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Abstract

Background: Platelets (thrombocytes) are small anuclear cells that play an important role in blood clotting. They are activated and
dysfunctional in brain disorders, such as Alzheimer’s disease (AD) and depression. Platelets express the amyloid-precursor protein
(APP) and release beta-amyloidso into the blood. Recent evidence reports that platelets also express the microtubule-associated protein
tau. In this study, we further characterized the molecular appearance of tau and examined its alterations in patients with neurocognitive
impairment. Methods: Platelets were isolated from patients with AD, mild cognitive impairment (MCI) or depression and compared to
healthy controls. Subsequently, FACS analysis was employed to characterize platelets for platelet surface P-selectin (CD62P). In order
to enhance the detection levels, samples were pooled (15 samples per group) and analyzed by Lumipulse Assay, Western blots, and mass
spectrometry. Results: Tau is expressed in human platelets and tau levels were decreased in platelets isolated from patients with AD and
depression. Additionally, phospho-tau-181 was slightly increased in patients with depression. We show that tau is highly fragmented
(2040 kDa) in the platelet extracts using Western blot analysis. The mass spectrometry data did not show a clear identification of tau in
the pooled platelet samples. Conclusions: Our data reveal that tau is found in platelets, possibly in a highly fragmented form. Tau levels

may be used as a potential diagnostic approach to differentiate AD and depression from healthy controls.
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1. Introduction

The life expectancy of humans has markedly increased
over the last 100 years. As age is the key risk factor for
Alzheimer’s disease (AD), the number of patients suffering
from AD and mixed forms of dementia will dramatically
increase over the next 50 years. It is expected that there
will be about 80 million AD patients worldwide in 2050.
Sporadic AD is a progressive chronic neurodegenerative
disorder (at least 97% of all cases are non-genetic) and is
characterized by two major pathologies in the brain: the (-
amyloid (AS) deposition (plaques) and tau pathology (hy-
perphosphorylated tau and neurofibrillary tangles). These
pathologies are accompanied by cell death of choliner-
gic neurons, reactive astrogliosis, microglial activation, in-
flammation, and cerebrovascular damage, including blood-
brain barrier (BBB) damage. The causes of sporadic AD are
yet unknown, but so far the A3 cascade is the most promi-
nent hypothesis, although it is now surrounded by more and
more controversy [1,2]. One explanation could be a dys-
functional clearance of Af3 through the BBB [3]. Further,
there is more and more evidence that cerebrovascular dys-
function might be an early event in the pathogenesis of AD
[4-7]. Tt is well established that A3 deposits are also found
in brain vessels, the so-called cerebral amyloid angiopathy
(CAA), but it is not known whether vessel damage is a pri-

mary event during AD progression or whether it is caused
by brain damage [8,9]. It has been hypothesized that a ves-
sel damage causes activation of the blood-clotting system
in the brain and that platelets become activated and migrate
to lesion sites in the brain and use A340 as a clotting sub-
stance [7,10,11].

Platelets are of particular interest in AD research be-
cause there is clear evidence that they become activated and
dysfunctional in AD patients [11-13]. In an AD mouse
model, we recently showed that platelets are early signs in
vessels before AS plaques develop [14—16]. We also pro-
vide clear evidence that platelets are found in blood vessels
in postmortem brains of human AD patients [14]. Platelets
contain high levels of APP. Both APP and Af are stored in
a-granules of platelets and become released upon activa-
tion by agents like the physiological agonists thrombin and
collagen. Several studies, including from our lab, showed
that the platelet APP ratio (defined as the ratio between the
upper 130 kDa and the lower 106—110 kDa isoforms) is sig-
nificantly lower in AD patients compared to controls and
patients with other forms of dementia [10,17-20]. While
the pathology of APP and Af seems to be well established,
the role of the second important pathology, tau is nearly
unknown. Recent novel evidence suggests that tau is found
in the platelets, but the role is completely unknown. It has

Copyright: © 2022 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/j.fbl2705153
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

been shown that platelet tau may correlate with moderate
cognitive decline since there was an increase in C-terminal
platelet tau in cognitive impaired people with a mini-mental
state examination scale (MMSE) of 24-27 [21-24].

