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The central nervous system (CNS) is highly vascularized where neuronal cells are
located in proximity to endothelial cells, astroglial limitans, and neuronal processes
constituting integrated neurovascular units. In contrast to many other organs, the
CNS has a blood-brain barrier (BBB), which becomes compromised due to infection,
neuroinflammation, neurodegeneration, traumatic brain injury, and other reasons. BBB
disruption is presumably involved in neuronal injury during epilepsy and psychiatric
disorders. Therefore, many types of neuropsychological disorders are accompanied by
an increase in BBB permeability leading to direct contact of circulating blood cells in
the capillaries with neuronal cells in the CNS. The second most abundant type of blood
cells are platelets, which come after erythrocytes and outnumber ∼100-fold circulating
leukocytes. When BBB becomes compromised, platelets swiftly respond to the vascular
injury and become engaged in thrombosis and hemostasis. However, more recent
studies demonstrated that platelets could also enter CNS parenchyma and directly
interact with neuronal cells. Within CNS, platelets become activated by recognizing
major brain gangliosides on the surface of astrocytes and neurons and releasing a milieu
of pro-inflammatory mediators, neurotrophic factors, and neurotransmitters. Platelet-
derived factors directly stimulate neuronal electric and synaptic activity and promote
the formation of new synapses and axonal regrowth near the site of damage. Despite
such active involvement in response to CNS damage, the role of platelets in neurological
disorders was not extensively studied, which will be the focus of this review.
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INTRODUCTION

Platelet biology recently gains a particular interest in neuroscience. Quite intriguing that
platelet granules, which are organized like vesicles of presynaptic neurons, store key
neurotransmitters: dopamine, glutamate, histamine, serotonin, ATP along with proper receptors
and transporters for these molecules (Rainesalo et al., 2005). Moreover, platelet granules contain a
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significant set of neurotrophic factors such as EGF, NGF
and, BDNF (Yamamoto and Gurney, 1990; Au et al., 2014;
Kniewallner et al., 2014). Finally, platelets and the CNS might be
linked via specific structural similarity of platelets with neurons.
Both cell types have complex granule organization with diverse
content and regulated secretion, as well as the presence of
mitochondria and extensive oxidative phosphorylation. Platelet
granule secretion and neuronal synaptic release work virtually
identically engaging the same triggers and downstream signaling
cascades (Ponomarev, 2018). Platelets also contain a variety
of pro-inflammatory factors that could strongly influence the
pathology of neurodegenerative diseases (Reed et al., 2000).
Nevertheless, the platelet role in neuroscience remains neglected.
This review aims to elucidate an important role of platelets in
most common neurologic disorders: epilepsy, traumatic brain
injury, Alzheimer’s disease, multiple sclerosis, and Parkinson’s
disease. Future perspectives to use platelets and antiplatelet drugs
for diagnostics and treatment of neurologic disorders will be also
discussed.

EPILEPSY AND TRAUMATIC BRAIN
INJURY

Platelets were found in our very recent study (Kopeikina et al.,
2020) to actively participate in the development of several
epilepsy-associated pathological events in the CNS such as the
swift release of serotonin, direct stimulation of neuronal electric
activity, blood-brain barrier (BBB) permeabilization, release, and
induction of expression of pro-inflammatory mediators, and
induction of neuronal oxidative stress (Kopeikina et al., 2020).
Previously we found that platelets were also actively involved
in TBI pathology (Dukhinova et al., 2018). These findings
support the hypothesis that platelets play a significant role in
epilepsy development, especially in epilepsy that is associated
with TBI.

