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Abstract
Introduction: Peripheral biomarkers to diagnose Alzheimer’s disease (AD) have not been established. Given
parallels between neuron and platelet biology, we hypothesized platelet membrane-associated protein changes
may differentiate patients clinically defined with probable AD from noncognitive impaired controls.
Methods: Purified platelets, confirmed by flow cytometry were obtained from individuals before fractionation by
ultracentrifugation. Following a comparison of individual membrane fractions by SDS-PAGE for general proteome
uniformity, equal protein weight from the membrane fractions for five representative samples from AD and five
samples from controls were pooled. AD and control protein pools were further divided into molecular weight
regions by one-dimensional SDS-PAGE, prior to digestion in gel. Tryptic peptides were analyzed by reverse-phase
liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). Ionized peptide intensities were
averaged for each identified protein in the two pools, thereby measuring relative protein abundance between the
two membrane protein pools. Log2-transformed ratio (AD/control) of protein abundances fit a normal distribution,
thereby permitting determination of significantly changed protein abundances in the AD pool.
Results: We report a comparative analysis of the membrane-enriched platelet proteome between patients with mild to
moderate AD and cognitively normal, healthy subjects. A total of 144 proteins were determined significantly altered in
the platelet membrane proteome from patients with probable AD. In particular, secretory (alpha) granule proteins were
dramatically reduced in AD. Of these, we confirmed significant reduction of thrombospondin-1 (THBS1) in the AD
platelet membrane proteome by immunoblotting. There was a high protein-protein connectivity of proteins in other
pathways implicated by proteomic changes to the proteins that define secretory granules.
Conclusions: Depletion of secretory granule proteins is consistent with a preponderance of post-activated platelets
in circulation in AD. Significantly changed pathways implicate additional AD-related defects in platelet glycoprotein
synthesis, lipid homeostasis, amyloidogenic proteins, and regulators of protease activity, many of which may be
useful plasma membrane-expressed markers for AD. This study highlights the utility of LC-MS/MS to quantify
human platelet membrane proteins and suggests that platelets may serve as a source of blood-based biomarkers
in neurodegenerative disease.
Keywords: blood biomarkers, platelet activation, mass spectrometry, membrane proteomics, glycoprotein, matrix
metalloprotease inhibitor, amyloidogenic protein, alpha granule secretion, coagulation
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Introduction
Alzheimer’s disease (AD) is the most common form of
dementia worldwide. Pathologically, it is characterized by
the accumulation of extracellular beta amyloid (Ab) plaques and intracellular tau tangles as well as gliosis and
neuronal cell death [1-3]. More recently, abnormalities in
synaptic transmission and vesicular trafficking have been
reported in early AD [4,5]. As the population ages and
the number of people affected with AD increases, it is
becoming increasingly important to identify biomarkers
that can be used to diagnose the disease as early as possible. While significant progress has been made in brain
imaging and characterizing fluid biomarkers of AD in
cerebrospinal fluid (CSF) [6,7], peripheral biomarkers
have not been well established for clinical use. Bloodbased biomarkers are especially attractive in a clinical
setting compared to CSF, because blood samples are relatively easy to obtain.
Potential sources of blood-based biomarkers are platelets, small (1 to 4 μ), anuclear fragments derived from
megakaryocytes in the bone marrow [8,9]. Platelets are
dynamic and can exist in either a resting or activated state
[8,9]. Resting platelets are inert; however, once activated,
they undergo restructuring of their cytoskeleton and
secrete numerous biologically active factors including
cytokines, chemokines, and neurotransmitters [10].
Although activated platelets are perhaps best known for
their role in hemostasis and thrombosis, they also play a
significant role in inflammation and immunity [11]. Interestingly, platelets share many similarities with synaptic
terminals in neurons and have been used as a model for
studying synaptic vesicle metabolism. For example, both
platelets and neurons secrete and respond to neurotransmitters and share many of the same secretory pathways
and transporters for neurotransmitter uptake and packaging [12-14]. Platelets also contain a high concentration of
amyloid precursor protein (APP) [15-17] and possess a, b,
and g-secretases [18], enzymes responsible for generating
the Ab peptide. Increased levels of activated platelets have
been reported in patients with early AD compared to
healthy, age-matched controls, and the platelet activation
state has been positively correlated with the rate of cognitive decline measured by the mini mental status exam
(MMSE) [19]. Subsequent studies have reported that
patients with amnestic mild cognitive impairment (MCI)
with elevated levels of activated platelets were at an
increased risk of progression to AD within 3 years [20].
Although a majority of the published studies supports that
activated platelets are higher in patients with AD compared to healthy controls [19-21], other studies [16,22]
have also reported a decrease in platelet activity in AD.
Thus, given the similarities between platelets and neurons
and previously reported abnormalities in the platelet activation state in AD, platelets may serve as a valuable source
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of peripheral biomarkers in patients clinically defined with
probable AD [23-25], while an inventory of proteins changing in platelets of AD patients may also provide mechanistic insight into their change in activation status.
Mass spectrometry (MS)-based proteomics has become
an essential tool for the detection, identification, and
quantification of protein biomarkers from complex mixtures including cells and tissue [26]. Proteomic techniques
can provide certain advantages over transcriptomic
approaches, for example in detecting protein loss due to
secretion, although mRNA is maintained for translation in
circulating platelets despite their anuclear status [27].
RNA changes in platelets have been reported in disease
[28]. Whole platelet proteome and subproteomes have
been profiled using liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS) [10,29,30], however, an analysis of the platelet proteome from patients
with AD compared to that of cognitively normal controls
has been largely unexplored. Cytoskeletal proteins (for
example titin, filamin and actin) represent the most abundant proteins in platelets, contributing to their rigid structure [10]. A drawback of data-dependent LC-MS/MS is an
intrinsic bias toward sequencing the most abundant proteins in a sample that limits the detection of less abundant
proteins that may be changing in disease [31]. Reducing
the complexity of the sample before LC-MS/MS analysis
is one way to circumvent this problem. Thus, enriching
for the membrane subproteome prior to LC-MS/MS
not only reduces the number of cytoskeletal proteins, but
maximizes the likelihood of detecting less abundant cellsurface transmembrane proteins altered in disease.
Another advantage of cell-surface platelet membrane biomarkers is their ability to serve as targets for probes in
orthogonal diagnostic screening approaches including flow
cytometry, which can be readily employed in a clinical
setting.
Herein, we report a comparative analysis of the membrane-enriched platelet proteome between patients with
mild to moderate AD and healthy, cognitively normal,
control subjects. Following label-free quantification of
1,957 proteins in 1,009 homology groups using extracted
ion intensity peptide measurements, 144 proteins were
determined significantly altered in the platelet membrane
proteome from patients with probable AD. Ontology
annotation of altered proteins revealed specific pathways
changing in AD and several that are specific to platelets.
In particular, proteins encompassing the a-secretory
granule pathway including a, b, and g-chains of fibrinogen, thrombospondin-1 (THBS1), von Willebrand factor
and fibronectin were dramatically reduced in AD. Of
these, we confirmed THBS1 reduction in the AD platelet
membrane proteome by immunoblotting. Platelets
release a-granule contents when activated [8,32]. Thus,
the major loss of a-secretory granule proteins observed
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in the AD membrane proteome is consistent with
enhanced platelet activation, and maintenance of postactivated platelets in circulation. We discuss other pathways, including platelet glycoprotein synthesis, lipid
homeostasis, membrane-associated amyloidogenic proteins, and regulators of protease activity, as each of these
pathways were also significantly represented in the proteins found to be changing in AD platelet membrane
proteome. Together, these data highlight the utility of
LC-MS/MS to identify and quantify platelet membrane
proteins isolated from humans and suggest that platelets
may potentially serve as a useful source of blood-based
biomarkers in neurodegenerative disease. Whether these
biomarkers have diagnostic value in AD will need to be
established in future longitudinal studies including a larger number of participants.

Materials and methods
Participant selection

Participants were selected from the Clinical Research in
Neurology (CRIN) database at the Emory Alzheimer’s Disease Research Center (ADRC). Institutional Review Board
(IRB) approval was obtained from Emory University and
all participants gave written informed consent before
being included in this study. Seven controls and seven
probable AD participants were enrolled in the study
(Table 1), of which five of each group were pooled for proteomic analysis, matched as closely as possible for sex and
age. Control subjects were selected based on a current
MMSE score greater than 27 out of a total 30 points.
Patients with mild to moderate AD all had a consensus
diagnosis of probable AD and were selected based on having an MMSE score between 10 and 24. Participants were
selected to be as similar as possible between groups with
respect to age and were matched based on whether or not
they were taking aspirin. Exclusion criteria included participants on clopidogrel (for example Plavix), those with
conditions that could cause an increase in platelet activation level (a history of cancer within the past 5 years, autoimmune disorders, any acute illness, or chronic illnesses
such as end-stage liver disease, end-stage renal disease
requiring hemodialysis, and end-stage heart failure), and
patients with bleeding disorders or other blood dyscrasias.
Platelet isolation from whole blood

Whole blood (40 cc) was collected in acid citrate dextrose
(ACD) using a 21 gauge butterfly needle. To help prevent
platelet activation and aggregation, the tourniquet was
removed after the initial needle stick and the first 5 cc of
blood withdrawn was discarded. Platelet isolation from the
remaining 35 cc of blood was adapted from Quereshi et al.
[10]. Centrifugation times were optimized to maximize platelet yield and purity based on analysis of the sample by
light microscopy after each step. Blood was centrifuged at
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200 × g for 20 minutes immediately after collection to
separate red and white blood cells from platelet-rich
plasma. The top 2/3 of the platelet-rich plasma was collected to minimize white blood cell contamination, and
transferred to a 5 ml polypropylene tube. The platelet-rich
plasma was kept at room temperature and centrifuged
within three hours at 120 g x 6 minutes (Eppendorf 5810
centrifuge, Eppendorf AG, Hamburg, Germany) to remove
additional remaining red and white blood cells. A majority
(top 2/3) of the purified platelet-rich plasma was transferred to a second 5 ml polypropylene tube and centrifuged
at 1500 × g for 10 minutes. The platelet-poor plasma was
removed and the platelet pellet was resuspended in 1 ml of
citrate wash buffer (11 mM glucose, 128 mM NaCl,
4.3 mM NaH2PO4, 4.8 mM sodium citrate, 2.4 mM citric
acid, pH 6.5) and recentrifuged at 120 × g for 4 minutes.
The washed platelets were transferred to an Eppendorf
tube and pelleted at 1500 × g for 10 minutes in an Eppendorf 5417C table-top centrifuge. The platelet pellet was frozen at -80°C in citrate wash buffer to minimize in vitro
platelet activation. Platelet purity was assessed using flow
cytometry (Becton Dickinson LSRII digital benchtop analyzer, Becton, Dickinson and Co., Franklin Lakes, NJ, USA).
Briefly, the sample of purified platelets was stained with
allophycocyanin (APC)-tagged CD45 to identify white
blood cells and fluorescein isothiocyanate (FITC)-tagged
anti-CD41/integrin aIIb to identify platelets. Data were
analyzed using FlowJo (version 7.6.1) software (Tree Star
Inc., Ashland, OR, USA).
Membrane enrichment strategy