Tau is a microtubule-associated protein and physio-
logically stabilizes and regulates axonal transport [25-28].
However, the physiological roles of tau seem to be more
complex and by far not fully explored. Tau has more than
40 possible phosphorylation sites and the tau phosphory-
lation (pTau) is regulated by several kinases and phos-
phatases. It is extremely important to identify these crit-
ical phosphorylation sites in the tau protein, as they are
either therapeutic or diagnostic targets [26—29]. Tau and
phospho-tau-181 are well-established biomarkers in cere-
brospinal fluid to diagnose AD, with levels of >500 pg/mL
and >60 pg/mL for tau and phospho-tau-181, respectively
[30]. Tau is also markedly enhanced in Creutzfeldt-Jakob
disease and can reach values of >3000 pg/mL [31]. In ad-
dition, tau is a general marker of neuronal degeneration and
it is well known that stroke or multifocal cerebral microin-
farcts (silent stroke) contributes to the progression of AD
[32]. The function of human platelet tau is fully unknown as
the detection levels of platelet tau are very low. To the best
of our knowledge, the structure of tau is not established yet
in human platelets using mass spectrometry. Thus, the aim
of the present study is to characterize tau in human platelets.
Moreover, we aimed to distinguish differences in platelets
isolated from healthy controls and patients with mild cogni-
tive impairment (MCI) and AD. In order to include an addi-
tional control we also aim to test platelets from patients with
depression. This last group is also of special interest, as AD
and MCl patients also complain from depressive symptoms.
We hypothesize that tau is dysregulated in platelets of AD
patients, as also the other AD specific biomarker (amyloid
precursor protein) is altered.

2. Materials and Methods
2.1 Patients

Cognitively healthy subjects and patients suffering
from AD, MCI or depression were recruited at the Lan-
deskrankenhaus Hall/Tirol, Austria as reported in detail in
several previous studies [19,20]. The following groups
were included in this study: healthy controls (group 1, n =
93), MCI patients (group 2, n = 111), AD patients (group 3,
n = 233) and depressive patients without marked cognitive
impairment (group 4, n=76). All four groups were assessed
by the same diagnostic procedure. Diagnosis of AD was es-
tablished by a structured routine process including clinical
assessment, extensive neuropsychological tests (including
MMSE) and neuroimaging (magnetic resonance imaging,
MRI) to exclude other brain pathologies. For each sub-
ject, the neuropsychological examination was conducted
between 9:00 and 11:00 in the morning. Probable AD was
diagnosed according to the current NINCDS-ADRDA (Na-
tional Institute of Neurological and Communicative Disor-

ders and Stroke and the AD and Related Disorders Associ-
ation) criteria and confirmed for all participating patients.
MCI was diagnosed according to previously published cri-
teria [33]. The geriatric depression scale (GDS) was ap-
plied to each participant. A general blood examination was
part of the routine diagnostic procedure. Exclusion criteria
for healthy subjects, MCI and AD patients included (1) an-
other primary neurological or mental disorder, (2) any kind
of metabolic decompensation or any sign of peripheral in-
flammation (e.g., theumatic disease), (3) long-term alcohol
or drug abuse, (4) or any current, clinically significant car-
diovascular disease. The study was approved by the ethics
committee of Medical University of Innsbruck. All sub-
jects and/or their caregivers enrolled in the study gave their
informed consent.

2.2 Isolation of Human Platelets and Processing

Human platelets were isolated as previously described
[20]. In short, 10 mL blood was collected in ethylene-
diaminetetraacetate (EDTA) tubes during normal clinical
routine, centrifuged at 250 xg for 10 min at RT to col-
lect platelet-rich plasma (PRP). PRP was centrifuged for
10 minutes at RT (2300 xg) and the pellet was dissolved
in 1 mL Tyrode’s buffer and PGI2 was added in order to
inhibit platelet activation. Next, the dissolved pellet was
resuspended in 300 pL PBS and an aliquot (20 pL) used
for FACS analysis, and the rest again centrifuged and the
pellet stored at —80 °C until further use. In order to increase
the detection levels, samples from 15 patients of the same
group were pooled into 500 uL PBS + protease inhibitor
cocktail, then sonicated with a Branson Sonifier (10 strokes
each 10 seconds on ice), then centrifuged at 14,000 xg for
10 min, and the supernatant was collected. 400 pL were
analyzed by mass spectrometry. The rest was used for de-
termination of total protein using Bradford assay, Western
blot or Lumipulse tau analysis using the G600 II system
(Fujirebio). As a control, platelets were isolated from adult
6 month old C57BL6 wildtype mice as reported previously
by us [15,16]. The animal experiment was approved by the
Austrian Ministry of Science and Research (66.011/0055-
WEF/V/3b/2017) and all animal-related lab work was in line
with the Austrian and international guidelines on animal
welfare and experimentation.

