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The amyloid beta (A𝛽) peptide and its deposits in the brain are known to be implicated in the neurodegeneration that occurs during
Alzheimer’s disease (AD). Recently, alternative theories views concerning both the source of this peptide and its functions have been
developed. It has been shown that, as in all other known types of amyloidosis, the production of A𝛽 originates in blood cells or cells
related to blood plasma, from which it can then spread from the blood to inside the brain, with the greatest concentration around
brain blood vessels. In this review, we summarize research progress in this new area and outline some future perspectives. While
it is still unclear whether the main source of A𝛽 deposits in AD is the blood, the possibility of blocking the chain of reactions that
lead to constant A𝛽 release from the blood to the brainmay be exploited in an attempt to reduce the amyloid burden in AD. Solving
the problem of A𝛽 accumulation in this way may provide an alternative strategy for developing anti-AD drugs.

1. Introduction

It is known that Alzheimer’s disease (AD) is the most com-
mon form of dementia, and it worsens over time. Current
treatments cannot stop it from progressing, which empha-
sizes the desperate need for effective drugs. The hallmark
of AD is pathological extracellular deposition of amyloid,
which mainly consists of amyloid beta (A𝛽) peptide, in the
brain tissue of patients, and there is evidence supporting the
concept that an imbalance between production and clearance
of A𝛽 peptides is a very early, often initiating, factor in AD
(reviewed in: [1]). The damage to the neurons and internal
neuronal tangle formation is only a consequence of this im-
balance, in which the action of soluble A𝛽 peptide oligomers
plays a very important role [1–3]. While there has been a
gradual accumulation of knowledge about the A𝛽 pathway,
which is driving significant pharmaceutical industry drug
research [4], one of the principal questions that might affect
the therapeutic landscape is still unresolved: Where does A𝛽
peptide production originate?

2. A𝛽 Peptide Source

Theprevailing hypothesis is that brain cells are responsible for
A𝛽 peptide overproduction. It is known that both astrocytes
[5, 6] and neurons [5, 7] produce and release monomeric
A𝛽 to the extracellular space, which may aggregate and form
fibrils if they become concentrated in the micromolar (𝜇M)
range [8, 9]. It was shown that cultured human neurons with
familiar AD-type mutations may, in only a few weeks, induce
robust extracellular deposition of A𝛽, including detergent-
resistant plaques, in a human neural stem cell-derived three-
dimensional (3D) culture system [10]. Neurons in this model
have both amyloid precursor protein (APP) and presenilin 1
mutations and thus showed significant increases in the ratio
of pathogenic A𝛽42 to A𝛽40 peptides compared with non-
AD control neurons [2, 11]. A specialized gel was added to the
culture to retain and accumulate the released A𝛽 [10], and
this is a necessary element of the model; otherwise the aggre-
gation is absent. Some gel components may be seeding points
that start the A𝛽 plaque formation, because it was shown
that peptides favor self-aggregation over cross-seeding with

Hindawi
BioMed Research International
Volume 2017, Article ID 3948360, 10 pages
https://doi.org/10.1155/2017/3948360

https://doi.org/10.1155/2017/3948360


2 BioMed Research International

nonhomologous sequences [12]. The process of aggregation
and amyloid fibril growth may be facilitated by seeding with
preformed 𝛽-sheet amyloid resulting from cellular uptake,
concentration, and aggregation of A𝛽 within endosomes/
exosomes [13]. After 𝛽-sheet formation is initiated, this proc-
ess resembles the spread of crystallization or prion-like
propagation [14]. For example, addition of A𝛽 seeds and
the external A𝛽 peptide can provoke aggregation in pure
neuronal cultures that normally do not produce A𝛽 plaques
without the gel. It was shown that while no A𝛽 deposition
was observed in hippocampal neuronal cultures of postnatal
APP transgenic (APP-tg)mice, A𝛽 deposition emerged when
cultures were treated once with brain extract from aged APP-
tg mice and the culture medium was continuously supple-
mented with additional synthetic A𝛽 [15]. These results con-
firmed that brain cells could supply enough A𝛽 to produce
not only damaging oligomers but also the aggregated forms
present in AD patients.

