice. Our studies show that AB oligomers, in particular dimers and pentamers, progressively
accumulate in the brains of AD patients as well as in APP tg mice. This was accompanied
by reductions in the levels of synaptic scaffold proteins such as PSD95, Shank1 and Shanks3.

Levels of AB oligomers are associated with cognitive impairment and alterations in
synaptic proteins in AD

To analyze the levels of Ap monomers and oligomers in controls versus MCI and AD cases
high resolution immunoblot assays were performed with the cytosolic and membrane
fractions obtained by ultracentrifugation with samples extracted either with Buffer A [9] or
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Buffer B [26,27] and probed with antibodies against Ap (clones 82E1 and 6E10, 4G8).
When the fractionation procedure was performed with Buffer A (Fig. 1A,B) or Buffer B
(Fig. 1C,D) and immunoblots were probed with the anti-Ap antibodies 82E1 (Fig. 1A,C),
6E10 (Fig. 1B,D) or 4G8 (not shown), we found that the most clear banding pattern,
consistent with the estimated weight of the Ap monomers and multimers, was detected using
the membrane fractions of samples prepared with Buffer A and probed with the 82E1
antibody (Fig. 1A). With this approach, bands ranging in approximate molecular weight
from 4 to 28 kDa were detected, with the 4 kDa corresponding to monomers, and the higher
order bands (8, 12, 16, 20, 24 and 28) probably corresponding to dimers, trimers, tetramers,
pentamers, hexamers and heptamers, respectively (Fig. 1A). In brain samples from MCI and
AD cases prepared with Buffer A and probed with the 82E1 antibody (Fig. 2A), there was a
significant increase in the levels of the bands corresponding to monomers (Fig. 2B), dimers
(Fig. 2C) and higher-order oligomers (Fig. 2D, Table 3) when compared to control cases.
The greatest difference between the controls and the MCI and AD cases was in the levels of
monomeric AB (Fig. 2B, Table 3). Further analysis of the human samples by Ap 1-42
ELISA confirmed undetectable levels of AB in the controls, and comparable higher levels in
the MCI and AD cases (Table 3) Moreover, the levels of the synaptic proteins VAMP2 and
PSD95, and to a lesser extent syntaxin (Fig. 2E-G) and SNAP25 were reduced in MCI and
AD cases when compared to neurologically un-impaired controls (Table 3).

Immunohistochemical analysis with the 82E1 antibody showed, in both patients with AD
and in APP tg mice, immunostaining of abundant diffuse and dense core plaques (Fig. 3A-
F). In addition, with this antibody there were subtle linear Ap immunoreactive deposits
distributed along the neurons. Double labeling studies utilizing antibodies against PSD95
and 82E1 showed that the linear and punctate deposits along the neurons co-localized with
PSD95 in the dendritic processes (Fig. 3G-L). Linear regression analysis was performed to
investigate the relationship between the levels of oligomers, synaptic proteins and cognitive
impairment. The levels of dimers and pentamers were correlated with the severity of the
cognitive impairment (Blessed score and Mini-Mental State Examination [MMSE]) (Fig.
S1A, Table 4) and with the Braak stage (Fig. S1B, Table 4). Moreover, levels of dimers and
pentamers correlated with the loss of synaptic proteins such as VAMP2 and PSD95 (Fig.
S1C,D; Table 4). Consistent with this observation, the levels of the synaptic proteins
VAMP2 and PSD95 were significantly correlated with the severity of the cognitive
impairment (Fig. S1E, Table 4). Levels of PSD95 were also correlated with the Braak stage
(Fig. S1F, Table 4). A total of the six bands, which represent the multimeric forms of Ap,
were significantly correlated with the Blessed and MMSE scores and Braak stage (Table 4).

Accumulation of AB oligomers and loss of synaptic proteins in APP tg mice

To analyze the levels of AB in APP tg mice, immunoblot assays were performed with
cytosolic and membrane fractions homogenized with Buffer A (Fig. S2A,B) or Buffer B
(Fig. S2C,D), and probed with antibodies against A clones 82E1 (Fig. S2A,C), 6E10 (Fig.
S2B,D) and 4G8 (not shown). Similarly to the studies in AD brains (Fig. 1), in the APP tg
mice we found a clear banding pattern consistent with the estimated molecular weight of the
AP monomers and multimers when using the membrane fraction of samples prepared with
Buffer A and probed with the 82E1 antibody (Fig. S2A). Compared to nontg mice, in 6-
month old APP tg mice we observed abundant levels of monomers, dimers, trimers and, to a
lesser extent, other Ap multimers (Fig. 4A,B). In agreement with the studies in AD patients
(Fig. 2), levels of the synaptic proteins VAMP2, syntaxin and PSD95 were significantly
reduced in homogenates from APP tg mice compared to nontg controls (Fig. 4C).
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Interactions between AB and PSD95 in the brains of AD patients and APP tg mice