Epilepsy is a neurological disorder that affects more than
70 million globally and is manifested by the occurrence of
seizures due to global or focal abnormally high brain electric
activity (Thijs et al., 2019). This disorder is also associated with
motor, cognitive, and psychological abnormalities (Devinsky
et al., 2018). Although the real cause of epilepsy is unknown,
some factors create a predisposition to this disease. Previous
studies on epilepsy have mostly focused on genetic factors
and pathological events related to neuronal functions in the
central nervous system (CNS). Such studies reported that the
imbalance between activating and inhibitory circuits in the
area of abnormal neuronal electric activity plays a major
role in seizure development (Staley, 2015). Blocking inhibitory
GABAA receptors with pharmacological antagonists, such
as pentylenetetrazole (PTZ), results in seizure development
in several species, including humans and mice. The acute
PTZ-induced seizure model is widely used to study the
effects of new antiepileptic drugs (Löscher, 2011). Stimulation
of activating glutamate receptors with specific agonists also
results in epileptic seizures (McKhann et al., 2003). Available
antiepileptic drugs mostly change the balance toward inhibitory
pathways. Yet more than 30% of epilepsy patients do not

respond to these drugs (Thijs et al., 2019). Thus, it is
critical to find new drugs to treat epilepsy based on other
mechanisms and possibly targeting other cell types besides
neurons.

Although the main cause for epilepsy is known, a
predisposition to this disorder comes from both genetic
and environmental factors such as abnormal CNS development
and CNS injuries such as stroke and traumatic brain injury (TBI;
Devinsky et al., 2018; Thijs et al., 2019). As many as ∼50% of
all epilepsy cases are triggered by initial neuronal injury and
are classified as acquired epilepsy (AE). The three stages of
AE include: (1) initial neuronal injury, (2) epileptogenesis, and
(3) chronic epilepsy (period of spontaneous recurrent seizures).
TBI and stroke are the most frequent brain injuries that often
result in the development of AE. AE seizures are classified as
acute (hours or days post-TBI) and chronic (from weeks to
months). The occurrence of seizures following TBI or other
insult is classified as immediate (less than 24 h), early (1–7 days),
or late (more than 1 week; Tomkins et al., 2008; Lucke-Wold
et al., 2015; Glushakov et al., 2016) AE.

Neuronal functions are substantially influenced by a
milieu of platelet-derived factors. One of our key results of
whole-genome transcriptome profiling followed by real-time
RT PCR validation is that platelets induced expression of
many genes related to neuronal electric/synaptic activity,
neuroinflammation, and oxidative phosphorylation in TBI and
epilepsy models (Dukhinova et al., 2018; Kopeikina et al., 2020).
Platelets induced the expression of mRNA for pro-inflammatory
cytokines IL-1B, IL-6, and TNF (Kopeikina et al., 2020).
The oxidative phosphorylation pathway (e.g., expression of
mRNA for mitochondrial genes MT-CO1, MT-ATP6, and
MT-ND6) was also significantly upregulated, while the glycolysis
pathway is downregulated (Kopeikina et al., 2020). Platelets also
upregulated the expression of mRNA for several early response
genes responsible for neuronal synaptic plasticity, such as PSD95,
TrkB, Syn1, FOSB, EGR1, ARC. We also found that platelets
stimulated the formation of dendritic spines and new synapses
both in vitro and in vivo (Dukhinova et al., 2018; Kopeikina et al.,
2020).

Serotonin (5HT) is known to contribute to thrombosis, but at
the same time, this neurotransmitter is involved in the regulation
of innate and adaptive immune responses, neuroinflammation,
anaphylaxis, and CNS tissue repair (Sotnikov et al., 2013;
Starossom et al., 2015; Dukhinova et al., 2018; Kopeikina
et al., 2020). During TBI, we showed that platelet-derived 5HT
enhances neuronal axonal growth and the formation of new
synapses (Dukhinova et al., 2018). We also demonstrated the
significant role of platelets and platelet-derived 5HT in the
development of PTZ-induced seizures in mice (Gharedaghi et al.,
2014; Carhart-Harris and Nutt, 2017). Our in vitro and in vivo
experiments where we did the co-incubation of platelets with
brain slices, or with cultured neurons, or adoptive transfer
of serotonin-depleted platelets strongly proved that platelet-
derived 5HT was required to increase neuronal electric activity
(Dukhinova et al., 2018; Kopeikina et al., 2020).