Recently, an alternative view has been developed. It was
proposed that beta amyloidosis is developed from A𝛽 pep-
tides (or from the A𝛽 seeds) that spread to the brain from
the blood as in other common forms of amyloidosis, such as
light-chain immunoglobulin amyloidosis, transthyretin amy-
loidosis, or reactive systemic amyloidosis. Can A𝛽 peptide
come from blood? Previously, it was shown that platelets
have relatively high concentrations of APP, which is mostly
contained within alpha granules, and the alpha granule con-
tent is liberated upon platelet degranulation [16–20]. Practi-
cally all of the APP residing in blood plasma (∼7 ng/ml) is
thought to derive from platelets [16]. Platelets are also the
primary source of A𝛽 peptide in human blood (∼90%) [21],
and this secreted peptide is similar to that found in the senile
plaques of AD patients and is similarly increased in vivo by
the presenilin 1 and presenilin 2 and APPmutations linked to
familial AD [22]. The activated platelets in AD retain greater
amounts of APP [23] while showing more platelet adhesion
and thrombus formation [24]. In our recently published work
we showed that A𝛽 peptide can be detected by immunocyto-
chemistry in and around the blood vessels in the brain after
experimental thrombosis and that this peptide is released
from platelets [25]. We have also shown that during clot
formation the density of platelets in the lumen of the throm-
botic vessel is significantly increased (more than 300–500
times), thus allowing amassive release of A𝛽 peptide (directly
or cleaved from released APP) at the site of clot formation
[25]. It was known previously that microinfarcts are closely
related to AD pathology [26–28], and there is a correlation
with intracranial vessel arteriosclerosis [29, 30] in which
microclots are chronically being formed in brain blood
vessels during arteriosclerosis [31, 32].

It seems also that, compared with brain cells, in which
APP is known to be bound to the cellular membrane during
processing with successive secretases to produce the A𝛽 pep-
tide, platelets use a somewhat distinct mechanism by releas-
ing full-length APP. As shown by western blots and carboxyl-
terminal and amino-terminal APP radioimmunoassay, acti-
vated platelets released a sedimentable full-length APP with
the carboxyl-terminal epitope aswell as a soluble APP lacking
the carboxyl-terminal epitope (still containing A𝛽, according

to its molecular weight) [16]. During platelet degranulation
some granules and dense bodies or their contents appear to
be extruded into a serpentine system of lipid channels that is
continuous with the platelet membrane [33]. It is also known
that the material from alpha granules after the release from
platelets forms a coating on the surface of the platelet [34].
Recently, specialized extracellular lipid vesicles (exosomes,
microvessels, or microparticles) were found be emitted by
platelets. These exosomes participate in the processing of
many proteins (reviewed in [35]), but specifically it was
shown that 𝛽-cleavage occurs in early endosomes, and the
products are secreted from the cells in association with
exosomes [36]. Interestingly, when platelets contact each
other in the clot after aggregation, they change the A𝛽
production mechanism. It has been shown that platelets at
high density secrete mainly A𝛽 ending at residue 40 (A𝛽40)
as a final product, while the A𝛽42 level is not affected by
cell density [37]. Alternatively, brain endothelial cell enzymes
can cleave the platelet-released APP, forming A𝛽, especially if
activated platelets adhere directly to the endothelial cells [38].

To summarize, previous work has shown that platelets in
blood vessels may (1) release full-length APP, (2) simultane-
ously process the released APP insidemicrovessels/exosomes
(that have lipid membranes), (3) liberate A𝛽 as a final prod-
uct, and (4) increase its specific production in case of being
densely concentrated, as inside a thrombus. In addition, (5)
APPmay also be processed by the endothelial cells to generate
A𝛽.

Recently, the concept of very specialized membrane-
bound𝛽-/𝛾-secretases and themechanism of APP processing
were challenged, and it was suggested instead that there is a
multiplicity of these proteins andmechanisms [39].The avail-
able literature supports the possibility that APP processing to
produce A𝛽 occurs upon cleavage in endosomes/exosomes,
not in external membranes. It was shown that these micro-
vesicles (microparticles) may contain enzymes of the cathep-
sin B family, a group of proteolytic enzymeswhose cysteine or
thiol groups are involved in the cleavage of substrates ([40],
also in the book ed. [41]). The cysteine protease cathepsin
B has been identified as a powerful 𝛽-secretase, and its
inhibition reduces A𝛽 production from the precursor APP
[42–44].