To further investigate the interactions between AB and synaptic proteins in AD, co-
immunoprecipitation and double-labeling experiments were performed. For this purpose,
control and AD brain homogenates extracted with Buffer A were immunoprecipitated with
antibodies against AB (82E1 clone) or synaptic proteins (PSD95, VAMP2, syntaxin and
SNAP25). When samples from human brains were immunoprecipitated with the antibody
against AB (82E1 clone) and then analyzed by western blot with an antibody against PSD95,
the strongest interaction was observed in the AD cases when compared to non-demented
controls (Fig. 5A,B). No interacting bands were detected in control experiments with
samples immunoprecipitated with a non-immune 1gG (Fig. 5A) or when the tissue sample
was excluded. No differences were detected between AD and non-demented controls in co-
immunoprecipitation experiments with antibodies against Ap (82E1 clone) and the synaptic
proteins syntaxin, SNAP25, or VAMP2 (not shown). Similarly, when brains from the APP
tg mice were immunoprecipitated with an antibody against A and analyzed by western blot
with an antibody against PSD95, the strongest interaction was observed in the APP tg
samples compared to nontg controls (Fig. 5C,D). Similar results were obtained when the
reverse co-immunoprecipitation was performed using the antibody against PSD95 followed
by western blot analysis with the anti- Ap antibody (82E1 clone) (Fig. 5E). No significant
interactions were detected by co-immunoprecipitation between AB (82E1 clone) and the
synaptic proteins syntaxin, SNAP25, or VAMP2 (not shown). To further investigate the
potential interactions between AP and other synaptic proteins in an unbiased manner we
immunoprecipitated AB with the 82E1 antibody from the brains of APP tg mice and
analyzed the copurifying proteins by MudPIT mass spectrometry. Analysis of Ap
immunoprecipates revealed that indeed PSD-95 interacts with AB in vivo (Fig. 5F). In
contrast, no significant recovery of PSD proteins was obtained in samples precipitated with
IgG alone or in control samples.

Alterations in proteins involved in the dendritic spine motility apparatus in AD and APP tg

mice

Spine motility plays an important role in learning and memory [28] and previous studies
have shown that Ap oligomers might interfere with this function [29]. PSD95 has been
shown to play an important role in spine motility by providing a scaffold for other dendritic
proteins such as Shank, Homer and actin [30-32]. Given that Ap oligomers have been shown
to interfere with PSD95, then it is possible that abnormalities in spine motility in AD might
be associated with alterations in the downstream effectors. To investigate this possibility,
immunoblot analysis for post-synaptic proteins was performed in fractionated homogenates
from human and mouse brain samples. In the membrane fraction of samples extracted with
Buffer A, Shank 1, Shank 3 and pan-Shank were detected as a triple or quadruple band
ranging in size from 160-240 kDa, these multiple bands are consistent with the known
alternative splicing of Shank. The other PSD proteins such as Homer 1 was detected at
approximately 40 kDa, while SAPAP1 was detected as a single band at around 110 kDa
(Fig. 6A,B). When compared to controls, in MCI and AD cases there was a significant
reduction in the levels of the bands corresponding to Shank 1, 3 and total pan-Shank (Fig.
6C). In contrast, levels of Homer and SAPAP1 were not significantly altered (Fig. 6E).
Similarly, compared to nontg controls, in the APP tg mice levels of pan-Shank, Shank 1 and
3 were reduced (Fig. 6D) while Homer and SAPAP1 were not significantly different (Fig.
6F).

To further investigate the effects of AP on the dendritic scaffold proteins, primary neuronal
cultures were exposed to conditioned media from Chinese hamster ovary (CHO) cells that
produce A oligomers. Compared to vehicle-treated controls, after 6 or 24 hrs of exposure to
Ap oligomers, primary neuronal cells displayed a reduction in the numbers of pan-Shank-
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positive punctae along the dendritic arbor (Fig. 7). This effect was detected after 6 hrs of
treatment (Fig. 7C), and after 24 hrs, these effects became more evident (Fig. 7A-E). In
addition, a similar reduction in the numbers of PSD95-positive punctae was detected after
24 hrs of treatment with AB (Fig. S3). By LDH assay levels of neuronal survival were
comparable between cells treated with control conditioned media and A} containing media
(Fig. S3). Together these results support the possibility that Ap reduces Shank and PSD95
content in the dendrites and that the effects sare not the result of cell death.