Quite interesting that in both PTZ-induced epilepsy and
TBI models, we observed increased neuronal electric activity,
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and expression of pro-inflammatory and synaptic plasticity
genes (Dukhinova et al., 2018; Kopeikina et al., 2020).
Remarkable, intracranial injection of a small volume of
platelets, but not saline or platelet-poor plasma, induced
severe seizures and epilepsy-like elevated neuronal electrical
activity (Kopeikina et al., 2020), which bridge together TBI
and epilepsy and may imply the mechanisms of development
of acute AE such as post-traumatic or post-stroke epilepsy.
An elevated level of oxidative phosphorylation often results
in ROS formation leading to oxidative stress in the CNS
(Pearson-Smith and Patel, 2017), which was confirmed in
our studies where platelets upregulated a large number
of mitochondria oxidative phosphorylation genes leading
to reactive oxygen species (ROS) formation in neurons
leading to neuronal oxidative stress in vitro and in vivo
(Kopeikina et al., 2020).

Thus, we hypothesize that platelets could promote the
development of immediate (less than 24 h) AE by directly
stimulating neuronal electric activity by robust 5HT release
(Kopeikina et al., 2020). Platelets could also stimulate the
development of early AE (1–7 days) possibly by upregulation of
the number of genes related to neuronal activity and synaptic
plasticity, neuroinflammation, and oxidative phosphorylation
(Dukhinova et al., 2018; Kopeikina et al., 2020). Finally,
platelets could contribute to late AE (more than 1 week)

by stimulating axonal regrowth and formation of new
synapses in the area around brain injury (Dukhinova et al.,
2018), which might lead to the imbalance of excitatory
vs. inhibitory circuits (Musto et al., 2016; Pfisterer et al.,
2020).

Our studies indicated a new concept that during epilepsy and
TBI platelets could enter CNS due to increased BBB permeability
and could interact with neuronal cells via cell-cell contacts and/or
via secretion of soluble factors. In Table 1, we summarized
the role of platelets in epilepsy and TBI. During initial CNS
insult such as epileptic seizures or TBI, BBB permeability
increases and platelets enter CNS perivascular space where
they interact with astroglial and neuronal lipid rafts (Sotnikov
et al., 2013) and secrete neurotransmitters (serotonin; Kopeikina
et al., 2020), cytokines (IL-1α; Sotnikov et al., 2013; Starossom
et al., 2015), chemokines (platelet factor 4, PF4; Starossom
et al., 2015) and lipid mediators (platelet-activating factor, PAF;
thromboxane, etc.; Dukhinova et al., 2018). At this stage, platelets
contribute to the development of neuroinflammation leading to
further increase in BBB permeability (Kopeikina et al., 2020)
and stimulating macroglia activation and leukocyte infiltration
from the periphery (Sotnikov et al., 2013; Starossom et al.,
2015; Dukhinova et al., 2018; Ponomarev, 2018). Increased
levels of neuroinflammation result in a further increase in BBB
permeability. At this stage platelets enter CNS parenchyma

TABLE 1 | Platelet-neural crosstalk and possible mechanisms involved in the development of neurodegenerative diseases and central nervous system (CNS) repair1.

Stage of
neuro-pathology

Blood-brain barrier
(BBB) permeability

Recognition of major brain gangliosides on
astroglial and neuronal lipid rafts and
secretion of platelet-derived factors

Effect of platelets on CNS function
(Role of platelet-derived factors)

Normal CNS Intact No No effect

Primary CNS
damage

Mild BBB permeability Platelets enter CNS perivascular space,
recognize major brain gangliosides on astroglial
lipid rafts, and secrete serotonin/5-HT, BDNF,
PAF, PF4, and IL-12, 3

Platelets enhance BBB permeability
(unknown platelet-derived factor)6

Platelets initiate neuroinflammation by
stimulating perivascular macrophages
and microglia (PAF, PF4, IL-1)2–6

Platelets promote blood coagulation
(5-HT, ATP)4, 6

Secondary CNS
damage

Severe BBB permeability Platelets enter CNS parenchyma, recognize
major brain gangliosides on neuronal lipid rafts,
and continue to secrete serotonin/5-HT, BDNF,
PAF, PF4, and IL-12–6

Platelets stimulate neuronal synaptic
activity (5-HT, BDNF)4, 6

Platelets stimulate neuronal electric
activity (5-HT)4, 6

Platelets induce mitochondrial oxidative
phosphorylation and oxidative stress in
neurons (unknown platelet-derived
factor)6