The membrane enrichment strategy employed was modified from previously published methods [33,34]. Briefly,
frozen platelets were thawed on ice, resuspended in a
hypotonic solution containing 100 μl citrate wash buffer
and 900 μl deionized water, and kept on ice for 1 hour.
Following hypotonic lysis, the mixture was sonicated
(Sonic Dismembrator, Thermo Fisher Scientific, Waltham,
MA, USA) twice for five seconds at 20% amplitude (maximum intensity) to disrupt cell membranes and large cytoskeletal fragments. Following sonication, the whole platelet
homogenate (W) was centrifuged at 1500 × g for 10 minutes (Eppendorf 5417C) to sediment any cellular debris.
The supernatant (S1) was transferred to a polycarbonate
ultracentrifuge tube and centrifuged at 180,000 × g for one
hour at 4°C (Beckman Optima TLX ultracentrifuge, TLA
100.4 rotor, Beckman Coulter Inc., Brea, CA, USA). The
supernatant (S2) containing the soluble protein fraction
was removed and saved. The resulting pellet (P2) was
resuspended in 1 ml of 0.1 M sodium carbonate, pH 11
with protease and phosphatase inhibitors and incubated on
ice for 15 minutes to strip proteins only loosely associated
with the membrane. The samples were recentrifuged at
180,000 × g for one hour at 4°C (Beckman Optima TLX
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ultracentrifuge, TLA 100.4 rotor). The supernatant (W1)
was removed and saved and the resulting membraneenriched, insoluble pellet (P3) was dissolved in 50 μl 8 M
urea 10 mM Tris pH 7.8. Protein concentrations from each
of the five fractions (W, S1, S2, W1, P3) were determined
by the bicinchoninic acid (BCA) method (Pierce, Rockford,
IL, USA). The different fractions obtained from the enrichment protocol were analyzed by silver stain. Briefly, protein
(1 μg) was loaded from each fraction into a 10% acrylamide
gel and separated by gel electrophoresis. The gel was fixed
in a solution containing 50% methanol and 5% acetic acid
for 10 minutes and washed with deionized water. After rinsing in 0.02% sodium thiosulfate for 1 minute, the gel was
stained with 0.1% silver nitrate for 10 minutes and developed with 3% sodium carbonate, 0.05% formaldehyde solution until the bands were sufficiently stained.
Mass spectrometry, peptide identification and
quantification

Protein (20 μg/case) from the membrane-enriched fraction
(P3) was pooled for proteomic analysis. After pooling,
samples were alkylated with 10 mM dithiothreitol (DTT)
and 50 mM iodoacetamide (IAA). Total protein was
loaded into a 10% acrylamide gel and separated by SDSPAGE. Gels were stained with Coomassie blue overnight.
After destaining, gel lanes were cut into three molecular
weight regions. Individual gel regions were diced into
1 mm3 pieces and destained with 50% acetonitrile (ACN)
and 50 mM ammonium bicarbonate until the pieces
became clear. Gel slices were digested overnight with trypsin (12.5 ng/μL; Promega Corp., Madison, WI, USA)
diluted 1:20 in 50 mM NH4HCO3 at 37°C. The following
day, peptides were extracted with buffer (5% formic acid,
50% ACN), dried in a SpeedVac concentrator (Thermo
Scientific) and stored at -20°C. Purified peptides were analyzed by reverse-phase liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS) and each
sample was analyzed in technical replicate [35]. Briefly,
peptide mixtures were loaded onto a C18 column [100 μm
internal diameter (i.d.), 20 cm long, 2.7 μm HALO resin
from Michrom Bioresources, Inc., Auburn, CA, USA] and
eluted over a 10 to 30% gradient (Buffer A: 0.1% formic
acid, 0.005% heptafluorobutyric acid, and 5% acetonitrile;
Buffer B: 0.1% formic acid, 0.005% heptafluorobutyric acid,
and 95% acetonitrile) for 90 minutes. Eluates were monitored in a MS survey scan followed by 10 data-dependent
MS/MS scans on an LTQ-Orbitrap ion trap mass spectrometer (Thermo Finnigan, San Jose, CA, USA). The LTQ
was used to acquire MS/MS spectra (3 m/z isolation
width, 35% collision energy, 5,000 AGC target, 200 ms
maximum ion time). The Orbitrap was used to collect MS
scans (300 to 1600 m/z, 1,000,000 AGC target, 1,000 ms
maximum ion time, resolution 30,000). All data were converted from raw files to the .dta format using ExtractMS
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version 2.0 (Thermo Electron, San Jose, CA, USA) and
searched against human reference database downloaded
from the National Center for Biotechnology Information
(19 November 2008) using the SEQUEST Sorcerer algorithm (version 3.11, SAGE-N Research, San Jose, CA,
USA). Searching parameters included mass tolerance of
precursor ions (±50 ppm) and product ion (±0.5 m/z),
partial tryptic restriction, with a dynamic mass shift for
oxidized Met (+15.9949), two maximal modification sites
and a maximum of two missed cleavages. Only b and y
ions were considered during the database match. To evaluate the false discovery rate (FDR), all original protein
sequences were reversed to generate a decoy database that
was concatenated to the original database (77,764 entries)
[36]. The FDR was estimated by the number of decoy
matches (nd) and total number of assigned matches (nt).
FDR = 2*nd/nt, assuming mismatches in the original
database were the same as in the decoy database [36]. To
remove false positive matches, assigned peptides were
grouped by a combination of trypticity (fully and partial)
and precursor ion-charge state (+2, +3 and +4). Each
group was first filtered by mass accuracy (20 ppm) and by
dynamically increasing correlation coefficient and ΔCn
values to reduce theoretical protein FDR by the above
measure to less than 1%. All MS/MS spectra for proteins
identified by a single peptide were manually inspected as
described previously [37]. If peptides were shared by multiple members of a protein family, the matched members
were clustered into a single group. On the basis of the
principle of parsimony, the group was represented by the
protein with the greatest number of assigned peptides. All
identified proteins (represented by the top homolog within
a group (1,009 proteins identified with unique peptides)
and ungrouped (1,957 total potentially identified proteins
and isoforms)) are provided respectively in Table S1 and
Table S2 in Additional File 1. Quantification of peptides
and proteins was based on the comparison of paired peptides from AD and control samples. Ion current intensities
for identified peptides were extracted in MS survey scans
of high-resolution and a ratio of the peak intensities for
the peptide precursor ion was calculated using in-house
DQuan software as described previously [38].
Establishing candidate biomarkers with statistical and
pathway analysis

Statistical analysis to evaluate the significance of the protein changes was performed as previously described with
modifications [38,39]. Relative differences in protein levels
were derived from extracted ion intensities for all identified peptides and expressed as signal-to-noise ratios. A
ratio of ion intensities for the peptide precursor ions from
AD and control pools were calculated, log2 transformed,
and averaged to obtain a protein ratio across samples
(AD/control). A null experiment was represented by a
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comparison of log2-transformed protein ratios for control
replicates (replicate 1/replicate 2). As predicted by the central limit theorem, the histogram of the differences (AD/
control) and the null experiment (replicate 1/replicate 2)
between protein log 2 ratios fit Gaussian distributions,
which enabled evaluation of systematic bias according to
the mean and biological variation based on standard deviation (SD). A Gaussian curve for the binned frequencies of
log2 ratios was determined using Igor Pro v6.1 (WaveMetrics, Inc., Lake Oswego, OR, USA) and the mean was
subtracted from all log2 ratios to center the population of
average AD/control log2 ratio and control 1/control 2 at
zero. The SD was determined via the Gaussian width as
0.72 log2 ratio units for AD/control and 0.30 for the null
experiment (control 1/control 2). A total of 144 proteins
were considered significantly changed and met the following criteria, i) fell outside the null experiment distribution
or beyond 99.9% confidence interval (3.29-fold SD), ii) had
an absolute value ≥1.17, (3.55 times the standard deviation
of the null experiment), iii) had a coefficient of variation
(CV) of less than 100% and iv) had a signal-to-noise ratio
greater than 10 in both control measurements. True biomarker FDR was estimated by counting the false positives
surviving the above filters in the null experiment and calculating this number as a percentage of the total number
of biomarkers proposed in the list for the AD/control
comparison, as described in results. The list of gene symbols for these proteins was input into DAVID pathway
analysis v6.7 [40], and significantly changing ontological
classes of proteins were further considered in the context
of available references which related each class to AD.

primary antibody overnight at 4°C. The following day,
blots were incubated with fluorophore-conjugated secondary antibodies (1:20,000) for 1 hour in the dark. All
blots were scanned and quantified using the Odyssey
Infrared Imaging System (Li-Cor Biosciences, Lincoln,
NE, USA). Statistical analysis was performed using a
two-tailed Student’s t-test.