Discussion

The present study showed that levels of AB oligomers, assessed with the 82E1 antibody in
fractionated brain homogenates from patients with AD at different stages, correlated with
the severity of the cognitive impairment (Blessed score and MMSE), and with the loss of
synaptic markers such as the synaptic vesicle protein VAMP2, and the post-synaptic protein
PSD95. The levels of AB dimers and pentamers correlated more closely to the severity of the
cognitive impairment and the alterations in synaptic proteins.

This is consistent with recent studies in cellular and rodent models showing that small
soluble oligomers are toxic because they damage the synapses [20,33,34]. AB dimers,
trimers and pentamers secreted by cultured neurons inhibit LTP and damage spines [18]. In
hippocampal slices and in animal models, AB oligomers ranging in size from 2-12 subunits
impair synapse function [20]. A recent study showed that intraaxonal injection of oligomeric
Ap42 acutely inhibited synaptic transmission at the squid giant synapse by disrupting
synaptic vesicles [35]. Interestingly, Ap dimers recovered from the CSF of patients with AD
cause memory deficits and synaptic dysfunction when infused in vivo [19]. Moreover,
soluble Ap dimers purified from AD brains have been shown to inhibit LTP, enhance LTD,
and reduce dendritic spine density in rodent hippocampus [36]. Co-administering antibodies
specific for the N-terminus of AP prevented these synaptic and functional deficits, whereas
antibodies against the C-terminus were less effective [37].

Taken together, these results suggest that Ap dimers and other small oligomers might initiate
the cascade of events leading to synaptic damage and cognitive impairment in patients with
AD. However, correlational studies can only suggest that such interaction between Ap and
synapses might be at play in AD and additional studies will be needed to confirm this
possibility. The mechanisms through which accumulation of AR monomers and oligomers
might damage the synapses are not completely clear. One possibility is that this effect might
be in part mediated by interactions between A and pre- and post-synaptic proteins such as
VAMP2 and PSD95, respectively. Another possible interpretation is that once Ap toxic
arrays cross from the pre-synaptic to the post-synaptic site, the damage in the post-synaptic
site results in dennervation and secondary changes in the pre-synaptic site. However it is
possible that Abeta has toxic effects both in the pre and post-synaptic sites. This study also
showed that AP co-immunoprecipitated with PSD95 in the brains of patients with AD and in
APP tg mice, and that discrete AP aggregates co-localized with PSD95 along the dendrites
in the brains of AD patients and APP tg mice. In addition, levels of PSD95, Shank1 and
Shank3 were reduced. This is consistent with previous studies that have shown alterations in
the levels of PSD95 in AD [21,22,24]and APP tg models [23,25]. Moreover, and in
agreement with our publication, a recent study showed a reduction in PSD95 levels in the
hippocampus of subjects with MCI, which was accompanied by decreased levels of two
proteins associated with PSD95, namely the NMDA receptor subunit A (NR2A) and the
low-density lipoprotein receptor-1 (LRP1) [24]. In support of a role for AB in the
mechanisms of post-synaptic damage in AD, previous studies show that soluble Af
oligomers induce degradation of PSD95 [38], and promote alterations in PSD architecture
by depleting the synaptic pool of Homerlb and Shank1 clusters [39]. It is thought that
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signaling pathways such as PI3K and ERK might mediate the actions of soluble Ap on
Homerlb and Shank levels [39]. In support of this possibility, we found that AB co-
immunoprecipitated with PSD95 in the brains of patients with AD and in APP tg mice, and
that discrete Ap aggregates co-localized with PSD95 along the dendrites in AD and APP tg
mice brains. Further supporting the co-IP results mass spectrometry studies showed that
PSD95 fragments can be recovered from the brains of APP tg mice precipitated with and
antibody against Ap but not with an 1gG control. However these results should be
interpreted with caution given the known tendency of AP to bind other proteins. Moreover,
interactions between AP and PSD95 may be indirectly mediated by other, as yet
unidentified, proteins. The distribution of the discrete AP} aggregates detected with 82E1 are
similar to those previously described using the A11 antibody against oligomers [40]. This is
consistent with previous studies showing that ADDLSs and other naturally occurring AP
oligomers bind to the post-synaptic density and interfere with dendritic spine function
[33,41]. Studies utilizing real time two-photon microscopy have demonstrated that spine
motility plays an important role in learning and memory, and ApB oligomers are capable of
impairing this process [29,36]. Oligomers might disturb spine motility by disrupting the
spine scaffold supported by PSD95, Shank1 and Shank3, however the mechanisms through
which A might disturb PSD95 are not completely understood. One possibility might be that
soluble monomers and oligomers secreted at the presynaptic side might be uptaken by the
postsynaptic side. This is supported by recent studies where fluorescently labeled Ap
oligomers were shown to be taken up via the endocytic pathway in neuronal cell cultures
[42]. The second is that oligomers could leak from lysosomal compartments, as has been
suggested in previous studies [43,44].