Alternatively, platelets have been shown to produce the
initial seed of the aggregated A𝛽, which can be spread to the
brain [45]. It was shown that A𝛽 stimulates the integrin
receptor in platelets, leading to the release of ADP and
the protein clusterin, and this protein promoted 𝛽-sheet
folding and the formation of fibrillar A𝛽 aggregates.The same
authors have also shown that in transgenic AD model mice
the antiplatelet agent clopidogrel (an ADP receptor [P2Y1, 2]
blocker) reduced the amount of clusterin in the circulation
and the incidence of cerebral amyloid angiopathy (CAA) [45].
In a transgenicmousemodel of AD, platelets were found to be
the major contributors to CAA, which then formed a shield
of insoluble A𝛽 around brain blood vessels [46]. Interestingly,
another antiplatelet drug, cilostazol, with a completely differ-
ent mechanism of action that reduces platelet reactivity and
degranulation, also reduced A𝛽-induced cognitive deficits
associated with A𝛽 accumulation [47–50], while aspirin,
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Figure 1: Beta-Amyloid from blood and from brain. Blood vessel
lumens are shown in red, while perivascular space with basal lamina
are shown in green on the sketch.

which reduces platelet aggregation but has no effect on
degranulation, has no effect [51].These results suggest that the
degranulation of platelets is very important in AD develop-
ment.

Production of A𝛽 in both brain and blood is beyond
doubt. This fact led us to the hypothesis that both mecha-
nisms ofA𝛽peptide production are important in the develop-
ment of AD [25]. As a first step, there must be accumulation
(aggregation) of platelets due to the response to some still-
unknown septic or aseptic cause. According to this hypothe-
sis, the A𝛽 peptide converted from APP and released from
platelets (Figure 1, red arrows) spreads to the endothelium
first and then to the perivascular space (Figure 1, green) and
accumulates in the basal lamina. Another flow of A𝛽 peptide
released frombrain cells (Figure 1, black arrows) needs to pass
the astrocyte barrier to reach the same perivascular space.
Both brain- and blood-derived A𝛽 peptide may overwhelm
the capacity of the existing clearance system.

3. The Perivascular Space Paradigm

Perivascular spaces are present around small as well as large
blood vessels, in which case they are also known as Virchow-
Robin spaces, forming the glymphatic perivascular system
[52]. The main function of the glymphatic system is brain
clearance: there is a constant flow along the perivenular and
periarterial vascular spaces, from smaller to larger vessels
[52, 53], and this flow increases during sleep [54]. The peri-
vascular space extends only a few microns from small vessels
(see Figure 1), but in bigger vessels it may extend a few milli-
meters. It is formed between the astrocytic end-feet enwrap-
ping blood vessels (also known as the glia limitans, and the
antibodies against aquaporin 4, the end-feet marker, can
delimit its border) and the endothelium. In small vessels the
perivascular space is known to be filled with basal lamina,
a soft gel that consists of laminin, fibronectin, tenascin,

collagens, and proteoglycans, which separates the astrocytic
end-feet and endothelium cell layers and does not prevent the
passage of macromolecules [55, 56]. In arterioles, the space
between the end-foot and the endothelium includes also the
smoothmuscle cell layer. It is important to note that the accu-
mulation of amyloid deposits follows a decreasing gradient
from the inside of the vessel to the brain, not vice versa. It
was shown that, during the development of AD angiopathy,
amyloid accumulates initially in the perivascular space inside
the basal lamina [57–59]. As the disease progresses, amyloid
deposits extend into the smooth muscle cell layer in arte-
rioles, leading to its loss. With end-stage disease, amyloid
appears to spread to adjacent neuropil-forming dysphoric
vessels [59] and produces complete disruption of the blood-
brain barrier. Analyzing this data, it seems that amyloid
moves from inside the blood vessel to the brain. Interestingly,
amyloid deposits do not accumulate in the venous system.
It may be important that elevated blood pressure in arteries
drives the A𝛽 peptide from the lumen to the perivascular
space, or alternatively it may be important that cerebral arte-
rial pulsations drive the exchange of A𝛽 peptide in the peri-
vascular space with fluids in the brain parenchyma [60]. In
any case, the flow along the glymphatic system was shown to
be very important for amyloid clearance [52, 53]. In a trans-
genic mouse model (APPswe/PS1dE9), it was shown that
thrombotic cerebrovascular lesions induced a rapid transient
increase in amyloid plaque burden and amyloid angiopathy in
the area immediately surrounding the infarcted area [59].The
authors [61] suggested that thismost probably happens due to
interference with amyloid clearance pathways. On the other
hand, we showed that thrombosis in wild-type mouse brains
produces a massive release of APP from platelets, which is
converted to A𝛽 [25]. These results suggest that both brain-
derived and blood-derived A𝛽 peptidemay be important and
that platelets are the key players.