Antibodies

Platelets from whole blood were isolated through centrifugation as previously published [10] using a citrate buffer, which significantly minimizes in vitro platelet
activation (Figure 1). To assess the purity of the isolated
platelets, flow cytometry was performed after doublelabeling with antibodies against the platelet-specific marker, CD41 (integrin aIIb), and a marker for white blood
cells, CD45. Results demonstrate that the plateletenriched samples contained greater than 90% CD41
positive cells, whereas CD45 positive cells made up 1.3%
of the cells (Figure 2A-C). Platelets contain an extensive
intracellular membrane, an open canalicular system that
serves as a reservoir for plasma membrane proteins and
membrane receptors and provides a passage for granule
release after activation [41]. There are also numerous
membrane-bound granules in platelets, the contents of
which could be more easily identified in a membraneenriched sample. Differential centrifugation fractions
obtained during enrichment of the membrane proteome
prior to LC-MS/MS analysis (Figure 2D) were first
visualized by silver stain of a representative sample indicating altered protein complexity in the whole (W),

Primary antibodies used in these studies were as follows:
FITC-conjugated CD41/integrin aIIb (1:1000, mouse
monoclonal (SZ.22); Abcam, Cambridge, MA, USA);
APC-conjugated CD45 (1:1000, mouse monoclonal; BD
Pharmingen, Franklin Lakes, NJ, USA); THBS1 (1:1000,
mouse monoclonal; Thermo Fischer Scientific, Waltham,
MA, USA); beta-actin (1:1000, mouse monoclonal;
Abcam, Cambridge, MA, USA); the antibody dilutions
for THBS1 and beta-actin reflect prior dilution of each
antibody (1:1) with glycerol.
Immunoblotting

Equal concentrations of protein from each sample were
loaded into a 10% acrylamide gel and separated by SDSPAGE. Proteins were transferred onto polyvinylidene
fluoride (PVDF) Immobilon-P membranes (Millipore,
Billerica, MA, USA) overnight at 4°C. Immunoblots
were blocked for 2 hours at room temperature with
Tris-buffered saline (TBS)/Tween and blocking buffer
(5x blocking buffer ultrapure from US Biological, Salem,
MA, USA) and probed for the protein of interest with a

Results and discussion
Participant selection

Characteristics of participants with clinically diagnosed
AD and controls are presented in Table 1. Controls were
selected to be as similar as possible to AD patients
(matched as closely as possible with regard to age and
sex). As expected, there was a significant difference
between the groups in MMSE scores (P = 0.01). Aspirin
status was matched between groups to help control for
any effect of aspirin on the platelet proteome. By matching
for aspirin usage, we were able to obtain a sample more
representative of the general population affected by AD.
Furthermore, ideal biomarkers will change in disease independent of factors such as medications. Apolipoprotein
(Apo)E genotype of selected cases was not considered,
since subsequent pooling of samples has the effect of cancelling specific differences in protein abundance due to
individual case variation. Quantitative proteomic analysis
found no significant difference in ApoE levels between
control and clinically diagnosed AD platelet membrane
fractions, as described below.
Platelet isolation and membrane protein enrichment
strategy
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Whole Blood (collected in ACD)
200 x g, 23min
P1
(RBCs, WBCs)

S1
(Platelet Rich Plasma = PRP)
120 x g, 6 min

P2
(RBCs, WBCs)

S2
(PRP minus
RBCs, WBCs)
1500 x g, 10 min

P3
(platelet pellet)
1ml wash buffer,
120 x g, 4 min
P4
(remaining WBC, RBC)

S3
(Platelet Poor Plasma)

S4
1500 x g,
(washed 10 min
platelets)

washed
platelet pellet

Figure 1 Workflow diagram of platelet membrane purification protocol.

soluble (S2), wash (W) and membrane fraction (P3)
(Figure 2E). Immunoblotting with antibodies against
CD41, a platelet-specific transmembrane protein,
demonstrated an average of 2.2-fold enrichment in the
membrane fraction (Figure 2F). Conversely, immunoblotting with antibodies against actin, a cytoskeleton
protein, demonstrated approximately 20-fold depletion
in the membrane fraction compared to whole platelet
lysate (averaged from three independent experiments).
To assess the global enrichment of proteins in the membrane fraction, LC-MS/MS analysis was performed from
equal amounts of whole platelet lysate (W) and membrane-rich fraction (P3). TMHMM 2.0 [38,42] was used
to predict the number of transmembrane domains
(TMD) for each protein. In the membrane-enriched
fraction, 40% (389/966) of proteins were predicted to
have a TMD. This was a 2.5-fold increase from an analysis of the whole platelet proteome performed in parallel
in which 17% (225/1290) of proteins identified contained
a predicted TMD (Table S2 in Additional file 1). The
results are consistent with a similar previously published
enrichment strategy for membrane proteins from platelets [30]. The most significantly enriched and depleted
proteins in the membrane fraction were determined by
relative quantification using spectral counting (Table S2

in Additional file 1). These included CD41 and betaactin, which were significantly enriched and depleted,
respectively, in the membrane fraction consistent with
immunoblot analysis. Together, these results indicate
that the differential centrifugation approach was effective
at both enriching membrane proteins and depleting soluble cytoplasmic proteins.
Label-free quantification of membrane-enriched
proteome differences in AD

To determine differences between AD and control
membrane samples, pooled control or AD cases were
analyzed by LC-MS/MS (Table 1). Pooling samples prior
to LC-MS/MS analysis has been shown to decrease
intersubject variability and enhance the likelihood that
any changes detected would be universal to disease [43].
Prior to pooling, each control and probable AD membrane-rich protein fraction was visualized by silver staining following 1D gel electrophoresis to confirm equal
protein contributions and to demonstrate comparable
purity and integrity (Figure 3A). Peptides were extracted
from the samples following an in-gel tryptic digest and
analyzed in technical replicate using LC-MS/MS in a
data-dependent manner as described in the methods.
After database searching, we identified and quantified
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B

Whole Platelets (W)
1,500 x g, 10 min

P1

C

E

W

S1

S2

S3

kDa

180,000 x g, 1 hr

S2 (soluble)

W S1

S2

S3 P3

200
150

100
75

100

CD41

75

50

P2

F
kDa

200
150

S1

P3

37

50

25

Na2CO3 (pH 11) incubation
180,000 x g, 1 hr

P3
(membrane)

S3
(wash)

37

β-Actin

Silver stained

Western Blot

Figure 2 Platelet isolation strategy yields samples >90% pure platelets by flow cytometry. (A) Purified platelets were double stained for
allophycocyanin (APC)-conjugated, anti-CD45 (white blood cell marker, y-axis) and fluorescein isothiocyanate (FITC)-conjugated anti-CD41
(platelet marker, x-axis). Double scatterplot demonstrates the majority of the sample stains positive for CD41, but not for CD45. (B) Histograms
for CD41+ (91.36%) flow cytometry events consistent with platelet-specific enrichment, and (C), CD45+ (1.3%) events. (D) Differential
centrifugation workflow for enrichment of the membrane proteome from platelets isolated from whole blood, prior to LC-MS/MS analysis.
(E) Silver stain of fractions described in panel D. (F) Immunoblot demonstrating CD41 enrichment and actin depletion during the workflow to
produce platelet membrane fraction (P3). LC-MS/MS, liquid chromatography coupled to tandem mass spectrometry.

7,910 peptides representing 1,957 proteins (Table S2 in
Additional file 1, organized by homology groups with
highest to lowest total number of peptide identifications). A total of 1,009 homologous protein groups
(each with unique peptides that could be used for quantification) were identified across control and AD samples (Table S1 in Additional file 1, sorted by log2 (AD/
control) fold difference from decreasing in AD to
increasing). Of these, 38% (378/1009) contain at least
one transmembrane domain predicted by TMHMM 2.0
[38,42], and DAVID ontology analysis reported that 55%
(559/1009) had Protein Information Resource annotations relating to ‘membrane’.
To determine candidate AD platelet membrane protein
biomarkers from our list of 1,009 quantified proteins, we
employed an approach to estimate true FDR that fully
utilizes the power of technical replicates and a null
experimental comparison to quantify false positives
under any given filtering criteria [39]. Relative differences
in protein levels, ion intensities for identified peptides,
expressed as signal-to-noise ratios, were extracted in MS
survey scans of high-resolution. A ratio of ion intensities
for the peptide precursor ions from AD and control LC-

MS runs were calculated, log2 transformed, and averaged
to obtain a protein ratio across samples (AD/control),
and a null experiment log2-transformed ratio for control
replicates (replicate 1/replicate 2). As predicted by the
null hypothesis, the histogram of the differences (AD/
control) and null experiment between protein log2 ratios
fit Gaussian distributions, which enabled us to evaluate
systematic bias according to the mean and biological variation based on SD (Figure 3B). The null experiment has
a much smaller SD (log2 = 0.30) than the average log 2
(AD/control) population (SD = 0.72). This is consistent
with high reproducibility across replicates and indicates
that our quantitative bioinformatics approach has sufficient precision to detect the biological variance, which
manifests as a much wider SD for the latter population.
As a filtering criterion, proteins with potentially increased
or decreased abundance in AD that fell outside the 99.9%
two-tailed confidence interval were considered as a subgroup of interest. Increased confidence in the average of
two technical replicates was obtained by restricting proteins considered significantly changed to those with a
coefficient of variation (standard deviation as a percentage of the mean) of less than 100%, where this filtering
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Control
M
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3

4

AD
5

6

1
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4

5

kDa
200
150
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silver stain

C

B

200
ct1/ct2
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400
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criterion alone reduced false positives surviving filtering
in the null experiment from 74 to 24 (Figure 3C). Further
applying an additional filter for minimum signal-to-noise
resulted in false positives dropping to 10 when a minimum signal-to-noise ratio of 10 was required. This translates to a FDR of 6.9%. The list of 144 significantly
changed proteins corresponding to this FDR in AD

relative to the control platelet membrane fraction is
given in Table S3 in Additional file 1.
Changes in platelet secretion and activation observed in
patients with AD

Ontologies (categorization of the list into pathways,
molecular functions, keywords, cellular compartments,