PSD95 can join N-methyl-D-aspartic acid (NMDA) receptors (NMDA-RS) to the post-
synaptic membrane by the interaction of the first and second PDZ domain with the NR2
subunit of the heteromeric NMDA-R complex [45-48]. In addition to its ability to cluster
NMDA-Rs, SAP90/PSD95 is most likely also involved in targeting and NMDA-R signaling,
as indicated by the analysis of various tg mouse models [49,50]. In addition, PSD95 is
believed to play a central role in the process of spine motility by serving as a scaffold to
bind and organize other integral post-synaptic membrane proteins and PSD components,
such as the Shank proteins. The Shank family of proteins are major components of the post-
synaptic density [31,51,52] and interact with the PDZ ternary complex composed of PSD95,
Discs large, and zona occludens-1 (PDZ). This allows Shank to bind indirectly to the
multiprotein NMDA-R and a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA)
receptor (AMPA-R) complexes via the guanylate kinase-associated protein (GKAP) [53]
and to the C-terminus of group | metabotropic glutamate receptors (mGIuRs) [54]. The
Shank proteins contain a ligand motif for Homer [54], which in turn binds to group |
mGIuRs, IP3 receptors, and ryanodine receptors [55]. Shanks can also bind to cytoskeletal
proteins and regulate spine motility via interactions with cortactin. Shank1 and Shank3 bind
to spectrin [56] and F-actin-associated proteins [30-32].

Consistent with the possibility that alterations in PSD95 might lead to downstream changes
in dendritic proteins involved in spine function, we found that levels of the post-synaptic
proteins Shank1 and 3 were reduced in AD patients and in the brains of APP tg mice when
compared to controls. This is consistent with a recent study showing alterations in glutamate
receptors and Shank proteins in AD [57]. Interestingly, haploinsufficiency of Shank3 in
humans causes a syndrome with dendritic spine dysgenesis [31] that results in a learning
disability known as the 22¢13 deletion syndrome [58,59].

Taken together, these studies suggests that in AD, AP oligomers might lead to synaptic
dysfunction by sequestering PSD95, which in turn might result in alterations to the dendritic
spine scaffold and Shank proteins. This could then result in cytoskeletal changes and
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reduced spine motility. Alternatively, alterations in PSD95/Shank complexes could also
result in dysregulation of glutamate receptors. This latter possibility is consistent with recent
studies [60] showing that A triggers alterations in the endocytosis of AMPA-R, which
compromises synaptic plasticity. Similarly, other studies have shown that cell-derived
oligomers decrease dendritic spine density in the hippocampus by an NMDA-dependent
signaling pathway [36], suggesting a model in which exposure to Af oligomers mimics a
state of NMDA-R blockade, either by reducing NMDA-R activation, reducing NMDA-R-
dependent calcium influx, or enhancing NMDA-R-dependent activation of calcineurin.

In conclusion, this study showed that the presence of certain species of small AB oligomers
in the brains of patients with AD correlated with alterations in selected synaptic proteins and
cognitive impairment. These results suggest that AB could directly interact with post-
synaptic proteins, leading to alterations in the spine scaffold system.

Experimental procedures

Subjects

Please note that additional methodological details are included in the Supplementary
Experimental Procedures.

A total of 20 human cases were included for the present study. These were divided into
several groups: control (neurologically un-impaired), MCI, moderate AD, and advanced
AD. A summary of the demographic and clinico-pathological characteristics of these cases
is presented in Table 1. The autopsy cases in this study came from patients evaluated at a
number of sites associated with the Alzheimer’s Disease Research Center (ADRC) at the
University of California, San Diego (UCSD). Written informed consent for neurobehavioral
evaluation, autopsy, and for the collection of samples and subsequent analysis was obtained
from the patient and caregiver (usually the next of kin) before neuropsychological testing
and after the procedures of the study had been fully explained. The study methodologies
conformed to the standards set by the Declaration of Helsinki and Federal guidelines for the
protection of human subjects. All procedures were reviewed and approved by the UCSD
Institutional Review Board.