4. Not Only the Brain May Be Affected
by A𝛽 Amyloid Deposits

4.1. Eye Retina and Crystal Lens. These deposits include
retinal and lens amyloid accumulation, retinal nerve fiber
layer loss, and retinal vascular changes [62].

4.2. Skeletal Muscle Myopathy. A𝛽-containing structures as
well as epitopes containingAPPwere described in some cases
of inclusion-body myositis, the collection of diseases that
are characterized by the vacuoles and filamentous inclusions
in muscle fibers [63, 64]. Using electron microscopy, it
was found that A𝛽-immunoreactive structures were often in
proximity to cytoplasmic tubulofilament inclusions (CTFs),
but CTFs themselves never contained A𝛽 immunoreactivity
[63]. Also, in some affected muscle cells A𝛽-immunoreactive
accumulations extended beyond the cell boundary, while
in the majority of cases they were localized inside the cell
(mainly near the sarcolemma boundary, but also deeply in
the interior of the cell). Some A𝛽-positive accumulations in
themyocytes did not contain amyloid in𝛽-pleated sheets, and
this was hypothesized to be an early sign in the development
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of themyopathy [63]. Later, the fact that A𝛽-immunoreactive
accumulations can be found mainly inside the myocytes led
many authors to the hypothesis that diseased muscle cells
have the intrinsic genetic ability to produce augmented quan-
tities of APP and A𝛽 during myositis (reviewed in [65]). In
contrast, it was shown by the authors of the original discovery
that inclusion-containing cells cultured from inclusion-body
myositic muscle do not accumulate APP and can be restored
to normality and easily innervated [66]. The same group also
suggested that, during the course of the disease, the blood
might produce A𝛽 and APP during inclusion-body myositis
and all other inflammatory myopathies, as they found that
human muscle macrophages express APP and have all the
necessary machinery for its production.

4.3. Myocardium. While the heart may be affected by many
diseases related to protein misfolding in myocardium tissue,
new studies have shown that some cases of idiopathic car-
diomyopathy are related to AD-associated presenilin gene
variants [67]. Also, using modern imaging, proteomics, and
echocardiographic methods, it was shown that patients with
AD have diastolic dysfunction. A𝛽40 and A𝛽42 were present
in the hearts of many patients with heart problems, but their
expression was significantly increased in AD [68].

4.4. Skin. Amyloid protein deposit immunoreactivity was
described many years ago in and around the endothelium of
dermal blood vessels in aged AD patients and controls and
was proposed as a marker of the disease in AD patients [69].
But another study found that skin accumulation ofA𝛽 around
blood vessels was unrelated to the severity of symptoms in
AD patients, occurring also in some healthy subjects [70].
Interestingly, A𝛽 protein was also detected in the skin of
patients with amyotrophic lateral sclerosis but not in controls
[71]. In any case, it was very important that Joachim et al., 1989
[69], pointed out that the source of amyloid deposits in the
skin and other organs was probably derived from a common
circulating precursor, the blood. We have also shown that
A𝛽 peptide can be found in and around skin blood vessels
in mice after the experimental photothrombosis in the skin,
as revealed by immunostaining, but not in normal skin [72].
These findings implicate thrombosis-related mechanisms as
a probable source of this immunoreactivity.

A𝛽 in the skinmay have implications for the development
of vaccine against A𝛽 to cure AD, as patients with compro-
mised clotting, like thrombophilia, thrombophlebitis, or sim-
ilar diseases, could have additional inflammation problems.
It is known that the development of the ACC-011AD vaccine
(Elan-Wyeth Corp.) was halted due to patients developing
skin lesions, which were suspected to be cases of blood vessel
inflammation [73].

It is now clear that not only the brain but also other
organs can be affected by A𝛽, and the amount of deposition
in these organsmay be related or not to the severity of AD. As
proposed by others [68], AD may be viewed either as a sys-
temic disease or as a metastatic disorder, possibly leading to
multiple organ failure.