Donovan et al. Alzheimer’s Research & Therapy 2013, 5:32
http://alzres.com/content/5/3/32

and so on) significantly overrepresented within the list
of 144 significantly changing proteins were determined
using DAVID [40] (Table 2). Fifteen proteins, or about
10% of the list, represent factors likely specific to platelets that fall into the following six overlapping categories
(A to F): platelet activation (Group A; P = 0.0029), platelet alpha granules (Group B; P = 5.1 × 10-9), secretory
granules (Group C; P = 1.7 × 10 -5 ), the complement
control module (Group D; P = 0.012), complement and
coagulation cascades (Group E; P = 2.3 × 10-5), and platelet alpha granule lumen (Group F; P = 1.8 × 10-7). All
but one of the proteins in these six categories were significantly decreased, rather than increased, in AD relative to the control pool, including a-, b-, and g-chains
of fibrinogen. Fibrinogen is involved in the coagulation
cascade and is secreted by alpha granules after platelet
activation. It has also been included in several panels of
biomarkers for AD. According to Thambisetty et al.,
decreased fibrinogen in association with other changes
in plasma has been associated with lower brain volumes
in AD [44]. Craig-Shapiro et al. have included fibrinogen in a multiplex immunoassay panel to analyze CSF
biomarkers for AD. They reported that a finding of
increased fibrinogen levels in the CSF in association
with changes in other proteins increases the ability of
the CSF tau/Ab42 ratio to discriminate between patients
with very mild to mild dementia and those who are cognitively normal [45]. Platelets release alpha granules
when activated. As this study looked at a membraneenriched fraction, this finding suggests that AD platelets
have a generally decreased or exhausted reserve of alpha
granules consistent with having undergone activation.
We speculate that low levels of fibrinogen observed in
platelets from patients with AD is complementary to the
reported increase in fibrinogen infiltration into AD central nervous system (CNS) tissue associated with Ab
depositions and microglial activation [46]. Contact of platelets with amyloid aggregates has been shown to result
in their activation [47], and Ab stimulates abnormal clots
of cleaved fibrinogen (fibrin) resistant to clearance [48].
These findings in combination suggest widespread ADspecific platelet activation, supported by previous studies
that have reported platelet activation in individuals with
AD [19-21].
The single increasing protein in Table 2, platelet glycoprotein IX (GP9), a surface protein on platelet and alpha
granule membranes [49] is known to act as a receptor for
von Willebrand factor [50]. This represents a novel platelet surface-expressed candidate marker that could be specifically increasing in a manner linked to AD. Surprisingly,
other members of the GP9-containing transmembrane
receptor complex, which has a reported stoichiometric
configuration involving glycoproteins V and Ib alpha and
beta chains [51], were well quantified and found to be
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unchanging in the AD platelet membrane proteome
(Table S3 in Additional file 1). This suggests a change in
the configuration of the multimeric receptor and potentially, a change in the responsiveness of platelets in AD
individuals to von Willebrand factor. It is interesting to
note that von Willebrand factor is well expressed in brain
vascular endothelia [52]. Should an increase in GP9 correspond with an increase in platelet affinity for CNS vascular
endothelial walls, this could be consistent with a causative
role for increased surface GP9 on platelets in producing
conditions whereby local von Willebrand factor and amyloid in CNS blood vessel endothelium stimulate alpha
granule release and local fibrinogen invasion into the CNS
of AD patients [46]. This hypothesis relies on the above
findings and assumption, which await further validation in
a broader cohort. In the remaining sections of this report,
we discuss the broader subset of potential platelet membrane biomarkers found changing in probable AD beyond
evidence for platelet activation, and possible insight they
provide into disease mechanisms.
Validation of a decrease in platelet thrombospondin-1
(THBS1) and AD-associated changes detected in
amyloidogenic proteins

THBS1 is a large, homomultimeric extracellular matrix
glycoprotein with multiple signaling functions in different
cellular contexts. It is secreted from platelets, and also
from astrocytes in the CNS, where it may stimulate neuronal synaptogenesis [53]. In the context of platelet membranes, THBS1 promotes thrombosis in at least two ways:
(1) it stimulates platelet aggregation through CD36 receptor-based inhibition of kinase signaling cascades [54], and
(2) THBS1 acutely counteracts the promotion of blood
flow by nitric oxide via binding to another receptor, CD47,
on vascular smooth muscle cells [55,56]. The platelet
receptor CD36 was well quantified in the membrane proteome pools and found to be trending down (log2 (AD/
control) -0.48, Table S3 in Additional file 1), though not
significantly.
To validate the potential AD-associated decrease in
THBS1, the platelet membrane fraction from individual
cases was immunoblotted with an antibody against
THBS1. Validation of individual cases following proteomic
analysis of pooled samples is important because sample
pooling opens up the possibility that a large change in one
individual could be driving the signal measured [38],
despite the fact that interindividual variability generally is
muted by pooling. In the pooled proteome quantitative
analysis, THBS1 was decreased 75% in AD (log2 (AD/control) -2.02) and immunoblotting confirmed this result (P =
0.0085, Figure 4). Notably, some of the cases used for
validation were not included in the proteomics analysis.
However, the confirmation of decreasing THBS1 across
a number of individuals with clinically diagnosed AD
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increases the likelihood that the decrease in THBS1
observed by proteomics for the AD pool is disease specific.
Reduced THBS1 in AD platelet membranes could be
consistent with complementary evidence for secreted
THBS1 in CNS. Buée et al. found that THBS1 stained
senile plaques in AD brains and suggested it may be
involved in plaque formation [57]. Recently, Horn et al.
examined the effect of human neutrophil alpha-defensins,
components of the innate immune system, on platelet
activation. They found that these defensins activated platelets and led to fibrinogen and THBS1 binding. Moreover, these fibrinogen and THBS1 complexes formed
amyloid-like structures. Such a cascade could also play a
role in AD pathogenesis [58].
Other significantly changed amyloidogenesis-associated
proteins identified in the platelet membrane proteome
included increased beta-2 microglobulin (B2M, log2 (AD/
control) 1.21) and decreased gelsolin (log2 (AD/control)
-1.40). Increased B2M binding to the surface of blood cells
including granulocytes, lymphocytes and monocytes is
characteristic of chronic hemodialysis, and co-occurs with
vascular and renal amyloid deposits of this protein [59].
Notably, none of the patients involved in this analysis had
end-stage renal disease or required dialysis. Consistent
with a specific effect of AD on this protein, elevated B2M
was reported as one of eight CSF biomarkers, which
together made up a multianalyte profile that was able to
distinguish both probable AD and Parkinson’s disease
individuals from controls [60]. Earlier, high B2M in probable AD patient CSF was also found via a proteomic
approach [61].
Gelsolin is a chaperone with multiple functions that has
been shown to bind to Ab [62] and ApoE [63] and has an
independent involvement in certain amyloidoses. Although
it is reportedly unchanging in AD brain, it was previously
identified as a plasma AD marker that correlated positively
with rapidity of cognitive decline in clinically diagnosed

AD patients [64]. However, by itself, a decrease in plasma
gelsolin is also associated with multiple morbidities including oxygen imbalances, major trauma, malaria, and liver
injury [65]. Thus, although the changes we describe for
amyloidogenic proteins including THBS1, B2M, and gelsolin in the platelet membrane proteome in AD are consistent with what is known to occur in individuals diagnosed
with AD, it is also apparent that alone, these protein
changes are not markers with adequate specificity for AD obviating their inclusion into broader multianalyte profiles
that consider a panel of changing proteins, be it on the
membranes of platelets, or in CSF.
Co-occurrence of other pooled analyte changes
consistent with previous biomarker studies

Beyond the above potential markers for clinically diagnosed AD, which confirm platelet activation plus a change
in each of three amyloidosis-linked proteins THBS1
(down), B2M (up), and gelsolin (down), we asked what
other changes found are consistent with previously proposed AD markers or potentially linked to proteins
involved in disease mechanism, albeit not necessarily
through activity in platelets. By expanding this list, the
results from the current study might be applied toward
the development of a future blood test that utilizes a
broad multianalyte profile to aid in the confirmation or
diagnosis of AD with higher specificity and accuracy. In
the list of 144 significantly changing proteins in AD platelet membrane fractions, we found five additional proteins
that have been identified as potential biomarkers or have a
function homologous to such a protein (Table 3). Mannosyl-glycoprotein acetylglucosaminyltransferase (MGAT)
4B, elevated 5.5-fold in the AD platelet membrane pool, is
involved in extended glycosylation of proteins. Comparatively low expression of a functional homolog, MGAT3,
was recently reported to distinguish a fraction of AD
patients from controls [66]. A vacuolar protein sorting
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(VPS) 13C allele specified by a single intronic SNP was
recently found to significantly co-occur with AD [67], and
we found that there was a significant, 67%, decrease in the
AD platelet membrane pool. Synthesis of an abundant
membrane lipid class called plasmalogen has been found
to be defective in AD, and the rate-limiting enzyme alkylglycerone phosphate synthase (AGPS) was found to be
reduced in postmortem-confirmed AD brain [68]; in the
platelet membrane pool in this study, AGPS was also significantly decreased, by 68%. Ferritin heavy and light
chains, usually found in a 1:1 stoichiometry, increase with
age in normal, but not AD brain, and a distinguishing feature of frontal cortex in AD compared to Parkinson’s disease was a large, 5-fold, increase in heavy/light ferritin
ratio [69]. Ferritin light chain AD/control ratio was significantly decreased nearly 4-fold (74%) in the pooled probable AD platelet membrane proteome. Finally, insulin
signaling has been linked to AD pathogenesis in multiple
studies, where insulin-like growth factor 1 receptor
(IGF1R) expression and signaling decreases in AD brain.
IGF1R signaling has been shown to reverse amyloid beta
toxicity, perhaps via regulation of amyloid precursor cleavage [70]. IGF1R also significantly decreased 74% in the
AD platelet membrane pools. In conclusion, the platelet
membrane proteome harbors a rich pool of analytes, a
number of which are changed significantly in clinically
diagnosed AD and moreover in the case of some potential
AD platelet-derived markers, these proteins changed consistent with previous measurements.
Ten classes of potentially novel AD biomarkers quantified
in platelet membrane pools, and the case for two
additional platelet biomarker candidates