CNS repair Decreased BBB
permeability

Platelet-derived factors result in marked
changes in CNS gene expression profile4, 6

Platelets induce expression of neuronal
early response genes (5-HT, BDNF)4, 6

Platelets induce the formation of
dendritic spines and new synapses
(5-HT, BDNF)4

Platelets induce axonal outgrowth
(5-HT)4

1Proposed scheme based on cited below literature data. 2Sotnikov et al. (2013). 3Starossom et al. (2015). 4Dukhinova et al. (2018). 5Ponomarev (2018). 6Kopeikina et al. (2020).
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and directly interact with neurons by stimulating their electric
activity via secretion of serotonin (Kopeikina et al., 2020)
and stimulating neuronal gene expression related to synaptic
plasticity and oxidative phosphorylation (Dukhinova et al.,
2018; Kopeikina et al., 2020). Finally increased expression of
neuronal synaptic plasticity genes stimulated the formation
of new synapses around the area of injury promoting CNS
repair and recovery from the disease (Dukhinova et al.,
2018; Table 1). We believe that this concept could be
extended to other neurodegenerative diseases, as discussed
below.

ALZHEIMER’S DISEASE

It became quite clear after our recent studies that platelets can
stimulate neuronal electric and synaptic activity during traumatic
brain injury and epilepsy (Dukhinova et al., 2018; Kopeikina
et al., 2020). We believe that similar processes of interaction
of platelets with neurons could be found in other types of
neurological disorders, such as Alzheimer’s disease (AD). AD
is a neurodegenerative disorder, which is the common cause of
dementia in elderly. Neuropathology includes extracellular β-
Amyloid (Aβ) plaques co-localized with ganglioside containing
neuronal lipid rafts, neuronal intracellular neurofibrillary tau
protein tangles, and neuroinflammation (Masters et al., 2015;
Dukhinova et al., 2019). Recent studies demonstrated regulation
of BBB permeability by circadian rhythms and sleep (Cuddapah
et al., 2019), indicating possibilities for platelet migration into
CNS during even early stages of various pathological conditions
such as AD. To support this hypothesis, it was shown that Aβ

undergoes daily oscillation in interstitial fluid in the vicinity
of brain blood vessels, suggesting a possible influx of Aβ

from the periphery into CNS (Kress et al., 2018). Very recent
studies indicate that platelets can contribute to BBB disruption
(Kopeikina et al., 2020; Wu et al., 2021) and can transfer
Aβ from blood vessels into CNS (Wu et al., 2021; Table 1).
Moreover, it was demonstrated that activated platelets from
APP/PS1 transgenic mice invade brain parenchyma and are
closely associated with astrocytes (Kniewallner et al., 2020) that
are enriched with major brain gangliosides in lipid rafts of
astroglial limitations and efficiently activate platelets (Sotnikov
et al., 2013). Platelets and their secreted factors could affect
many cell types involved in the regulation of BBB integrity
including endothelial cells, astroglia, and pericytes (Fang et al.,
2011; Gonzales et al., 2020; Kniewallner et al., 2020).

Indeed, outside of CNS, platelets are known as the main
source of Aβ (Veitinger et al., 2014; Inyushin et al., 2020). Thus,
the cellular mechanisms of AD can be effectively studied using
platelet sample preparations, due to dramatically increased levels
of the Aβ precursor protein (APP) in them in comparison to
all peripheral tissues, and all three isoforms of APP (130, 110,
and 106 kDa) being detectable within platelets. During platelet
activation, full-length APP is cleaved by a Ca2+-dependent
cysteine protease, while APP processing is altered in AD patients
when compared to healthy individuals. This results in a decreased
ratio between the 130 kDa and 106–110 kDa of cleaved APP
isoforms, which implies that APP isoform ratios in platelets