Neurobehavioral and neuropathological examination

Please refer to the Supplementary Experimental Procedures.

APP tg mouse samples

For studies in animal models, brain samples from 16 six-month old mice (n=8 nontg; n=8
APP tg) were included for immunoblot analysis. The characteristics of thyl-APPmut tg (line
41) [61] have been previously described. The APP tg mice express mutated (London V7171
and Swedish K670M/N671L) human APP751 under the control of the murine Thyl
promoter [61]. This tg model was selected because mice produce high levels of AB1_4, and
exhibit performance deficits in the water maze, synaptic damage, and early plaque
formation, beginning around three months of age [61,62]. Transgenic lines were maintained
by crossing heterozygous tg mice with nontg C57BL/6 x DBA/2 F1 breeders. All mice were
heterozygous with respect to the transgene. All experiments were performed in accordance
with NIH legislations, all animals were handled in strict accordance with good animal
practice and all procedures were completed under the specifications set forth by the UCSD
Institutional Animal Care and Use Committee.
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Tissue fractionation

For the analysis of AP and synaptic proteins, tissues from human and APP tg mice were
processed utilizing two different methods. The first method utilized a sucrose-containing
buffer that allows for the separation of A oligomers (“Buffer A” containing PBS [pH 7.4],
0.32M sucrose, 50mM HEPES, 25mM MgCly, 0.5mM DTT, 200ug/ml PMSF, 2ug/ml
Pepstatin A, 4ug/ml Leupeptin, 30ug/ml Benzamidine hydrochloride), and the second
method utilized a buffer that facilitates separation of the membrane and cytosolic fractions
(“Buffer B” containing 1.0mM HEPES, 5.0mM Benzamidine, 2.0mM 2-Mercaptoethanol,
3.0mM EDTA, 0.5mM Magnesium Sulfate, 0.05% Sodium Azide; final pH 8.8).

Tissue Extraction with Buffer A

Briefly as previously described [8,9], frontal cortex from human and mouse brain samples
(0.1g) was homogenized in 0.4ml of Buffer A containing phosphatase and protease inhibitor
cocktails (Calbiochem, San Diego, CA). The samples were centrifuged at 1,000 x g for 10
minutes at 4°C. Supernatants were retained and placed into appropriate ultra-centrifuge
tubes and the pellets were re-homogenized in 0.3ml of Buffer A and re-centrifuged at 1,000
x g for 10 minutes at 4°C. The second supernatant was collected and combined with the first
supernatant and centrifuged at 100,000 x g for one hour at 4°C. This final supernatant was
collected to serve as the cytosolic fraction and the remaining pellet was resuspended in
0.2ml of Buffer A and re-homogenized; this was the membrane fraction. The BCA protein
assay was used to determine the protein concentration of the samples.

Tissue Extraction with Buffer B

Antibodies

Briefly, as previously described [26,27], frontal cortex from human and mouse brain
samples (0.1g) was homogenized in 0.7ml of Buffer B containing phosphatase and protease
inhibitor cocktails (Calbiochem). Samples were centrifuged at 5,000 x g for five minutes at
room temperature. Supernatants were retained and placed into appropriate ultra-centrifuge
tubes and centrifuged at 100,000 x g for one hour at 4°C. This supernatant was collected, to
serve as the cytosolic fraction, and the pellets were resuspended in 0.2ml of Buffer B and re-
homogenized; this was the membrane fraction. The BCA protein assay was used to
determine the protein concentration of the samples.

For immunoblot and immunohistochemical detection of AB, the mouse monoclonal
antibodies, 4G8 (Signet Laboratories, Dedham, MA), 82E1 (IBL, Minneapolis, MN) and
6E10 (Signet) were used. For analysis of synaptic proteins, mouse monoclonal antibodies
against SNAP25 (Abcam, Cambridge, MA), Syntaxin (Abcam), and PSD95 (UC Davis/NIH
Neuro-Monoclonal Antibody (MADb) facility, Davis, CA) were used. The synaptic protein
VAMP1 was detected with a rabbit polyclonal 1gG (Abcam), and actin levels were
determined with the mouse monoclonal C4 antibody (Millipore, Temecula, CA). For
detection of pan-Shank, Shank 1, Shank 3 and Pan-SAP90/PSD95 associated proteins
(SAPAP), mouse monoclonal antibodies from UC Davis/NIH NeuroMAb facility were used.
Homer protein was detected with a rat polyclonal antibody (Millipore). Table 2 presents a
summary of the antibodies used for this study.