Following analysis of the 144 consistently changing proteins using DAVID bioinformatics, we manually curated
10 ontological classes of potentially novel AD markers in
platelets (Table S4 in Additional file 1), where these class
terms (numbered below) were found in searches of existing literature to be extensively linked to AD or CNS function, and to each other. For example, a hypothesis for
calcium (1) dysregulation in AD has been reviewed [71],
and related to mitochondria (2) dysfunction in AD [72].
Endocytic trafficking (8), including clathrin-mediated (7)
and other forms of endocytosis (6), has been linked to
amyloid beta toxicity in a recently published comprehensive yeast screen [73]. Myosin motor proteins (5) are
important for neuronal vesicle transport (8) [74,75].
N-linked glycosylation (9) mediated by the isoprenoid
lipid dolichol is dysregulated in AD [76,77], thereby implicating changes in glycoproteins (10) more generally as
relevant. A loss in proteasome (3) function has been linked
to various neurodegenerative conditions. While an ADspecific frontal cortex ubiquitin linkage profile did not
implicate a general loss of proteasome function in AD
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[78], it is implicated in AD via an essential role for proteasomal degradation in modulating both inflammatory signaling outside of platelets and the degradation of tau in
neurons following ubiquitination, which may be antagonized by tau phosphorylation promoted by Ab [79,80].
Significant decreases in two pairs of interacting proteasome subunits copurifying with the membrane fraction
were reliably quantified. Finally, platelets possess the capacity to undergo apoptotic cell death, and a loss of antiapoptotic factors (4), like that seen in the membrane
proteome pool from platelets, could potentially precede
neuronal loss during the course of AD.
Although we cannot review all the evidence linking the
above classes or individual proteins to AD as potential
proteins of mechanistic relevance or as biomarker candidates, one protein of interest in the platelet membrane
fraction is reversion-inducing cysteine-rich protein with
kazal motifs (RECK), which is decreased 91% in AD
patients compared to controls. RECK is an inhibitor of
matrix metalloprotease (MMP) proenzyme activation,
including MMP2 [81] and MMP9 [82], but most interestingly, of the presumed alpha secretase APP cleavage
enzyme ADAM10 [83]. The MMP2 and 9 extracellular
matrix proteases have a prominent role in angiogenesis,
but were once hypothesized to function as either alpha or
beta secretases [84] and MMP9 has been proposed as a
biomarker for CNS inflammation in early AD [85]. In
CNS, MMP2 and MMP9 may have differential activity or
localization, providing different opportunities for the
degradation of Ab. MMP9 is produced by CNS neurons
and degrades Ab [86], perhaps combating amyloid plaque
accumulation, albeit at the cost of increased neuroinflammation [87]. Previously reported differences in plasma
MMP2 versus MMP9 activity in AD [88] might have
functional implications in whole blood only in the context of decreased platelet RECK and THBS1, which has
also been reported to act as an effective inhibitor of the
same MMPs [89].
A second and final example of a distinguishing protein
likely bound to the surface of platelet membranes is ApoB,
an important component of very low-density lipoprotein
(VLDL) particles and chylomicrons, which transport postprandial triglycerides from intestine to the liver. Although
no significant change occurred in other platelet-associated
lipoproteins, including ApoA1 (log2 (AD/control) -0.09),
ApoE (log2 (AD/control) 0.54), ApoO-like (log2 (AD/control) -0.68) or ApoJ (clusterin, log2 (AD/control) -0.64),
ApoB was decreased 72% (log2 (AD/control) -1.86) in the
AD platelet membrane fraction. ApoB is a highly polymorphic protein with two forms. The mRNA of the B100
form is posttranscriptionally edited at a single base to
change a glutamine-encoding codon to nonsense, resulting
in a shorter B48 form [90]. An artificial mutation that only
produces the B100 form lowers cholesterol levels [91]
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while the B48 form enriches VLDL particles with high
triglyceride levels [92]. The LDL receptor binding site is
determined downstream of the B48 stop codon, as determined by an R3500Q mutation in B100 that decreases
LDL particle affinity for its receptor [93]. The initial report
of mRNA editing also demonstrated that the expression
and activity of the specific RNA editase is promoted by
insulin [90]; hyperinsulinemia is a major risk factor for
AD [94] and has also been linked to an increase in cognitive markers of premature brain aging in individuals
without AD [95]. Upon close examination, the decrease
in platelet-associated ApoB measured was driven by
peptides encoded exclusively by the B100 mRNA, which
are encoded after the editase-dependent stop codon at
residue 2180 (data not shown). This does not rule out a
general decrease in ApoB binding to platelets, where
THBS1 (previously described as a significantly decreasing protein) is one of a number of platelet proteins capable of binding to both VLDL and chylomicrons [96].
However, existing evidence for elevated ApoB-48 cooccurring with high Ab in the intestinal enterocytes that
serve as the normal site for ApoB RNA editing and
secretion of B-48 containing chylomicrons [97] lends
support for the potential usefulness of the ApoB-48/
ApoB-100 ratio associated with platelets as a potential
biomarker, which should be further explored, in parallel
with the alternate possibility that pan-ApoB association
with platelets could be decreased. Furthermore, evidence
implicates that ApoB-containing lipoprotein particles can
strongly influence the activity of prothrombotic proteases
[98,99].
Throughout the discussion of our results, it is notable
that the platelet membrane proteome changes are often
functionally linked to the process of thrombosis. To visualize the best-established functional interactions of the
putative biomarkers discussed throughout these results,
we built an interaction network (Figure 5). Strikingly, most
of the potential biomarkers uncovered indeed do have
established functional linkage to the tightly integrated
multi-hubbed network of alpha granule components.

Conclusions
In this study, we purified platelet membrane proteins for
quantitative proteomics and identify potential biomarkers
and pathways affected in patients with clinically diagnosed
AD. In line with previous findings, many of the plateletspecific pathways that are changing are involved in platelet
activation, and this is consistent with a role for Ab peptide
in activating platelets and leading to platelet aggregation
[47]; moreover, APP from platelets is a major source of
Ab in circulating blood [15,100], suggesting a potential
feed-forward mechanism since APP is established to be an
alpha granule component [101], and its mobilization via
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platelet activation could lead to increased circulating Ab.
We did not sequence any APP Ab peptide in the extracted
membrane proteome, although APP was sequenced by
eight peptides distributed across residues 41 to 662 in the
total platelet proteome, suggesting that amyloid processing
may occur in vitro during or prior to the membrane
enrichment process and consistent with the presence in
platelets of the full complement of secretase activities [18].
Alternatively or in addition, platelet activation, or
decreased platelet activity in AD [22,102], may coincide
with variable control of vascular risk factors in patients
across studies. Vascular risk factors that can coincide with
platelet activation include diabetes, hypertension, hypercholesterolemia, and/or atherosclerosis [103,104]. In this
small study, matching controls to AD individuals for medication use was performed only for aspirin. Thus, it is possible that other vascular risk factors not sufficiently
controlled by medications, could thereby affect platelet
activation. Vascular risk factors are established to increase
the risk of developing AD or promoting AD progression
[105,106] which reasons that variability in the acute or
chronic presentation of these factors may coincide with
variable disease progression. Ideally, future studies should
measure the stability of the platelet membrane proteome
between consecutive blood donations to quantify intrasubject variation, whereas the measurement of inter-subject variability would require proteomic comparisons
across individual, rather than pooled cases.
Although our findings indicate a broad set of potential
AD biomarkers occurring among proteins associated
with platelet membranes, it is important to cite inherent
constraints. Glycoproteins and proteins with high hydrophobicity or with multiple transmembrane domains can
be underestimated following trypsin digestion [107].
However, both AD and control pools were prepared similarly and peptide intensities were directly paired and
compared by our bioinformatics approach. Therefore,
this minor limitation mainly hampers abundance comparisons across different proteins, and estimation of
absolute protein amount, which were not necessary for
our determination of candidate differential biomarker
status. However, the first major limitation of our study is
small sample size. A much larger and more diverse sample would be required before drawing any definitive conclusions about platelet differences co-occurring with AD.
Second, all of the cases in this study were clinically diagnosed, and as such are probable AD cases; diagnostic
errors occur in about 5 to 10% of cases based on postmortem pathological confirmation from brain tissue.
While it is possible that one or more patients in this
study could have a form of dementia (for example vascular dementia) other than AD, a diagnosis of probable AD
was given only when no other cause of dementia was
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Figure 5 Functional interactions among proteins discussed in this study as potential biomarkers for Alzheimer’s disease (AD) in
platelet membrane proteome. STRING [108] v9.0 was used to map functional interactions among the 15 platelet-activation associated proteins
listed in Table 3 and other proteins mentioned as potential biomarkers.

likely based on patient presentation, past medical history,
CSF biomarker studies for tau and Ab, and neuroimaging
results. All of these patients received a consensus diagnosis of AD from a group of board certified neurologists
who specialize in dementia. Third and finally, additional
validation of the specificity of platelet markers for AD
would require inclusion of additional out-groups from
patients with other types of dementia as well as patients
with conditions that cause platelets to be activated (such
as sepsis or cancer, or any of the isolated vascular risk
factors described above in isolation from cognitive
impairment status).
Despite the above caveats, this study provides unique
insight into pathways changing in platelets in individuals diagnosed with AD. We have presented findings
that evoke insights into existing literature and provide
evidence for platelet membrane-associated proteins as
potentially useful disease markers which co-occur in
the periphery or possibly even derive from active

mechanisms of disease progression or prognosis. These
markers could be part of a predictive multianalyte profile with the potential to be determined via future
blood-based tests that are both specific and accurate
with regard toward confirming diagnosis of probable
AD.
Abbreviations
Aβ: beta amyloid; ACD: acid citrate dextrose; ACN: acetonitrile; AD:
Alzheimer’s disease; AGPS: alkylglycerone phosphate synthase; APC:
allophycocyanin; Apo: apolipoprotein; APP: amyloid precursor protein; B2M:
beta-2 microglobulin; BCA: bicinchoninic acid; CSF: cerebrospinal fluid; CNS:
central nervous system; CV: coefficient of variance; DTT: dithiothreitol; FDR:
false discovery rate; FITC: fluorescein isothiocyanate; GP9: glycoprotein IX;
IAA: iodoacetamide; IGF1R: insulin-like growth factor 1 receptor; LC-MS/MS:
liquid chromatography coupled to tandem mass spectrometry; MCI: mild
cognitive impairment; MGAT: mannosyl-glycoprotein
acetylglucosaminyltransferase; MMP: matrix metalloprotein; MMSE: mini
mental status exam; MS: mass spectrometry; PAGE: polyacrylamide gel
electrophoresis; PVDF: polyvinylidene fluoride; RECK: reversion-inducing
cysteine-rich protein with kazal motifs; SD: standard deviation; SNP: single
nucleotide polymorphism; TBS: Tris-buffered saline; THBS1: thrombospondin-

Donovan et al. Alzheimer’s Research & Therapy 2013, 5:32
http://alzres.com/content/5/3/32