might act as a biomarker for AD (Tobergte and Curtis, 2013).
A recent study demonstrated that Aβ fragments could enter CNS
from blood vessels in the mouse model of AD (Bu et al., 2018).
Using the parabiosis model, where there was connected the blood
system of control (wild-type, WT) mice and transgenic mice
with human APP overexpression in the CNS, it was revealed
that in a previously healthy WT mouse the brain exhibited
signs of AD that include Aβ depositions, neurodegeneration,
and neuroinflammation (Bu et al., 2018). Thus, platelets can
secrete various processed forms of APP and other substances
while infiltrating the brain, which results in the growth of
Aβ depositions in the brain and increases the permeability
of BBB (Espinosa-Parrilla et al., 2019; Wu et al., 2021). We
demonstrated that major brain gangliosides within neuronal
lipid rafts in post-synaptic membranes induced platelets’ granule
release (Sotnikov et al., 2013) suggesting a possible mechanism
of Aβ secretion by platelets in the CNS. At the same time, brain-
specific gangliosides serve as an anchor point for binding of
Aβ peptides, which was critical for AD development in 5XFAD
mouse model (Ponomarev, 2018; Dukhinova et al., 2019).

Besides secretion of Aβ peptides, platelets could also stimulate
neuronal electric activity vis production of serotonin (Dukhinova
et al., 2018; Kopeikina et al., 2020; Table 1), while neurons with
a high level of electric activity were found in close vicinity of Aβ

depositions (Busche et al., 2008; Liu et al., 2018). Thus, we could
speculate that platelets contribute to elevated neuronal electric
activity in AD. The elevated level of electric activity could even
result in the development of seizures in some AD patients (Born,
2015; Kitchigina, 2018). Thus, elevated neuronal activity was
shown to contribute to AD pathology via multiple mechanisms
(Hefter et al., 2020), while our study indicated the critical role of
platelets in the stimulation of neurons (Kopeikina et al., 2020).

MULTIPLE SCLEROSIS

Altered platelet function is also suggested in autoimmune
neuroinflammatory CNS diseases, such as multiple sclerosis
(MS), where the level of activated platelets in the blood of
patients is elevated (Morel et al., 2017). MS is an autoimmune
disease of the nervous system (CNS) that affects predominantly
young adults leading to substantial neurological disability that
include upper/lower motor syndrome. MS and experimental
autoimmune encephalitis (EAE; an animal model for MS)
involve autoimmune Th1 and Th17 cells that recognize myelin
self-antigen such as MBP, MOG, and PLP. MS onset usually
occurs with the relapsing-remitting type (RRMS), which is
characterized by multiple relapses followed by spontaneous
remission. Platelets were found to aggravate EAE (Langer et al.,
2012; Sotnikov et al., 2013) and induce the development of
gray matter damage (Sonia D’Souza et al., 2018). During the
early stages of EAE platelets entered the hippocampus, and
this is linked with the establishment of a neuroinflammatory
environment because of platelet-neuron associations, but not
with inflammatory cell infiltration, emphasizing the key role of
platelets at the preclinical stages of the disease (Kocovski et al.,
2019). This effect along with enhanced anxiety-like behavior
observed in mice with EAE was ameliorated after the platelet
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depletion in mice. We have previously shown that platelet-
derived 5-HT and PAF (Table 1) boosts the differentiation
of pathogenic Th1 and Th17 cells during the early stages
of MS and EAE (Ponomarev, 2018), while at later stages of
the disease, platelets become depleted in granule content but
upregulate adhesionmolecules such as CD62P to form aggregates
with lymphocytes (Starossom et al., 2015). This, in turn,
implies that platelets act as a target to alleviate MS symptoms
during relapses, among which are subsequent neuropsychiatric
symptoms present in these patients (Kocovski et al., 2019).
Targeting platelets would be especially effective during the
remission period for prophylaxis of future relapses in RRMS.
Thus, platelet-neuronal interaction plays an important role
during the early stages of MS/EAE and neuronal dysfunctions,
which could especially be important for the prevention of future
relapses.

PARKINSON’S DISEASE

The role of platelets in Parkinson’s disease (PD) is currently
unknown. However, there is accumulating knowledge that
suggests the possible involvement of platelets in PD pathology.
PD is a degenerative disorder caused by the loss of dopaminergic
neurons in the substantia nigra, which leads to a decrease in
motor and cognitive functions. There is no final answer to
what causes PD, though mitochondrial dysfunction is implied
to be one of the major reasons. A toxin 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), which is selectively toxic for
dopaminergic neurons, was found to act by inhibiting complex I
of the electron transport chain in neuronal mitochondria, which
is important for oxidative phosphorylation. It is known that
MPTP is widely used as a chemical intermediate for herbicide
production, that could contaminate agricultural products and
predispose them to PD (Fukuda, 2001). In addition to herbicides,
it was found that insecticide rotenone is also toxic for
neurons in the substantia nigra affecting complex I in neuronal
mitochondria leading to the symptoms of PD (Sherer et al., 2003).