Immunoblot analysis

Western blot analysis was performed essentially as previously described [26,63]. For
additional details, please refer to the Supplementary Experimental Procedures.
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Immunoprecipitation assays

Briefly, homogenates from human and mouse brains were prepared in Buffer A as for
immunoblot analysis. Samples from the membrane fractions were diluted in
immunoprecipitation buffer (20mM Tris-HCI, pH7.5, 150mM NaCl, ImM EDTA, 1mM
NaVO4, 50mM NaF, with protease inhibitors (Roche, Basel, Switzerland) containing 1%
Triton X-100, and immunoprecipitation assays were carried out essentially as previously
described [64]. The lysates were then centrifuged for 20 minutes at 12,000 rpm, and the
protein concentrations were determined with a BCA protein assay kit. Three hundred ug of
each of the supernatants was incubated with 1ug of the antibody against synaptic proteins
PSD95, VAMP, syntaxin or SNAP25 overnight at 4°C. Then the immunocomplexes were
adsorbed to protein A-Sepharose 4B or protein G-Sepharose (Amersham, Piscataway, NJ).
After extensive washing with immunoprecipitation buffer, which contained 1% Trion
X-100, samples were heated in NUPAGE SDS sample buffer (Invitrogen) for five minutes
and subjected to gel electrophoresis on tristricine gels followed by immunoblot analysis with
an antibody against either synaptic proteins or Ap (6E10 or 82E1). Samples were also
immunoprecipitated with an antibody against Ap (6E10 or 82E1), separated on a bis-tris
4-20% gel, then subjected to immunoblot analysis with mouse monoclonal antibodies
against synaptic proteins.

AB 1-42 ELISA

Levels of AB 1-42 in the frontal cortex of patients diagnosed with MCI, moderate AD,
advanced AD and age-matched controls were assessed via an enzyme-linked
immunosorbent assay (ELISA) which was performed as per manufacturer’s instructions
(Life technologies, California).

Lactate Dehydrogenase (LDH) assay

Cell viability was evaluated by the LDH assay. Cells were plated on 96 well plates in
complete media. After treatments, assays were than performed following manufacturer’s
instructions (Promega). Results were expressed as % cell death.

Primary neuronal cultures
Please refer to the Supplementary Experimental Procedures.

Preparation and treatment with natural Ap

Natural AB was prepared according to Walsh et al. [16] (kindly provided by Dr. Eddie Koo)
by incubating control CHO cells or CHO cells expressing APP VV717F mutation (also
referred as 7PA2 cells) with B27 conditioned media for 16 hours. Total Ap concentration
was determined as previously described [65]. Neurons were treated with 80pM of natural Ap
for 6 and 24 hours. Cells were then fixed with 4%PFA/4%sucrose.

Double labeling and laser scanning confocal microscopy

To evaluate the co-localization between AP and synaptic markers, double
immunohistochemical analysis was performed as previously described [26]. Vibratome
sections were immunolabeled with a monoclonal antibody against PSD95 (1:10,000, UC
Davis) detected with the Tyramide Signal Amplification™-Direct (Red) system (1:100,
NEN Life Sciences, Boston, MA) and the mouse monoclonal antibody against ApB (clone
82E1, 1:500) detected with FITC-conjugated secondary antibodies (1:75, Vector
Laboratories, Burlingame, CA) [26]. All sections were processed simultaneously under the
same conditions and the experiments were performed twice to assess reproducibility.
Sections were imaged with a Zeiss 63X (N.A. 1.4) objective on an Axiovert 35 microscope
(Zeiss, Germany) with an attached MRC1024 LSCM system (BioRad) [26]. To confirm the
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specificity of primary antibodies, control experiments were performed where sections were
incubated overnight in the absence of primary antibody (deleted) or preimmune serum and
primary antibody alone.

Multidimensional Protein Identification Technology (MudPIT), LTQ and Analysis of Tandem
Mass Spectra

Please refer to the Supplementary Experimental Procedures.