2.3 FACS Analysis

FACS analysis was performed as described in detail
by us [34]. Immediately after isolation, 2 pL of mouse
platelets were mixed with 46 uL of FACs buffer (2 mM
EDTA, 0.5% FCS ad 100 mL PBS, pH 7.1), and then the
reaction started with addition of 2 uL antibodies against
FITC Mouse IgG1 (BD Biosciences, Cat: 555748, 1:25) or
FITC Mouse Anti-Human CD62P (BD Biosciences, Cat:
555523, 1:25). The samples were vortexed, and incubated
for 30 min at 4 °C in the dark, then centrifuged at 300 x g for
10 min and the pellets were resuspended in 100 uL of FACs
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flow (BD FACSFlow) and the FACs analysis was done with
a BD FACScan.

2.4 Western Blot Analysis

Western blot analysis was performed for tau and
phospho-tau396 as described by us in detail [35]. Platelet
extracts (80 ug per lane total protein) were denatured (70
°C for 10 min) and loaded onto 4-12% Bis-Tris polyacry-
lamide gels (Invitrogen Life Tech, Darmstadt, Germany)
and separated by electrophoresis for 60 min at 200 V. Con-
secutively, samples were electrotransferred to nylon PVDF
Immobilon-PSQ membranes (Millipore, Vienna, Austria)
at 30 V for 90 min with 20% methanol transfer buffer
(Invitrogen). Protein detection was performed with West-
ern Breeze Chemiluminescent System (Invitrogen). Thus,
membranes were blocked for 30 min with blocking solution
at RT on the shaker, then incubated with the primary an-
tibody tau-5 (Thermo AHBO0042, 1:1000) or phospho-tau-
396 (pTau396, BioLegend 807401, 1:10,000) or HT7 anti-
body (1:500, Thermo MN1000) overnight at 4 °C. Subse-
quently, blots were washed and incubated with anti-mouse
(tau-5, HT7) or anti-rabbit (pTau396) antibodies for 30
min at room temperature (RT), again washed and incubated
with CDP-Star chemiluminescent substrate solution (Invit-
rogen). Imaging was performed with a cooled CCD camera
(SearchLight, ThermoScientific, Austria).

2.5 gRT-PCR

Collected platelets of 15 patients were pooled in a
tube, homogenized by sonication and total RNA was ex-
tracted with QIAGEN RNeasy Mini Kit (Qiagen, Germany)
according to manufacturer’s protocol. Total RNA concen-
trations were determined using Nanoquant Infinite M200
(Tecan, Switzerland). RNA integrity was checked in ran-
dom samples with Fragment Analyzer (Advanced Analyt-
ical Technologies). In vitro reverse transcription was per-
formed from 250 ng of total RNA in 20 pL and carried out
with Omniscript Reverse Transcription kit (Quiagen, Ger-
many), including random hexamer primers (Promega) and
RNAse inhibitor (Sigma) according to the manufacturer’s
protocol. qRT-PCR was performed as described by us [35].
The relative abundance of human tau was assessed by Tag-
Man quantitative PCR (qRT-PCR) using a standard curve
method based on normalization to housekeeping gene glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH). Tag-
Man gene expression assay specific for Auman tau gene
designed to span exon-exon boundary (Hs00902193 ml)
and Gapdh assay (Hs02758991 gl) were used (Applied
Biosystems). qRT-PCR was performed as 50 cycles (Ct =
19-30) in triplicates or duplicates, using 1.5 pL total RNA
equivalents of cDNA and the specific TagMan gene ex-
pression assay for each 20 uL reaction in TagMan Univer-
sal PCR Master Mix (Applied Biosystems). Analysis was
performed utilizing QuantStudio 6 (Applied Biosystems,
Thermo Fisher Sci., Vienna, Austria) and Ct values for each
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gene expression assay were recorded for each individual re-
action. All experiments were normalized to housekeeping
Gapdh and relative expression was calculated by using the
difference between Ct values of Gapdh and human tau.