5. Amyloid Deposits in AD Brain Contain
Relatively Large Amounts
of Other Proteins from Blood Plasma

Amyloid aggregates in AD may be of different types, with
different solubilities in conventional solvents or detergents
and different resistances to proteolysis. Plaques can be Congo
Red-positive misfolded amyloid aggregates between the neu-
rons, which typically have low solubility [4, 74–76], and there
can be relatively soluble A𝛽 aggregates that typically appear
as clusters of 10–20 nMovoid structures [77].The depositions
in close proximity and around arteries (CAA) are also mainly
insoluble.Themajor component of the AD deposits is the A𝛽
peptide, but there are also minor components that may affect
solubility. One of the components, serum amyloid P compo-
nent (AP), is a normal plasma constituent [78] produced by
liver, and its concentration in bloodplasmahas been shown to
be about 5-fold elevated inAD [79]. Besides its role inAD,AP
is also a component of 𝛽-sheet-containing plaques in other
types of amyloidosis, such as light-chain immunoglobulin
amyloidosis or reactive systemic amyloidosis. AP reduces
solubility and also prevents proteolysis of amyloid deposits,
but since it is not itself an enzyme inhibitor, it is protective
only when bound to the deposits [80]. This implies that
blood components participate in the formation ofmany brain
amyloid aggregates in AD.Why then is it not possible that the
A𝛽 peptide is itself (at least partially) derived from blood?

We need to mention here that some other minor com-
ponents of AD deposits definitely come from the brain: it
was shown that the synaptic vesicle protein synuclein 1 or its
components are visible in AD plaques as well [81].

6. Why Are Platelets Activated
in the AD Brain?

Thesystemic viewofADmaybe explained by systemic release
of A𝛽, but in any case the most severe symptoms are devel-
oped in the brain. Why is the brain the target of A𝛽 release
in AD if there is no traumatic thrombosis? And why are only
some parts of the brain affected?

It is well known that the different parts of the brain are not
affected equally, at least according to the density and distri-
bution of senile plaques and neurofibrillary tangles. During
development, the disease primarily affects the entorhinal
cortex [82–84], which is amajor input and output structure of
the hippocampal formation (affected in the next stage of the
disease) but is also known to convey olfactory information
[85, 86]. It was shown that the olfactory bulb is also definitely
affected andmay be affected even before the cortex [87, 88]. It
was proposed that the olfactory tracts might provide a portal
for entry into the brain of any putative pathogenic agent(s)
that might be responsible for the induction of senile plaques
and/or neurofibrillary tangles [88]. This led to the old theory
of an infectious etiology for AD and the association with
different brain viruses, bacteria, or prions (reviewed in [89,
90]). The evidence for human transmission of A𝛽 pathology
andCAAafter the treatment of childrenwith human cadaver-
derived growth hormone was reported, and it was suggested
that this was an example of the prion-like spread of AD [91].
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Recently, another explanation has been proposed. It was
shown that A𝛽 releasemay be a specific defense against septic
agents. If such agents are transmitted to the brain, the body
responds by releasing A𝛽 peptide to kill them. If this defense
mechanism is somehow compromised, it has been suggested
that this may lead to overproduction of the A𝛽 peptide.

7. The Antimicrobial Effect and A𝛽
Peptide Oligomers

The antimicrobial effect of the A𝛽 peptide is clearly estab-
lished. Its activity against different viruses has been shown
[92–95] as well as its strong antibiotic activity against both
Gram-negative and Gram-positive bacteria and yeast [95–
97]. This allows one to suggest that A𝛽 oligomers are a
hitherto-unrecognized antimicrobial agent that functions as
a normal component of the innate immune system [95]. Two
different mechanisms have been proposed to explain this A𝛽
function: (i) the trapping of bacteria and (ii) pore-forming
antibiotic activity.

(i) It was shown that the development of A𝛽 protofibrils
can prevent pathogen adhesion to host cells, thus explaining
the protective effect of A𝛽 against Salmonella bacterial infec-
tion [97]. It was shown that Salmonella bacterial infection of
the brains of transgenic 5XFADmice resulted in rapid seeding
and accelerated A𝛽 deposition, which closely colocalized
with the invading bacteria. This evidence led the authors to
suggest that any infectious or sterile inflammatory stimuli
could drive amyloidosis [97].