1; TMD: transmembrane domains; (V)LDL: (very) low density lipoprotein; VPS:
vacuolar protein sorting.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
LED, DMD and NTS performed the experiments. EBD, DMD and NTS
analyzed and compiled data. LED and EBD prepared the manuscript with
input upon revision from all authors. Reagents and resources were provided
by AIL, JJL and NTS, who also collaboratively designed the experiments. All
authors read and approved the final manuscript.
Acknowledgements
We thank members of the Lah/Levey and Seyfried laboratories for
constructive discussion regarding this manuscript. This work was supported
by the National Institutes of Health through the Emory Alzheimer’s Disease
Center grant (P50AG025688), the Emory Neuroscience NINDS Proteomics
Core Facilities (P30NS055077), and NIH training grants (T32 T32NS007480 to
LED and F32 AG038259-01A2 to EBD). We also thank Bob Karaffa (Emory
University Flow Cytometry Core Facility) for helpful technical advice.
Acknowledgement is made to the patient participants selected from the
Clinical Research in Neurology (CRIN) database at the Emory Alzheimer’s
Disease Research Center (ADRC).
Authors’ details
Department of Neurology and Center for Neurodegenerative Disease,
Emory University School of Medicine, 615 Michael Street NE, Atlanta, Georgia
30322, USA. 2Department of Human Genetics, Emory University School of
Medicine, 615 Michael Street NE, Atlanta, Georgia 30322, USA. 3Department
of Biochemistry, Emory University School of Medicine, 1510 Clifton Road NE,
Atlanta, Georgia 30322, USA. 4Department of Biostatistics and Bioinformatics,
Emory University School of Medicine, 1518 Clifton Road NE, Atlanta, Georgia
30322, USA.
1

Received: 29 January 2013 Revised: 1 May 2013
Accepted: 13 June 2013 Published: 13 June 2013
References
1. Masters CL, Simms G, Weinman NA, Multhaup G, McDonald BL,
Beyreuther K: Amyloid plaque core protein in Alzheimer disease and
Down syndrome. Proceedings of the National Academy of Sciences of the
United States of America 1985, 82:4245-4249.
2. Glenner GG, Wong CW: Alzheimer’s disease: Initial report of the purification
and characterization of a novel cerebrovascular amyloid protein.
Biochemical and Biophysical Research Communications 1984, 120:885-890.
3. Lee V, Balin B, Otvos L, Trojanowski J: A68: a major subunit of paired
helical filaments and derivatized forms of normal Tau. Science 1991,
251:675-678.
4. Pimplikar SW, Nixon RA, Robakis NK, Shen J, Tsai L-H: AmyloidIndependent Mechanisms in Alzheimer’s Disease Pathogenesis. The
Journal of Neuroscience 2010, 30:14946-14954.
5. Herskowitz JH, Seyfried NT, Gearing M, Kahn RA, Peng J, Levey AI, Lah JJ:
Rho Kinase II Phosphorylation of the Lipoprotein Receptor LR11/SORLA
Alters Amyloid-β Production. Journal of Biological Chemistry 2011,
286:6117-6127.
6. Hansson O, Zetterberg H, Buchhave P, Londos E, Blennow K, Minthon L:
Association between CSF biomarkers and incipient Alzheimer’s disease
in patients with mild cognitive impairment: a follow-up study. The Lancet
Neurology 2006, 5:228-234.
7. Blennow K, Hampel H: CSF markers for incipient Alzheimer’s disease. The
Lancet Neurology 2003, 2:605-613.
8. Kamath S, Blann AD, Lip GYH: Platelet activation: assessment and
quantification. European Heart Journal 2001, 22:1561-1571.
9. Cardigan R, Turner C, Harrison P: Current methods of assessing platelet
function: relevance to transfusion medicine. Vox Sanguinis 2005,
88:153-163.
10. Qureshi AH, Chaoji V, Maiguel D, Faridi MH, Barth CJ, Salem SM, Singhal M,
Stoub D, Krastins B, Ogihara M, Zaki MJ, Gupta V: Proteomic and PhosphoProteomic Profile of Human Platelets in Basal, Resting State: Insights
into Integrin Signaling. PLoS One 2009, 4:e7627.

Page 14 of 16

11. Gawaz M, Langer H, May AE: Platelets in inflammation and atherogenesis.
The Journal of Clinical Investigation 2005, 115:3378-3384.
12. Kaneez FS, Saeed SA: Investigating GABA and its function in platelets as
compared to neurons. Platelets 2009, 20:328-333.
13. Fatima Shad K, Saeed S: The metabolism of serotonin in neuronal cells in
culture and platelets. Experimental Brain Research 2007, 183:411-416.
14. Walther DJ, Peter J-U, Winter S, Höltje M, Paulmann N, Grohmann M,
Vowinckel J, Alamo-Bethencourt V, Wilhelm CS, Ahnert-Hilger G, Bader M:
Serotonylation of Small GTPases Is a Signal Transduction Pathway that
Triggers Platelet ±-Granule Release. Cell 2003, 115:851-862.
15. Bush AI, Martins RN, Rumble B, Moir R, Fuller S, Milward E, Currie J, Ames D,
Weidemann A, Fischer P: The amyloid precursor protein of Alzheimer’s
disease is released by human platelets. Journal of Biological Chemistry
1990, 265:15977-15983.
16. JAREMO P, MILOVANOVIC M, BULLER C, NILSSON S, WINBLAD B: Lowdensity platelet populations demonstrate low in vivo activity in sporadic
Alzheimer disease. Platelets 2012, 23:116-120.
17. Vignini A, Sartini D, Morganti S, Nanetti L, Luzzi S, Provinciali L, Mazzanti L,
Emanuelli M: Platelet amyloid precursor protein isoform expression in
Alzheimer’s disease: evidence for peripheral marker. Int J Immunopathol
Pharmacol 2011, 24:529-534.
18. Tang K, Hynan LS, Baskin F, Rosenberg RN: Platelet amyloid precursor
protein processing: A bio-marker for Alzheimer’s disease. Journal of the
neurological sciences 2006, 240:53-58.
19. Stellos K, Panagiota V, Kogel A, Leyhe T, Gawaz M, Laske C: Predictive value
of platelet activation for the rate of cognitive decline in Alzheimer/’s
disease patients. J Cereb Blood Flow Metab 2010, 30:1817-1820.
20. Prodan CI, Ross ED, Stoner JA, Cowan LD, Vincent AS, Dale GL: Coatedplatelet levels and progression from mild cognitive impairment to
Alzheimer disease. Neurology 2011, 76:247-252.
21. Ciabattoni G, Porreca E, Di Febbo C, Di Iorio A, Paganelli R, Bucciarelli T,
Pescara L, Del Re L, Giusti C, Falco A, Sau A, Patrono C, Davì G:
Determinants of platelet activation in Alzheimer’s disease. Neurobiology
of Aging 2007, 28:336-342.
22. Laske C, Leyhe T, Stransky E, Eschweiler GW, Bueltmann A, Langer H,
Stellos K, Gawaz M: Association of platelet-derived soluble glycoprotein
VI in plasma with Alzheimer’s disease. Journal of Psychiatric Research 2008,
42:746-751.
23. Laske C, Sopova K, Stellos K: Platelet Activation in Alzheimer’s Disease:
From Pathophysiology to Clinical Value. Curr Vasc Pharmacol 2012.
24. Stellos K, Katsiki N, Tatsidou P, Bigalke B, Laske C: Association of Platelet
Activation with Vascular Cognitive Impairment: Implications in Dementia
Development? Curr Vasc Pharmacol 2012.
25. Thambisetty M, Lovestone S: Blood-based biomarkers of Alzheimer’s
disease: challenging but feasible. Biomark Med 2010, 4:65-79.
26. Rifai N, Gillette MA, Carr SA: Protein biomarker discovery and validation:
the long and uncertain path to clinical utility. Nat Biotech 2006,
24:971-983.
27. Rowley JW, Schwertz H, Weyrich AS: Platelet mRNA: the meaning behind
the message. Current opinion in hematology 2012, 19:385-391.
28. Plé H, Maltais M, Corduan A, Rousseau G, Madore F, Provost P: Alteration of
the platelet transcriptome in chronic kidney disease. Thrombosis and
haemostasis 2012, 108:605.
29. Lewandrowski U, Wortelkamp S, Lohrig K, Zahedi RP, Wolters DA, Walter U,
Sickmann A: Platelet membrane proteomics: a novel repository for
functional research. Blood 2009, 114:e10-e19.
30. Moebius J, Zahedi RP, Lewandrowski U, Berger C, Walter U, Sickmann A:
The Human Platelet Membrane Proteome Reveals Several New Potential
Membrane Proteins. Molecular & Cellular Proteomics 2005, 4:1754-1761.
31. Old WM, Meyer-Arendt K, Aveline-Wolf L, Pierce KG, Mendoza A,
Sevinsky JR, Resing KA, Ahn NG: Comparison of Label-free Methods for
Quantifying Human Proteins by Shotgun Proteomics. Molecular & Cellular
Proteomics 2005, 4:1487-1502.
32. Vischer UM, Wollheim CB: Purine Nucleotides Induce Regulated Secretion
of von Willebrand Factor: Involvement of Cytosolic Ca2+ and Cyclic
Adenosine Monophosphate-Dependent Signaling in Endothelial
Exocytosis. Blood 1998, 91:118-127.
33. Seyfried NT, Huysentruyt LC, Atwood JA, Xia Q, Seyfried TN, Orlando R: Upregulation of NG2 proteoglycan and interferon-induced transmembrane
proteins 1 and 3 in mouse astrocytoma: a membrane proteomics
approach. Cancer Lett 2008, 263:243-252.