2.6 WANGEL Analysis of tau

Platelet tau was characterized using our novel WAN-
GEL (Western Blot-native Agarose gel elution) model de-
veloped by us recently (Humpel, 2022 submitted). Native
Western Blots were performed as described above but di-
rectly after the gel run, different molecular weight bands
were dissected with a scalpel with a size between 80 and
0 kDa related to the color molecular weight marker. For
the elution, 2.5 mL sample vials (PE, 14 mm, Roth 5863.1)
were used and 1 mL 4% agarose was pipetted at the bot-
tom of the tubes and cooled. Then, the cut Western Blot
bands were carefully placed on top of the hardened agarose.
Next 1 mL 1% handwarm agarose was pipetted onto the ex-
tracted bands and cooled to harden. In the next step, the
bottom of the vial was cut, and the tube closed with a Mil-
licell culture insert (3 pm, 12 mm, PITP01250, Merck).
Next 1| mL of a MES/histidine puffer was carefully pipetted
into the tube using a syringe and 10 pL bromphenobuffer
was pipetted to follow up the elution. These tubes were
placed into the agarose gel chamber and proteins eluted
for 20-60 min to the cathode. After the run, the buffer
with the eluted proteins was collected and analyzed by Lu-
mipulse assay or mass spectometry. Total tau levels were
measured using automated Lumipulse technology (Fujire-
bio G600II); see https://www.fujirebio.com/en/products-
solutions/lumipulse-g600ii.

2.7 Detection of Tau in Platelets Using Mass Spectrometry

Tau was analyzed by immunoprecipitation and mass
spectrometry similar as reported earlier in detail for NT-
proBNP [36,37]. Briefly, a full length 2N4R tau stan-
dard (1000 pg/mL) or a CSF sample (1024 pg/mL) or a
pooled platelet extract from 15 human patients was im-
munoprecipitated with a biotin-conjugated anti-Tau mon-
oclonal antibody (20 uL = 2 pug HT7 antibody), which
was coupled to streptavidin-coated magnetic microparticles
(Thermo Scientific) overnight at 4 °C. The immunoprecip-
itate was washed, eluted with 2% formic acid and finally
evaporated. The eluate was enzymatically digested with
trypsin overnight and the resulting peptide fragments were
analyzed using a nanoflow UHPLC instrument coupled to a
Q Exactive HF or Orbitrap Eclipse FAIMS Pro mass spec-
trometer (Thermo Scientific) equipped with a Nanospray
Flex ionization source. The identification of the peptides
was performed using Proteome Discoverer Software 2.2
(Thermo Fisher Scientific, Vienna, Austria) with Sequest as
search engine. The raw file was searched against a human
database, to which the sequence of Tau441 and its various
isoforms was added. Precursor and fragment mass toler-
ances were set to 10 ppm and 0.02 Da, respectively, and
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Fig. 1. Flow cytometry (FACS) analysis. (A) A representative sample of human platelets isolated from a healthy control shows a

common population of cells in forward and sideward scatter and (C) markedly expressed CD62P (B) compared to an IgG control.

Table 1. Patients characteristics and platelet tau levels.

Analyte Control MCI AD Depression
n (before pooling) 93 111 233 76

Age [years] 740+ 1.1 752+£0.7ns 809+09* 722+ 1.0ns
Male/% 35/37.6 39/35.1 87/37.3 17/22.3
MMSE 294+0.1 27.6£02* 21.1£0.3%** 283 +0.2*
GDS 43+04 5.1+ 0.8 ns 4.0 £0.3ns 8.2+ 0.7 ***
Pool of 15 (n) 6 7 15 5
Protein [mg/mL] 350+ 1.8 429+13ns 458+3.0ns 350+ 1.6 ns
Tau [pg/mg] 818 + 34 765 + 18 ns 673 £ 52 % 658 32 *
pT181 [pg/mg] 32+0.18 3.0+ 0.03 33+£0.13ns 40+03*

Platelets were isolated from healthy controls or patients with mild cognitive impair-

ment (MCI) or Alzheimer’s disease (AD) or with depression. Values are given as mean

+ SEM; values in parenthesis give the number of samples. Statistical analysis was

performed using One Way ANOVA with a subsequent Fisher LSD posthoc test (* p
< 0.05; *** p < 0.001; ns, not significant). MMSE, Mini Mental State Examination;
GDS, geriatric depression scale. Tau and phospho-tau-181 (pT181) were analyed by

Lumipulse technology. Note: Protein and tau levels were determined in samples pooled

from 15 patients per group.

trypsin with up to 2 missed cleavages was chosen. Oxida-
tion of methionine and phosphorylation of serine, threonine
and tyrosine were set as dynamic, carbamidomethylation of
cysteine as static modifications. The required false positive
rate was set to 1% both at the peptide and protein level. In
order to detect tau, the platelets of 15 patients were pooled
for each group (G1: healthy controls, G2: MCI, G3: AD
and G4: depression).