(ii) It has been shown that A𝛽 peptide oligomers perforate
cell membranes and form (at low concentrations) tetrameric
channels permeable to K+ ions. At higher concentrations they
form giant multilevel Ca++-permeable pores, which are
mainly hexamers [98–100]. An excess of Ca++ permeability
through these pores leads to cell death, as it induces unre-
stricted calcium flux into the cell, leading to dyshomeostasis
[99].

There is a similarity of the A𝛽 peptide oligomer pore-
forming effect with that of other peptide antibiotics (e.g.,
cecropin A or nystatin) that kill target cells by formation of
large pores in the membrane [101–103].This led us to hypoth-
esize that A𝛽 peptide released from platelets or cleaved from
platelet-released APP works effectively as a natural antibiotic
during clot formation following injury or platelet degranu-
lation in response to other septic or aseptic (inflammatory)
stimuli [25].

8. What Is a New and Alternative Strategy
to Fighting AD?

While the A𝛽 hypothesis is driving the majority of current
research on AD, the development of effective drugs against
the disease has stalled. These drugs are directed against A𝛽,
its precursor APP, or the𝛽- and 𝛾-secretase enzymes from the
knownA𝛽 pathway. Knowledge about this pathway is driving
significant pharmaceutical industry drug research [4], and
while current drugs help mask the symptoms of AD, they do
not treat the underlying disease or delay its progression.None

of the A𝛽-targeted phase 3 clinical trials in AD has shown
a statistically significant benefit in achieving its prespecified
clinical endpoints [1]. Several of these trials against A𝛽 and
𝛾-secretases had to be halted because of side effects that may
not have been target related [104, 105].

Analysis of the literature suggests a new approach that
takes into account not only brain-derived but also blood-
derivedA𝛽 and proposes that platelets are the key players.We
further suggest an alternative strategy in which AD is treated
through the reduction (inhibition) of pathologically excessive
release of A𝛽 (throughAPP) by platelets. A breakthroughAD
drug must treat the underlying disease and stop or delay the
cell damage that eventually leads to the worsening of symp-
toms.

9. Platelets and Their Receptors That Induce
A𝛽 Release Are Involved in AD

It is known that normal or pathological platelet activation
may take place after attachment and adhesion events or as the
effect of many other activation factors, such as thromboxane
A2, the ADP/ATP ratio, thrombin, platelet-activating factor
(PAF), collagen, and many others. The activation pathways
are usually mediated by specific receptors, some of which
are shown in Figure 2. Platelet-activation signaling pathways
have been known formany years, and over time it has become
clear that there is a complex and sophisticated signaling and
amplification network (reviewed in [106]). The specific path-
ways that are most important in the pathological activation
related to AD are not known, and this needs to be studied.

In Figure 2, we show a few of the many receptors that
activate platelets and their possible relation to AD.

Thromboxane A2 (TxA2) Prostanoid G Protein-Coupled
Receptors with Two Alternatively Spliced Isoforms (𝛼 and
𝛽). TxA2 receptor antagonists have been shown to block
iPF2𝛼III-induced increases in A𝛽 secretion [107, 108].

Glycoprotein VI (GPVI) Collagen Receptor.Honokiol (extract-
ed from magnolia), a specific antagonist of collagen receptor
glycoprotein VI, which is expressed on human platelets [109],
was shown to attenuate A𝛽-induced memory impairment,
which was attributed to its antioxidant activity [110].

Proteinase-Activated Receptors (PARs).These members of the
G protein-coupled receptor family are usually activated by
thrombin in platelets. Activation of PARs may result in AD
pathogenesis (reviewed by [111]).

Purinergic ATP-ADP G Protein-Coupled Receptors (P2X,
P2Y). It was shown that clopidogrel (a P2Y1, 2 ADP receptor
blocker) significantly reduced the incidence of CAA [45].
Using selective purinergic receptor agonists and antagonists
in vitro and in AD animal models it was shown that
these receptors represent novel therapeutic targets for the
treatment of AD [112].

Glycoprotein IIb/IIIa Receptors. The progression of dementia
in AD patients with fast cognitive decline was shown to be
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Figure 2: Activation of different types of receptors induces degranulation of platelets.

correlated with the levels of activated glycoprotein IIb-IIIa
complex and P-selectin [113].