Statistical analysis

Unless otherwise noted, all data were presented as mean = SEM. Mean values were
compared using Kruskal-Wallis test for Braak scores; non-parametric and one-way analysis
of variance (ANOVA) tests were used for all other comparisons. If a significant global result
was obtained (overall p value < 0.05), Kruskal-Wallis test was followed by Dunn’s Multiple
comparison test and ANOVA was followed by either Student Newman-Keuls or
Bonferroni’s multiple comparison tests. Pearson product moment correlations were used to
determine the intragroup association of MMSE and BIMC to oligomers and synaptic
proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ANOVA
NMDA-R
PDZ
AMPA-R
GKAP
MGIuR

Alzheimer’s disease

vesicle-associated membrane protein-2
post-synaptic density-95

transgenic

amyloid precursor protein

amyloid-p 1-42

Ap-derived diffusible ligands

activity-regulated cytoskeleton associated protein
mild cognitive impairment

Alzheimer’s Disease Research Center

Blessed Information-Memory-Concentration
Mini-Mental State Examination

Clinical Dementia Rating

haematoxylin and eosin

Consortium to Establish a Registry for Alzheimers Disease
non-transgenic

SAP90/PSD95 associated proteins

Chinese hamster ovary cells

non-parametric and one-way analysis of variance
N-methyl-D-aspartic acid receptor

PSD95, Discs large, and zona occludens-1 complex
a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptor
guanylate kinase-associated protein

metabotropic glutamate receptor
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Fig. 1.

Comparative immunoblot analysis for APP/AB in the frontal cortex of control and AD
patients. Samples were fractionated into membrane and cytosolic fractions and probed with
anti-Ap antibodies (82E1 and 6E10). A & B. In samples homogenized using Buffer A,
compared to non-demented controls, in AD samples multiple bands representing AP
monomers and multimers were identified at molecular weights ranging from 4 to 28 kDa
bands in the membrane fraction. C & D. In samples homogenized using Buffer B, compared
to non-demented control, in AD samples the majority of the Ap was identified as a 4 kDa
band in the membrane fraction.
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Ap dimer D Ap higher order oligomers
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IControl
mci

[JAD Braak lll-IV
[EHAD Braak V-VI

Analysis of the Ap and synaptic protein bands detected by immunaoblot in control and AD
brain samples. Samples were homogenized using Buffer A and probed with antibodies
against AP (82E1) and synaptic proteins (VAMP2, syntaxin, PSD95). A. Representative
western blot with the membrane fractions from controls, MCI and AD cases displaying
bands corresponding to A monomer (4 kDa) and multimers (8-28 kDa) and PSD95 (95
kDa). B-D. Semi-quantitative analysis of the bands representing Ap monomer (4 kDa) (B),
dimer (8 kDa) (C) and higher order oligomers (12-28 kDa) (D) showing a progressive
increase in AD cases. E-G. Semi-quantitative analysis of immunoblots for VAMP2 (E),
syntaxin (F), and PSD95 (G) showing a reduction in immunoreactivity in AD cases. N=5
cases per group, *P<0.05 compared to non-demented control by one-way ANOVA with

post-hoc Dunnett’s test.
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Immunohistochemical analysis of the patterns of A immunoreactivity (82E1) in AD cases
and APP tg samples. For panels A-F, vibratome sections were immunolabeled with an anti-
AP antibody (82E1) and reacted with DAB. For panels G-L, vibratome sections were
double-immunolabeled with an anti- Ap antibody (82E1, green channel) and PSD95 (red
channel). A-C. Compared to non-demented controls (A), in the frontal cortex of MCI cases
AP was detected as discrete granular structures (arrows, B). In advanced AD cases, the
antibody detected abundant plaques (C). D-F. Compared to nontg controls (D), in the frontal
cortex of APP tg mice the anti-Ap antibody detected discrete diffuse structures (arrows, E)
in the neuropil as well as fibrillar mature plaques (F). G-1. In mild AD cases the discrete Ap
-positive granular structures co-localized with PSD95 (arrows). J-L. In APP tg mice the
diffuse AP -positive structures co-localized with PSD95 (arrows). Scale bar in panel A
equals 50 pm in panels A-F; scale bar in panel G equals 20 um in panels G-L.
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Fig. 4.

Analysis of the Ap and synaptic protein bands detected by immunaoblot in APP tg mice.
Samples were homogenized using Buffer A and probed with antibodies against Ap (82E1)
and synaptic proteins (VAMP2, syntaxin, PSD95). All panels are from the brains of 6-month
old mice. A. Representative western blot of the membrane fractions from 6-month old nontg
control and APP tg mice displaying bands corresponding to AR monomer (4 kDa) and
multimers (8-28 kDa) and PSD95 (95 kDa). B. Semi-quantitative analysis of the bands
representing A monomer (4 kDa), dimer (8 kDa) and higher order oligomers (12-28 kDa).
C. Semi-quantitative analysis of the immunoblots for VAMP2, syntaxin, PSD95. N=8 mice
per group, *P<0.01 compared to nontg control by unpaired, two-tailed Student’s t-test.
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Fig. 5.