Donovan et al. Alzheimer’s Research & Therapy 2013, 5:32
http://alzres.com/content/5/3/32

34. Donovan LE, Higginbotham L, Dammer EB, Gearing M, Rees HD, Xia Q,
Duong DM, Seyfried NT, Lah JJ, Levey AI: Analysis of a membraneenriched proteome from postmortem human brain tissue in Alzheimer’s
disease. PROTEOMICS-Clinical Applications 2012, 6:201-211.
35. Xu P, Duong DM, Peng J: Systematical optimization of reverse-phase
chromatography for shotgun proteomics. J Proteome Res 2009, 8:3944-3950.
36. Peng J, Elias JE, Thoreen CC, Licklider LJ, Gygi SP: Evaluation of
multidimensional chromatography coupled with tandem mass
spectrometry (LC/LC-MS/MS) for large-scale protein analysis: the yeast
proteome. J Proteome Res 2003, 2:43-50.
37. Seyfried NT, Xu P, Duong DM, Cheng D, Hanfelt J, Peng J: Systematic
approach for validating the ubiquitinated proteome. Anal Chem 2008,
80:4161-4169.
38. Gozal YM, Duong DM, Gearing M, Cheng D, Hanfelt J, Funderburk C,
Peng J, Lah J, Levey A: Proteomics analysis reveals novel components in
the detergent-insoluble subproteome in Alzheimers disease. Journal of
Proteome Research 2009.
39. Zhou J-Y, Hanfelt J, Peng J: Clinical proteomics in neurodegenerative
diseases. PROTEOMICS-Clinical Applications 2007, 1:1342-1350.
40. Huang DW, Sherman BT, Lempicki RA: Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources. Nat Protocols
2008, 4:44-57.
41. White JG, Gerrard JM: Recent advances in platelet structural physiology.
Supplementum ad Thrombosis and haemostasis 1978, 63:49-60.
42. Krogh A, Larsson B, von Heijne G, Sonnhammer ELL: Predicting
transmembrane protein topology with a hidden markov model:
application to complete genomes. J Mol Biol 2001, 305:567-580.
43. Kim SI, Voshol H, van Oostrum J, Hastings TG, Cascio M, Glucksman MJ:
Neuroproteomics: expression profiling of the brain’s proteomes in
health and disease. Neurochem Res 2004, 29:1317-1331.
44. Thambisetty M, Simmons A, Hye A, Campbell J, Westman E, Zhang Y,
Wahlund L-O, Kinsey A, Causevic M, Killick R, Kloszewska I, Mecocci P,
Soininen H, Tsolaki M, Vellas B, Spenger C, Lovestone S, the AddNeuroMed
consortium: Plasma Biomarkers of Brain Atrophy in Alzheimer’s Disease.
PLoS One 2011, 6:e28527.
45. Craig-Schapiro R, Kuhn M, Xiong C, Pickering EH, Liu J, Misko TP, Perrin RJ,
Bales KR, Soares H, Fagan AM, Holtzman DM: Multiplexed Immunoassay
Panel Identifies Novel CSF Biomarkers for Alzheimer’s Disease Diagnosis
and Prognosis. PLoS One 2011, 6:e18850.
46. Ryu JK, McLarnon JG: A leaky blood-brain barrier, fibrinogen infiltration
and microglial reactivity in inflamed Alzheimer’s disease brain. Journal of
Cellular and Molecular Medicine 2009, 13:2911-2925.
47. Herczenik E, Bouma B, Korporaal SJA, Strangi R, Zeng Q, Gros P, Van Eck M,
Van Berkel TJC, Gebbink MFBG, Akkerman J-WN: Activation of Human
Platelets by Misfolded Proteins. Arteriosclerosis, Thrombosis, and Vascular
Biology 2007, 27:1657-1665.
48. Cortes-Canteli M, Paul J, Norris EH, Bronstein R, Ahn HJ, Zamolodchikov D,
Bhuvanendran S, Fenz KM, Strickland S: Fibrinogen and 2-Amyloid
Association Alters Thrombosis and Fibrinolysis: A Possible Contributing
Factor to Alzheimer’s Disease. Neuron 2010, 66:695-709.
49. Berger G, Masse J, Cramer E: Alpha-granule membrane mirrors the
platelet plasma membrane and contains the glycoproteins Ib, IX, and V.
Blood 1996, 87:1385-1395.
50. Meyer SC, Fox JEB: Interaction of Platelet Glycoprotein V with
Glycoprotein Ib-IX Regulates Expression of the Glycoproteins and
Binding of von Willebrand Factor to Glycoprotein Ib-IX in Transfected
Cells. Journal of Biological Chemistry 1995, 270:14693-14699.
51. Luo S-Z, Mo X, Afshar-Kharghan V, Srinivasan S, López JA, Li R: Glycoprotein
Ibα forms disulfide bonds with 2 glycoprotein Ibβ subunits in the
resting platelet. Blood 2007, 109:603-609.
52. Jahroudi N, Schmaier A, Srikanth S, Mahdi F, Lutka FA, Bowser R: Von
Willebrand factor promoter targets the expression of amyloid β protein
precursor to brain vascular endothelial cells of transgenic mice. Journal
of Alzheimer’s Disease 2003, 5:149-158.
53. Christopherson KS, Ullian EM, Stokes CCA, Mullowney CE, Hell JW, Agah A,
Lawler J, Mosher DF, Bornstein P, Barres BA: Thrombospondins Are
Astrocyte-Secreted Proteins that Promote CNS Synaptogenesis. Cell 2005,
120:421-433.
54. Roberts W, Magwenzi S, Aburima A, Naseem KM: Thrombospondin-1
induces platelet activation through CD36-dependent inhibition of the
cAMP/protein kinase A signaling cascade. Blood 2010, 116:4297-4306.

Page 15 of 16

55. Isenberg JS, Wink DA, Roberts DD: Thrombospondin-1 antagonizes nitric
oxide-stimulated vascular smooth muscle cell responses. Cardiovascular
Research 2006, 71:785-793.
56. Isenberg JS, Romeo MJ, Yu C, Yu CK, Nghiem K, Monsale J, Rick ME,
Wink DA, Frazier WA, Roberts DD: Thrombospondin-1 stimulates platelet
aggregation by blocking the antithrombotic activity of nitric oxide/
cGMP signaling. Blood 2008, 111:613-623.
57. Buee L, Hof PR, Roberts DD, Delacourte A, Morrison JH, Fillit HM:
Immunohistochemical Identification of Thrombospondin in Normal
Human Brain and in Alzheimer’s Disease. American Journal of Pathology
1992, 141:783-788.
58. Horn M, Bertling A, Brodde MF, MÜLler A, Roth J, Van Aken H, Jurk K,
Heilmann C, Peters G, Kehrel BE: Human neutrophil alpha-defensins
induce formation of fibrinogen and thrombospondin-1 amyloid-like
structures and activate platelets via glycoprotein IIb/IIIa. Journal of
Thrombosis and Haemostasis 2012, 10:647-661.
59. Traut M, Haufe CC, Eismann U, Deppisch RM, Stein G, Wolf G: Increased
Binding of Beta-2-Microglobulin to Blood Cells in Dialysis Patients
Treated with High-Flux Dialyzers Compared with Low-Flux Membranes
Contributed to Reduced Beta-2-Microglobulin Concentrations. Blood
Purification 2007, 25:432-440.
60. Zhang J, Sokal I, Peskind ER, Quinn JF, Jankovic J, Kenney C, Chung KA,
Millard SP, Nutt JG, Montine TJ: CSF Multianalyte Profile Distinguishes
Alzheimer and Parkinson Diseases. American Journal of Clinical Pathology
2008, 129:526-529.
61. Carrette O, Demalte I, Scherl A, Yalkinoglu O, Corthals G, Burkhard P,
Hochstrasser DF, Sanchez J-C: A panel of cerebrospinal fluid potential
biomarkers for the diagnosis of Alzheimer’s disease. Proteomics 2003,
3:1486-1494.
62. Chauhan VPS, Ray I, Chauhan A, Wisniewski HM: Binding of Gelsolin, a
Secretory Protein, to Amyloid β-Protein. Biochemical and Biophysical
Research Communications 1999, 258:241-246.
63. Baumann MH, Kallijärvi J, Lankinen H, Soto C, Haltia M: Apolipoprotein E
includes a binding site which is recognized by several amyloidogenic
polypeptides. Biochemical Journal 2000, 349:77-84.
64. Güntert A, Campbell J, Saleem M, O’Brien DP, Thompson AJ, Byers HL,
Ward MA, Lovestone S: Plasma Gelsolin is Decreased and Correlates with
Rate of Decline in Alzheimer’s Disease. Journal of Alzheimer’s Disease 2010,
21:585-596.
65. Bucki R, Levental I, Kulakowska A, Janmey PA: Plasma gelsolin: function,
prognostic value, and potential therapeutic use. Current Protein & Peptide
Science 2008, 9:541-551.
66. Fiala M, Mahanian M, Rosenthal M, Mizwicki MT, Tse E, Cho T, Sayre J,
Weitzman R, Porter V: MGAT3 mRNA: A Biomarker for Prognosis and
Therapy of Alzheimer’s Disease by Vitamin D and Curcuminoids. Journal
of Alzheimer’s Disease 2011, 25:135-144.
67. Meda SA, Narayanan B, Liu J, Perrone-Bizzozero NI, Stevens MC,
Calhoun VD, Glahn DC, Shen L, Risacher SL, Saykin AJ, Pearlson GD: A large
scale multivariate parallel ICA method reveals novel imaging-genetic
relationships for Alzheimer’s disease in the ADNI cohort. Neuroimage
2012, 60:1608-1621.
68. Grimm MOW, Kuchenbecker J, Rothhaar TL, Grösgen S, Hundsdörfer B,
Burg VK, Friess P, Müller U, Grimm HS, Riemenschneider M, Hartmann T:
Plasmalogen synthesis is regulated via alkyldihydroxyacetonephosphate-synthase by amyloid precursor protein
processing and is affected in Alzheimer’s disease. Journal of
Neurochemistry 2011, 116:916-925.
69. Connor JR, Snyder BS, Arosio P, Loeffler DA, LeWitt P: A Quantitative
Analysis of Isoferritins in Select Regions of Aged, Parkinsonian, and
Alzheimer’s Diseased Brains. Journal of Neurochemistry 1995, 65:717-724.
70. Freude S, Schilbach K, Schubert M: The Role of IGF-1 Receptor and Insulin
Receptor Signaling for the Pathogenesis of Alzheimer’s Disease: From
Model Organisms to Human Disease. Current Alzheimer Research 2009,
6:213-223.
71. Fedrizzi L, Carafoli E: Ca2+ dysfunction in neurodegenerative disorders:
Alzheimer’s disease. BioFactors 2011, 37:189-196.
72. Supnet C, Bezprozvanny I: Neuronal Calcium Signaling, Mitochondrial
Dysfunction, and Alzheimer’s Disease. Journal of Alzheimer’s Disease 2010,
20:487-498.
73. Treusch S, Hamamichi S, Goodman JL, Matlack KES, Chung CY, Baru V,
Shulman JM, Parrado A, Bevis BJ, Valastyan JS, Han H, Lindhagen-Persson M,

Donovan et al. Alzheimer’s Research & Therapy 2013, 5:32
http://alzres.com/content/5/3/32

74.