3. Results
3.1 Epidemiology

In the present study, 513 subjects were included,
which were grouped in healthy controls (group 1, n = 93),
MCI patients (group 2, n = 111), AD patients (group 3, n
= 233) and patients with depression (group 4, n = 76) (Ta-
ble 1). The age of the patients was 72—75 years, and only
AD patients were slightly older (80.9 & 0.9, p < 0.05) (Ta-

ble 1). In all groups, nearly 35-37% were male. Only
in the depressive group, there were 22% male (Table 1).
The MMSE score was 29.5 & 0.1 for controls, which was
significantly lower in the MCI and depression group and
markedly lower in the AD group (Table 1). The geriatric
depression scale (GDS) was 4.3 £ 0.4 in healthy controls,
which was not different in the MCI and AD group, but sig-
nificantly increased in the depression group (Table 1).

3.2 Characterization of Human Platelets

Isolated human platelets were characterized for
CD62P compared to a negative IgG control by FACS
(Fig. IA—C). The Lumipulse assay shows that platelets from
healthy controls contain tau (approx. 820 pg/mg protein)
and pTau-181 (approx. 3 pg/mg protein) (Table 1). Tau
levels were significantly reduced in AD and depression but
not in MCI (Table 1). Phospho-tau-181 levels were slightly
increased in depression, but not in AD or MCI (Table 1).
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Western blot data shows a full-length tau standard with
a size of approx. 60 kDa (Fig. 2) using the tau-5 antibody.
No staining for platelet tau was found with the tau-5 anti-
body (Fig. 2). Using the HT-7 antibody, 2 clear bands were
visible at approx. 45 and 30 kDa size, while a signal for
phospho-tau-396 (approx. 50 kDa) was present in all sam-
ples (Fig. 2). A loading control GAPDH displayed a posi-
tive signal at 37 kDa (Fig. 2).

Co Co mcl Mmcl1 AD AD Depr Depr St

? -60 kDa

Tau-5

-60 kDa
~ -50 kDa
£

~ -30kDa
& -60 kDa
o =
E
5
-37 kDa

GAPDH

Fig. 2. Western blot of platelet extracts. Human platelets were
isolated, characterized by FACS and 15 samples per group pooled,
extracted and 80 ug protein was loaded on a gel and analyzed by
Western Blots. As a control, a standard (St) of full-length tau (500
ng) was loaded which gives a strong band at approx. 50-60 kDa
when stained with the tau-5 antibody. No staining for platelet tau
was found with the tau-5 antibody. Using the HT-7 antibody, 2
clear bands were visible at approx. 45 and 30 kDa size, while a
signal for phospho-tau-396 (approx. 50 kDa) was present in all
samples. Note that the lanes were not always in line. This is be-
cause the gel was maximally loaded (80 pg protein) in order to in-
crease sensitivity. GAPDH served as a loading control and shows
a band at approx. 37 kDa.

3.3 qRT-PCR

Platelets are anuclear cells, however, there are re-
ports that mRNAs can be detected in platelets by qRT-PCR.
RNA was isolated from human platelets using the Quia-
gen minikit and we achieved 1.1 + 0.4 ug/mL RNA (n =
6), which is far lower as isolated from control mouse cor-
tex (209 + 73 pg/mL, n = 3). Using this RNA, we per-
formed qRT-PCR for tau compared to gapd. Compared to
control mouse cortex (3.71 £ 0.06 ACT, n = 3), very low
amounts of mRNA were found in wildtype mice (0.097 +
0.076 ACT, n = 3), while in human platelets 5 out of 6 sam-
ples were undetectable and one sample had 0.003 ACT val-
ues.
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3.4 WANGEL tau Detection

Using our novel WANGEL system, we show that full-
length tau migrates to the cathode and elutes from the
agarose gel as a 50—60 kDa protein (Fig. 3). However, when
the platelet extract (a pool of 32 lanes) was eluted from
the WANGEL system, several large and small molecular
weight species could be detected, but the majority of the
taut detection was seen as a 20-30 kDa fragment (Fig. 3).