Co-immunoprecipitation studies for Ap and PSD95 in AD cases and APP tg mice. Samples
from the frontal cortex of human non-demented control and AD cases, or from the brains of
nontg and APP tg mice were homogenized with Buffer A and membrane fractions were
processed for immunoprecipitation. A. Samples from the brains of control and AD cases
were immunoprecipitated (IP) with an anti- Ap antibody (82E1), then analyzed by western
blot (WB) with an antibody against PSD95. The reactive band was more intense in the AD
cases (arrow); no reactive bands at 95 kDa were observed under control conditions. B. Semi-
quantitative analysis of the co-immunoprecipitated band showed higher levels in AD cases.
C. Mouse brain cortex samples from 6-month old animals were immunoprecipitated with
anti- Ap antibody (82E1), then analyzed by western blot with an antibody against PSD95.
The reactive band was more intense in the APP tg mice (arrow). D. Semi-quantitative
analysis of the co-immunoprecipitated band showed higher levels in APP tg mice. E. Mouse
brain cortex samples from 6-month old animals were immunoprecipitated with anti-PSD95
antibody, then analyzed by western blot with an antibody against Ap (82E1). The reactive
band was more intense in the APP tg mice (arrow). N=3 cases or mice per group, *P<0.05
compared to control by one-way ANOVA with post-hoc Dunnett’s test. F. Mouse brain
cortex samples from 6-month old APP tg mice were immunoprecipitated with an antibody
against AP (82E1) and the resulting co-precipitates were analyzed by mass spectroscopy.
Both Abeta trypitic peptides were identified along with three PSD-95 peptides. Charge and
XCorr score of the identified peptides are indicated.
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Fig. 6.

Analysis of the dendritic scaffold proteins by immunoblot in AD brains and APP tg mice.
Panel A is from the frontal cortex of control, MCI and AD cases prepared with membrane
fractions in Buffer A. Panel B is from nontg and APP tg cortex prepared with membrane
fractions in Buffer A. A. Representative western blot analysis of human brain samples
probed with antibodies against pan-Shank, Shank1, Shank3, Homer and SAPAP1. B.
Representative western blot analysis of mouse brain samples probed with antibodies against
pan-Shank, Shank1, Shank3, Homer and SAPAP1. C & D. Semi-quantitative analysis
showing a reduction of Shank proteins in MCI and AD compared to non-demented control
(C), and a similar reduction in APP tg mice compared to nontg controls (D). E & F. Semi-
quantitative analysis showing no changes in Homer or SAPAP1 levels in diseased human
(E) or tg mouse brains (F). N=5 cases per group for control, MCI and AD samples, *P<0.05
compared to non-demented controls by one-way ANOVA with post-hoc Dunnett’s test. N=8
mice per group for nontg and APP tg mice, *P<0.01 compared to nontg controls by
unpaired, two-tailed Student’s t-test.
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Fig. 7.

Double immunolabeling analysis for MAP2 and pan-Shank in primary neuronal cultures
treated with conditioned media containing ApB oligomers. Hippocampal neuronal cells from
P1 mice were treated for 6 or 24 hrs with conditioned media from APP-expressing CHO
cells (80 pM, a sublethal dose). Fixed cells on coverslips were immunolabeled with
antibodies against MAP2 (green channel) and pan-Shank (red channel) and analyzed with a
laser scanning confocal microscope. All images are from cells treated for 24 hrs; the graph
represents data from both 6 and 24 hr timepoints. A & B. Confocal images showing neurons
after 24 hrs of treatment with vehicle (A) or Ap (B). Compared to vehicle-treated cells,
Abtreatment resulted in a reduction in pan-Shank-positive punctae along the dendrites. C.
Analysis of levels of pan-Shank and MAP2-immunoreactive structures after 6 and 24 hrs of
treatment with vehicle or Ap. D & E. Confocal images at higher power showing the detail of
MAP2-labeled dendritic branches and pan-Shank-immunoreactive punctae (arrows) along
the dendrites. Scale bar in panel B equals 20 um for panels A & B; scale bar in panel E
equals 10 pm for panels D & E. N=3 samples per condition, *P<0.05 compared to vehicle-
treated controls by unpaired, two-tailed Student’s t-test.
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