75.
76.

77.

78.

79.

80.
81.

82.

83.

84.
85.

86.

87.

88.

89.
90.

91.

92.

Reiman EM, Evans DA, Bennett DA, Olofsson A, DeJager PL, Tanzi RE,
Caldwell KA, Caldwell GA, Lindquist S: Functional Links Between Aβ
Toxicity, Endocytic Trafficking, and Alzheimer’s Disease Risk Factors in
Yeast. Science 2011, 334:1241-1245.
Hirokawa N, Niwa S, Tanaka Y: Molecular Motors in Neurons: Transport
Mechanisms and Roles in Brain Function, Development, and Disease.
Neuron 2010, 68:610-638.
Lewis TL jr, Mao T, Arnold DB: A Role for Myosin VI in the Localization of
Axonal Proteins. PLoS Biol 2011, 9:e1001021.
Hooff GP, Wood WG, Müller WE, Eckert GP: Isoprenoids, small GTPases
and Alzheimer’s disease. Biochimica et Biophysica Acta (BBA)-Molecular and
Cell Biology of Lipids 2010, 1801:896-905.
Söderberg M, Edlund C, Alafuzoff I, Kristensson K, Dallner G: Lipid
composition in different regions of the brain in Alzheimer’s disease/
senile dementia of Alzheimer’s type. Journal of Neurochemistry 1992,
59:1646-1653.
Dammer EB, Na CH, Xu P, Seyfried NT, Duong DM, Cheng D, Gearing M,
Rees H, Lah JJ, Levey AI, Rush J, Peng J: Polyubiquitin Linkage Profiles in
Three Models of Proteolytic Stress Suggest the Etiology of Alzheimer
Disease. Journal of Biological Chemistry 2011, 286:10457-10465.
Arnaud L, Robakis NK, Figueiredo-Pereira ME: It May Take Inflammation,
Phosphorylation and Ubiquitination to ‘Tangle’ in Alzheimer’s Disease.
Neurodegenerative Diseases 2006, 3:313-319.
Blurton-Jones M, LaFerla FM: Pathways by Which Aβ Facilitates Tau
Pathology. Current Alzheimer Research 2006, 3:437-448.
Oh J, Takahashi R, Kondo S, Mizoguchi A, Adachi E, Sasahara RM,
Nishimura S, Imamura Y, Kitayama H, Alexander DB, Ide C, Horan TP,
Arakawa T, Yoshida H, Nishikawa S-i, Itoh Y, Seiki M, Itohara S, Takahashi C,
Noda M: The Membrane-Anchored MMP Inhibitor RECK Is a Key
Regulator of Extracellular Matrix Integrity and Angiogenesis. Cell 2001,
107:789-800.
Takahashi C, Sheng Z, Horan TP, Kitayama H, Maki M, Hitomi K, Kitaura Y,
Takai S, Sasahara RM, Horimoto A, Ikawa Y, Ratzkin BJ, Arakawa T, Noda M:
Regulation of matrix metalloproteinase-9 and inhibition of tumor
invasion by the membrane-anchored glycoprotein RECK. Proceedings of
the National Academy of Sciences 1998, 95:13221-13226.
Muraguchi T, Takegami Y, Ohtsuka T, Kitajima S, Chandana EPS, Omura A,
Miki T, Takahashi R, Matsumoto N, Ludwig A, Noda M, Takahashi C: RECK
modulates Notch signaling during cortical neurogenesis by regulating
ADAM10 activity. Nat Neurosci 2007, 10:838-845.
Yong VW, Power C, Forsyth P, Edwards DR: Metalloproteinases in biology
and pathology of the nervous system. Nat Rev Neurosci 2001, 2:502-511.
Ferretti MT, Cuello AC: Does a Pro-Inflammatory Process Precede
Alzheimer’s Disease and Mild Cognitive Impairment? Current Alzheimer
Research 2011, 8:164-174.
Backstrom JR, Lim GP, Cullen MJ, Tökés ZA: Matrix Metalloproteinase-9
(MMP-9) Is Synthesized in Neurons of the Human Hippocampus and Is
Capable of Degrading the Amyloid-β Peptide (1-40). The Journal of
Neuroscience 1996, 16:7910-7919.
Zara S, Rapino M, Sozio P, Di Stefano A, Nasuti C, Cataldi A: Ibuprofen and
lipoic acid codrug 1 control Alzheimer’s disease progression by downregulating protein kinase C ù-mediated metalloproteinase 2 and 9 levels
in β-amyloid infused Alzheimer’s disease rat model. Brain Research 2011,
1412:79-87.
Lim NKH, Villemagne VL, Soon CPW, Laughton KM, Rowe CC, McLean CA,
Masters CL, Evin G, Li Q-X: Investigation of Matrix Metalloproteinases,
MMP-2 and MMP-9, in Plasma Reveals a Decrease of MMP-2 in
Alzheimer’s Disease. Journal of Alzheimer’s Disease 2011, 26:779-786.
Bein K, Simons M: Thrombospondin Type 1 Repeats Interact with Matrix
Metalloproteinase 2. Journal of Biological Chemistry 2000, 275:32167-32173.
Thorngate FE, Raghow R, Wilcox HG, Werner CS, Heimberg M, Elam MB:
Insulin promotes the biosynthesis and secretion of apolipoprotein B-48
by altering apolipoprotein B mRNA editing. Proceedings of the National
Academy of Sciences 1994, 91:5392-5396.
Farese RV, Véniant MM, Cham CM, Flynn LM, Pierotti V, Loring JF, Traber M,
Ruland S, Stokowski RS, Huszar D, Young SG: Phenotypic analysis of mice
expressing exclusively apolipoprotein B48 or apolipoprotein B100.
Proceedings of the National Academy of Sciences 1996, 93:6393-6398.
Elam MB, von Wronski MA, Cagen L, Thorngate F, Kumar P, Heimberg M,
Wilcox HG: Apolipoprotein B mRNA editing and apolipoprotein gene

Page 16 of 16

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

expression in the liver of hyperinsulinemic fatty Zucker rats: relationship
to very low density lipoprotein composition. Lipids 1999, 34:809-816.
Boren J, Lee I, Zhu W, Arnold K, Taylor S, Innerarity TL: Identification of the
low density lipoprotein receptor-binding site in apolipoprotein B100 and
the modulation of its binding activity by the carboxyl terminus in
familial defective apo-B100. The Journal of Clinical Investigation 1998,
101:1084-1093.
Fishel MA, Watson GS, Montine TJ, Wang Q, Green PS, Kulstad JJ, Cook DG,
Peskind ER, Baker LD, Goldgaber D, Nie W, Asthana S, Plymate SR,
Schwartz MW, Craft S: Hyperinsulinemia provokes synchronous increases
in central inflammation and β-amyloid in normal adults. Arch Neurol
2005, 62:1539-1544.
Tan ZS, Beiser AS, Fox CS, Au R, Himali JJ, Debette S, DeCarli C, Vasan RS,
Wolf PA, Seshadri S: Association of Metabolic Dysregulation With
Volumetric Brain Magnetic Resonance Imaging and Cognitive Markers of
Subclinical Brain Aging in Middle-Aged Adults. Diabetes Care 2011,
34:1766-1770.
Muraishi A, Capuzzi DM, Tuszynski GP: Binding of Thrombospondin to
Human Plasma Lipoproteins. Biochemical and Biophysical Research
Communications 1993, 193:1145-1151.
Takechi R, Galloway S, Pallebage-Gamarallage MMS, Mamo JCL:
Chylomicron amyloid-beta in the aetiology of Alzheimer’s disease.
Atherosclerosis Supplements 2008, 9:19-25.
Orth M, Luley C, Wieland H: Effects of VLDL, chylomicrons, and
chylomicron remnants on platelet aggregability. Thrombosis Research
1995, 79:297-305.
Xu N, Ohlin AK, Nilsson A: Chylomicron-induced prothrombin activation
and platelet aggregation. Arteriosclerosis, Thrombosis, and Vascular Biology
1994, 14:1014-1020.
Chen M, Inestrosa NC, Ross GS, Fernandez HL: Platelets are the primary
source of amyloid β-peptide in human blood. Biochemical and Biophysical
Research Communications 1995, 213:96-103.
van Nostrand WE, Schmaier AH, Farrow JS, Cunningham DD: Protease
nexin-II (amyloid beta-protein precursor): a platelet alpha-granule
protein. Science 1990, 248:745-748.
Järemo P, Milovanovic M, Buller C, Nilsson S, Winblad B: Low-density
platelet populations demonstrate low in vivo activity in sporadic
Alzheimer disease. Platelets 2012, 23:116-120.
Casserly I, Topol EJ: Convergence of atherosclerosis and Alzheimer’s
disease: inflammation, cholesterol, and misfolded proteins. The Lancet
2004, 363:1139-1146.
Huo Y, Schober A, Forlow SB, Smith DF, Hyman MC, Jung S, Littman DR,
Weber C, Ley K: Circulating activated platelets exacerbate atherosclerosis
in mice deficient in apolipoprotein E. Nat Med 2003, 9:61-67.
Helzner EP, Luchsinger JA, Scarmeas N, Consentino S, Brickman AM,
Glymour MM, Stern Y: Contribution of vascular risk factors to the
progression in alzheimer disease. Archives of Neurology 2009, 66:343-348.
Roselli F, Tartaglione B, Federico F, Lepore V, Defazio G, Livrea P: Rate of
MMSE score change in Alzheimer’s disease: Influence of education and
vascular risk factors. Clinical Neurology and Neurosurgery 2009, 111:327-330.
van der Meijden PE, Heemskerk JW: Platelet protein shake as playmaker.
Blood 2012, 120:2931-2932.
Snel B, Lehmann G, Bork P, Huynen MA: STRING: a web-server to retrieve
and display the repeatedly occurring neighbourhood of a gene. Nucleic
Acids Research 2000, 28:3442-3444.

doi:10.1186/alzrt186
Cite this article as: Donovan et al.: Exploring the potential of the
platelet membrane proteome as a source of peripheral biomarkers for
Alzheimer’s disease. Alzheimer’s Research & Therapy 2013 5:32.