—@— Platelets 89.5 ng/ ml (pool of 32 lanes)
—&#— Full length tau standard

6000 ~

5000 -

4000 -

3000

2000

Lumipulse total tau [pg/ml]

1000

0 T T T T T T T
100-90 80-70 60 50 40 30 20 10-0

protein size [kDa]

Fig. 3. Elution of tau from Western Blots linked to agarose
gels. Tau protein (100 ng/lane) is separated on a Western Blot gel,
then bands with between 0—100 kDa are cut, and tau eluted from
agarose gels via the cathode. Note that tau elutes as a 60 kDa pro-
tein from Western-agarose gels (red triangles). In order to charc-
terize tau from platelet, an extract (89.5 ng/mL) was seperated on
Western Blots, the lanes cut out and pooled from 32 lanes and
analyzed by Lumipulse. Note that many large and small tau frag-
ments were detected, but the majority of tau had a size of 20-30
kDa (blue circles). Values are given as pg/mL total tau measured
by Lumipulse assay.

3.5 Detection of Tau in Platelets Using Mass Spectrometry

Applying an immunoprecipitation method with the
HT?7 antibody on the 2N4R full-length tau standard, 21
peptides could be identified by nanoLC ESI-MS/MS that
covered 57% of the amino acid sequence of taud441. In a
further experiment with cerebrospinal fluid of an AD pa-
tient (1024 pg/mL total tau), four tau peptides were identi-
fied with high confidence (data not shown). We used this
method to investigate the different human platelet samples.
Only a single peptide could be identified in a platelet extract
pooled from 15 human patients of the same group (1577
pg/mg tau) with the HT7 antibody. The peptide with the se-
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Fig. 4. Identification of a peptide from tau protein in platelets by mass spectrometry. Immunoprecipitation was performed to enrich

tau from pooled platelets. Enriched proteins were analyzed with mass spectrometry and one unique peptide corresponding to amino acid
residues 203-217 of tau441 was identified. (A) Shown is the MS/MS spectrum of peptide SGYSSPGSPGTPGSR (B) and the assigned

y- and b-series ions.

quence SGYSSPGSPGTPGSR corresponds to amino acid
residues 203-217 of taud41, with an m/z = 697.32059 Da,
charge state = 2, cross-correlation score (XCorr) = 3.74.
The MS/MS spectrum and the assigned y- and b-series ions
are shown in Fig. 4. The same peptide was found in the
tau standard and in cerebrospinal fluid, respectively (data
not shown). Tau could not be detected in all other platelet
samples. Applying the tau-5 antibody instead of the HT7
antibody, no tau could be identified, neither in the standard
sample nor in CSF or platelets.

4. Discussion

In the present study, we show that tau protein is ex-
pressed in human platelets. It occurs especially as a frag-
mented form. We demonstrate that tau protein levels in
platelets of AD and depressive patients are significantly
changed and reduced tau levels could distinguish AD pa-
tients and depressed people from healthy individuals.

Platelets are about 3 pzm small cells and are processed
from megakaryocytes and do not have a nucleus. The isola-
tion of human platelets from blood has been well described
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in our hands for several years [ 14,38,39]. For platelets char-
acterization we used FACS analysis for CD62P, which is
well established in our laboratory [34]. CD62P is located
on the inner membrane of a-granules and released on the
outside upon activation where it acts as a receptor and is
thus a platelet activation/degranulation marker. A negative
control (IgG1) was incorporated in the protocol and the ob-
tained values subtracted from the CD62P positive events.
Platelets are sensitive cells and require careful handling dur-
ing preparation. After decades of study, there is still a gen-
eral need to establish concurrent methods for the different
processing steps of platelets because the wide variation of
reported protocols for platelet preparation leads to different
biological responses and incomparable data. Several vari-
ables (such as, e.g., anticoagulants in collections tubes, time
of processing, etc.) in the platelet preparation process need
to be standardized to minimize artifactual stimulation dur-
ing blood collection and sample handling. Thus, as blood
was processed within 3 hours, and we are very experienced,
we are confident that we analyzed healthy platelets. Blood
was centrifuged to obtain platelet-rich plasma and further to
give a high pure platelet pellet. In order to extract proteins
from platelets, we extracted platelets by sonication and cen-
trifugation, to give a pure extract of soluble proteins in the
supernatant. In all cases, protease inhibitors were added to
inhibit any degradation process.