It is especially interesting that the ADP and TxA2 recep-
tors both signal via the specific G protein Gq. Temporal
elimination of Gq greatly inhibits functioning of both these
receptors. It was shown that agonists (activating ligands) of
retinoid X nuclear hormone receptors (RXRs) bind directly to
Gq and very effectively inhibit platelet aggregation, due to
dysfunction of the ADP and TxA2 receptors, but only weakly
affect functioning of collagen (GP VI) receptors [114]. This is
definitely a nongenomic effect because the lack of a nucleus
in these cells [114]. On the other hand, it was shown that oral
administration of the RXR agonist bexarotene to a mouse
model of AD resulted in enhanced clearance of soluble A𝛽
within hours.TheA𝛽 intraneuronal amyloid deposit area was
reduced more than 50% within just 72 hours. Furthermore,
bexarotene stimulated the rapid reversal of cognitive, social,
and olfactory deficits and improved neural circuit function
[115, 116].

10. Conclusions

Analyzing the literature, we agree with Schmaier [117] that
results concerning APP and A𝛽 peptide structure and func-
tion suggest that AD is in part a thrombohemorrhagic disor-
der and conclude that platelets and their activation mecha-
nisms are most probably involved. Moreover, these insights
give us hope for an alternative strategy in anti-AD drug
development focused on newly discovered blood-related
pathways of A𝛽 release and aggregation.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this article.

Authors’ Contributions

Mikhail Y. Inyushin and Lilia Y. Kucheryavykh designed the
study; Mikhail Y. Inyushin, Priscila Sanabria, Legier Rojas,
Yuriy Kucheryavykh, and Lilia Y. Kucheryavykh performed
the study and analyzed data; Mikhail Y. Inyushin and Legier
Rojas wrote the paper.

Acknowledgments

This research was supported by NIH/NIMHD Grant
SC2GM111149 to Mikhail Y. Inyushin, NIH/NIMHD
SC2GM102040 Grant to Lilia Y. Kucheryavykh, and NIH/
NIMHD Grant 5G12MD007583 to Priscila Sanabria and to
Mikhail Y. Inyushin.

References

[1] D. J. Selkoe and J. Hardy, “The amyloid hypothesis of Alzheim-
er’s disease at 25 years,” EMBOMolecular Medicine, vol. 8, no. 6,
pp. 595–608, 2016.

[2] S. H. Choi, Y. H. Kim, L. Quinti, R. E. Tanzi, and D. Y. Kim, “3D
culture models of Alzheimer’s disease: A road map to a “cure-
in-a-dish”,” Molecular Neurodegeneration, vol. 11, no. 1, article
no. 75, 2016.

[3] Z. X. Wang, L. Tan, J. Liu, and J. T. Yu, “The Essential Role
of Soluble A𝛽 Oligomers in Alzheimer’s Disease,” Molecular
Neurobiology, vol. 53, no. 3, pp. 1905–1924, 2016.

[4] W. V. Graham, A. Bonito-Oliva, and T. P. Sakmar, “Update on
alzheimer’s disease therapy and prevention strategies,” Annual
Review of Medicine, vol. 68, no. 1, pp. 413–430, 2017.

[5] J. Busciglio, D. H. Gabuzda, P. Matsudaira, and B. A. Yankner,
“Generation of 𝛽-amyloid in the secretory pathway in neuronal
and nonneuronal cells,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 90, no. 5, pp. 2092–
2096, 1993.

[6] C. E. Shepherd, S. Bowes, D. Parkinson, M. Cambray-Deakin,
and R. C. A. Pearson, “Expression of amyloid precursor protein



BioMed Research International 7

in human astrocytes in vitro: Isoform-specific increases follow-
ing heat shock,” Neuroscience, vol. 99, no. 2, pp. 317–325, 2000.

[7] M. Simons, B. De Strooper, G. Multhaup, P. J. Tienari, C. G.
Dotti, and K. Beyreuther, “Amyloidogenic processing of the
human amyloid precursor protein in primary cultures of rat
hippocampal neurons,” Journal of Neuroscience, vol. 16, no. 3,
pp. 899–908, 1996.

[8] A. Lomakin, D. B. Teplow, D. A. Kirschner, and G. B. Benedeki,
“Kinetic theory of fibrillogenesis of amyloid 𝛽-protein,” Pro-
ceedings of the National Academy of Sciences of the United States
of America, vol. 94, no. 15, pp. 7942–7947, 1997.