Platelets modulate as mediators multiple cellular pro-
cesses including angiogenesis and inflammation and are in-
volved in a variety of pathologic conditions including AD.
It is well known that both inflammatory and vascular pro-
cesses accompany AD pathology and hence, it seems likely
that platelets actively contribute to the progression of AD
[9]. In murine models we have shown that platelets are first
signs in AD as they concentrate in brain vessels and can also
damage brain vessels and thus contribute to the AD pathol-
ogy [15,16]. Moreover, platelets contain proteins such as
amyloid-precursor protein (APP) and produce beta-amyloid
peptides, mainly the shorter 40 amino acid form [10,17—
20,40]. Itis assumed that platelets use the beta-amyloid(40)
peptide to clot the damaged vessel. Regarding the role of
tau in platelets and AD, there is a strong mismatch in the
literature. Although there are several reports that platelets
contain tau (especially C-terminal tau), their role and struc-
ture is completely unknown [21-24]. In the present study,
we indeed verify that tau is found in platelets in a frag-
mented form and slightly decreased in late AD, however,
we cannot link tau to any functional process.

Many studies now indicate that platelets in depressed
people have a different level of activation [41-45]. Platelets
contain a high concentration of serotonin, which is stored in
vesicles and released by stimulation. Since serotonin plays
a major role in depression, it could be that serotonin, which
comes from platelets, plays a role in the pathogenesis of
depression. In a previous study, we used platelets from de-
pressive patients as an additional control, but also because
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AD and MCI patients complain from depressive episodes.
Thus, a bio-profiling of platelets in severely depressed pa-
tients treated with medication was performed. We detected
that the serotonin levels in blood platelets and different im-
munomodulatory compounds were significantly altered in
these patients [46]. Interestingly, platelets not only con-
tribute to the progression of depression, but also play a role
in stress. In two previous papers we reported on differen-
tial changes in platelets reactivity induced by acute phys-
ical stress compared to persistent mental stress and also
showed that stress enhances pro-inflammatory platelets ac-
tivity [47,48]. This present study shows that tau protein lev-
els are decreased in depressed people followed by a slight
enhanced phospho-tau-181 activation. Future studies are
needed to further investigate this finding especially how and
what the relationship is between serotonin and tau protein.

In order to characterize tau better, we performed a
gRT-PCR, a Western Blot, a WANGEL detection and mass
spectrometry. Platelets are anuclear cells; however, there
are reports that mRNAs can be detected in platelets [49].
Although it seemed very unrealistic to detect tau mRNA
in platelets, we performed a QRT-PCR. Our data supported
our suggestion, that no tau mRNA was detectable in human
platelets, but only in 1 sample out of 6 a very low tau ex-
pression was found by qRT-PCR, which could also be an
artefact; this again shows that tau in platelets is expressed
at very low concentrations. Thus, in order to catch tau in
platelets we pooled up to 15 samples to concentrate tau. Us-
ing Western blots we did not see a full length tau protein (of
approx. 60 kDa), but rather some smaller tau fragments of
40 and 30 kDa or smaller using the HT7 antibody. Only
with an antibody recognizing the phospho-tau 396 form a
large protein was seen, where we cannot really determine
the specificity. In order to characterize the tau protein bet-
ter, we performed a WANGEL analysis followed by the
high sensitive Lumipulse assay. Here, a pool of 32 Western
Blot lanes was extracted into agarose gels and eluted and
analyzed and again we found that only very small tau frag-
ments of 20-30 kDa were detectable. And finally applying
immunoprecipitation and nanoL.C MS, only a single peptide
of tau was identified in one of the pooled platelet samples,
while it was undetectable in all other platelet samples in-
vestigated. A comparison of different sample preparation
protocols for the analysis of human platelets showed huge
differences in the obtained protein concentrations [50]. A
more efficient and replicable method may increase protein
isolation and tau concentration, respectively. The fact that
tau could not be detected clearly in platelets by mass spec-
trometry again suggests that it is of low abundance and/or
fragmented, which results in a decreased binding to the HT7
antibody.

Taken together, our data highly suggest that tau is in-
deed present in human platelets, but at very low levels and
only in a highly fragmented small (2040 kDa) form. This
was surprising to see but this result fully agrees with a
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prior study [51]. They report that multiple N-terminal and
mid-domain fragments of tau were detected in pooled cere-
brospinal fluid (CSF) with apparent sizes ranging from 20
kDa to approx. 40 kDa. The pattern of tau fragments in AD
and control samples were similar. They also did not detect
full-length tau and C-terminal fragments in their CSF sam-
ples. In order to concentrate the CSF, they used a RP-HPLC
followed by a Western Blot and also used the same HT7 an-
tibody (as we did) and found tau in fractions 3—7 represent-
ing small (2040 kDa) tau fragments [51]. This is partly
surprising, as tau is a well-established biomarker in CSF
for AD with a pathological concentration of >500 pg/mL.
The tau analysis is well established using different ELISAs
or also our Lumipulse assay. The question now comes up,
why is tau so highly fragmented, and why is no full length
tau detectable in CSF (but also in platelets). More work is
necessary to study the metabolism and stability of the tau
protein and the functional role of smaller fragmented tau
forms.

Due to a new generation of ultrasensitive immunoas-
says, phosphorylated tau epitopes are detectable in blood
plasma. The currently best validated epitopes are phospho-
tau-181 and phospho-tau-127. Plasma phosphorylated tau-
181, for example shows 1.5 to 3.5 times higher concentra-
tions in AD patients compared to controls [52]. The re-
cently published plasma-phospho-tau-231 is also a promis-
ing new biomarker for incipient AD [53]. Furthermore,
plasma phospho-tau-181 identified individuals who were
AB-PET-positive regardless of the clinical diagnosis and
correlated with cortical tau protein deposition measured
by '8F-flortaucipir PET [52]. Furthermore, the altered tau
in blood platelets very probably only represents a small part
of the AD pathology. Similar to AD, this also applies to de-
pression. However, for depression, further studies should
show whether there is a connection between tau pathol-
ogy and the serotonin system. Plasma phospho-tau-181
also allows individualised prediction of AD in patients with
mild cognitive impairments [54]. Future longitudinal stud-
ies will show how tau protein changes in those MCI patients
who convert to AD.

The question now arises, if platelet tau may become
a good biomarker for dementia or depression. The answer
is definitely no. As we have shown tau and phospho-tau-
181 are expressed in platelets at very very low concen-
trations. This limits our tools to quantify tau. In order
to overcome such a methodological problem, more sensi-
tive assays must be used. We thus highly suggest to use
SIMOA (single molecule array technology) to ultimately
enhance the sensitivity for low abundance biomarkers up
to the single molecule level. It will be highly interesting
to use this technique, which is, however, very expensive
and not useful for routine diagnosis. On the other hand,
our data show that the differences between AD/depression
and healthy controls are very low (1.3 x reduction for tau)
with a significance of p < 0.05. Our experience in several

clinical biomarker studies show, that at least a signifance
of p < 0.001 and a difference of at least 3—5 variances is
necessary to establish a biomarker in the clinical routine.
The same also holds for phospho-tau-181 and the increase
in depression compared to controls (1.3 x enhanced). Thus
the present study will not discover a new biomarker but
will definitely contribute to the idea that tau plays a role
in platelet function in dementia and depression.

Definitely, this study has several limits. (1) The
changes of tau in the brain of people suffering from se-
vere neurocognitive disorder are well studied. However, in
platelets, a functional role of tau is still largely unexplored.
More work in humans, or in mouse models including tau
transgenic will be necessary. (2) In platelets, the concen-
tration of tau protein is very low. Therefore, future stud-
ies are necessary to examine whether it is possible to de-
tect tau levels reliably at a specified level of confidence.
The reliable reproducibility of the results are the prerequi-
site that the change in tau levels could establish as a fu-
ture biomarker. More work is necessary to link tau to other
vascular-related diseases. (3) As mentioned, tau exists as
a small fragmented protein. This is really surprising, but it
confirms work in human CSF and also questions why tau
is so highly fragmented [51]. This fragmentation, however,
does not limit the use as a biomarker in CSF for AD, as
this method is well established internationally. It however
opens the question, why tau is fragmented, and if is this only
due to degradation and metabolism or has fragmented tau
also a physiological role in the brain, e.g., to enter the nu-
cleus. (4) In this regard, we suggest that full-length tau can
be very instable and is metabolized to smaller fragmented
peptides. This high fragmentation also limits our approach
to detect tau by mass spectrometry.

5. Conclusions

Taken together we show that tau is expressed in hu-
man platelets, but exists mainly as a very highly small frag-
mented form. We show that tau in platelets is reduced in
AD and depression and may differentiate them from healthy
controls. We show that tau is very low in platelets and dis-
play a high heterogeneity. Thus, we conclude that tau in
platelets may have a prominent function, but will not serve
as a novel biomarker.
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