[9] L. O. Tjernberg, A. Pramanik, S. Björling et al., “Amyloid 𝛽-
peptide polymerization studied using fluorescence correlation
spectroscopy,” Chemistry and Biology, vol. 6, no. 1, pp. 53–62,
1999.

[10] S. H. Choi, Y. H. Kim, M. Hebisch et al., “A three-dimensional
human neural cell culture model of Alzheimer’s disease,”
Nature, vol. 515, no. 7526, pp. 274–278, 2014.

[11] R. E. Tanzi and L. Bertram, “Twenty years of the Alzheimer’s
disease amyloid hypothesis: a genetic perspective,”Cell, vol. 120,
no. 4, pp. 545–555, 2005.

[12] A. Ganesan, M. Debulpaep, H. Wilkinson et al., “Selectivity
of aggregation-determining interactions,” Journal of Molecular
Biology, vol. 427, no. 2, pp. 236–247, 2015.

[13] X. Hu, S. L. Crick, G. Bu, C. Frieden, R. V. Pappu, and J.-M.
Lee, “Amyloid seeds formed by cellular uptake, concentration,
and aggregation of the amyloid-beta peptide,” Proceedings of the
National Academy of Sciences of theUnited States of America, vol.
106, no. 48, pp. 20324–20329, 2009.

[14] J. C.Watts and S. B. Prusiner, “𝛽-Amyloid Prions and the Patho-
biology of Alzheimer’s Disease,”Cold SpringHarbor Perspectives
in Medicine, 2017.

[15] R. Novotny, F. Langer, J. Mahler et al., “Conversion of synthetic
A𝛽 to In Vivo active seeds and amyloid plaque formation in a
hippocampal slice culture model,” Journal of Neuroscience, vol.
36, no. 18, pp. 5084–5093, 2016.

[16] A. I. Bush, R. N. Martins, B. Rumble et al., “The amyloid
precursor protein of Alzheimer’s disease is released by human
platelets,” Journal of Biological Chemistry, vol. 265, pp. 15977–
15983, 1990.

[17] W. E.VanNostrand, A.H. Schmaier, J. S. Farrow, andD.D. Cun-
ningham, “Protease nexin-II (amyloid 𝛽-protein precursor): A
platelet 𝛼-granule protein,” Science, vol. 248, no. 4956, pp. 745–
748, 1990.

[18] R. N. Rosenberg, F. Baskin, J. A. Fosmire et al., “Altered amyloid
protein processing in platelets of patients with Alzheimer
disease,” Archives of Neurology, vol. 54, no. 2, pp. 139–144, 1997.

[19] F. Baskin, R. N. Rosenberg, L. Iyer, L. Hynan, and C.M. Cullum,
“Platelet APP isoform ratios correlate with declining cognition
in AD,” Neurology, vol. 54, no. 10, pp. 1907–1909, 2000.

[20] A. Padovani, L. Pastorino, B. Borroni et al., “Amyloid precursor
protein in platelets: A peripheral marker for the diagnosis of
sporadic AD,” Neurology, vol. 57, no. 12, pp. 2243–2248, 2001.

[21] M. Chen, N. C. Inestrosa, G. S. Ross, and H. L. Fernandez,
“Platelets Are the Primary Source of Amyloid 𝛽-Peptide in
Human Blood,” Biochemical and Biophysical Research Commu-
nications, vol. 213, no. 1, pp. 96–103, 1995.

[22] D. Scheuner, C. Eckman, M. Jensen et al., “Secreted amyloid
𝛽-protein similar to that in the senile plaques of Alzheimer’s
disease is increased in vivo by the presenilin 1 and 2 and
APP mutations linked to familial Alzheimer’s disease,” Nature
Medicine, vol. 2, no. 8, pp. 864–870, 1996.

[23] T. A. Davies, H. J. Long, K. Sgro et al., “Activated Alzheimer
disease platelets retain more beta amyloid precursor protein,”
Neurobiology of Aging, vol. 18, no. 2, pp. 147–153, 1997.

[24] I. Canobbio, C. Visconte, B. Oliviero et al., “Increased platelet
adhesion and thrombus formation in a mouse model of
Alzheimer’s disease,”Cellular Signalling, vol. 28, no. 12, pp. 1863–
1871, 2016.

[25] L. Y. Kucheryavykh, J. Dávila-Rodŕıguez, D. E. Rivera-Aponte et
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