Decreased complex I activity was found in the lymphocytes
and platelets isolated from PD patients when compared to
healthy controls (Haas et al., 1995; Subrahmanian and LaVoie,
2021). Moreover, a hybrid PD model where mitochondrial DNA
from PD platelets was expressed in human teratocarcinoma
cells demonstrated decreased complex I activity in mitochondria
of these cells. Besides, 1-methyl-4-phenyl-pyridinium ion
(MPP+), the metabolite of MPTP, was proved to deplete
adenosine triphosphate in platelets and induce attenuated
platelet aggregation and activity, which is a probable mechanism
of the anti-aggregation effect found in PD patients (Koçer
et al., 2013; Leiter and Walker, 2020). Monoamine oxidase
B (MAO-B) enzyme, which is abundant in neuronal and
platelet mitochondria, also contributes significantly to MPTP
toxicity and the etiology of PD as demonstrated by several
studies. Enhanced MAO-B activity has been discovered in PD
patients, nevertheless, the findings regarding platelet MAO-B
activity in PD patients are not straightforward enough, as other
works imply that platelet MAO-B activity is unaffected in PD
patients (Bonuccelli et al., 1990). Nevertheless, the ability of

platelets to modulate the functions of mitochondria in the CNS
by enhancing oxidative phosphorylation and oxidative stress
(Kopeikina et al., 2020) could play an important role in PD
pathology.

Besides modulation of neuronal mitochondrial functions
by platelets, these cells could affect dopaminergic neurons by
producing several substances. Among these factors are a platelet-
activating factor (PAF; Table 1), which is produced by activated
platelets and plays a pro-inflammatory role in the development
of TBI-associated neuroinflammation affecting astrocytes and
microglia (Yin et al., 2017; Dukhinova et al., 2018). In addition
to glial cells, the PAF receptor (PAFR) is also expressed in
neuronal synapses. Stimulation of neurons via PAFR enhanced
long-term potentiation and synaptic vesicle release (Hammond
et al., 2016). On the other hand, overstimulation of neurons by
PAF caused neuronal apoptosis, although the role of PAFR in
this process remains controversial (Bennett et al., 1998; Ryan
et al., 2007). Mice deficient in PAFR were found to be resistant to
the development of disease in a mouse model of MPTP-induced
PD. Thus, platelet-derived factors such as PAF could significantly
contribute to the development of PD.

PLATELETS AS MARKERS FOR
DIAGNOSTICS

Recently, platelets have come to be regarded as substantial
indicators for neurologic diseases of various types. Being
multifunctional blood anucleated cells, they are now seen
as crucial clinical targets for many neurologic disease
pathophysiology. Not only do platelets play a key role in
normal hemostasis and thrombosis, but they also are first
responders in inflammatory processes (Sotnikov et al., 2013;
Starossom et al., 2015; Ponomarev, 2018). They are also involved
in a vast range of inflammation-associated pathologies, such as
atherosclerosis, cardiovascular diseases, cancer metastasis, and
neurodegenerative disorders (Koçer et al., 2013; Franco et al.,
2015; Pluta et al., 2018).

During many types of neurodegenerative diseases such
as TBI, AD, and MS, platelets change their phenotype and
content (Kumar, 2013; Koc et al., 2014; Starossom et al., 2015;
Ponomarev, 2018). For example, during AD, platelets show an
activated phenotype and there are changes in the processing of
platelet Aβ, which could serve as an early marker of AD (Di Luca
et al., 1998; Koc et al., 2014). In the mouse model of AD when
human APP with Swedish mutation is expressed in the CNS,
platelets start to express MMP2 and MMP-9 and damage brain
blood vessels in the brain slice model (Kniewallner et al., 2018).
This data indicates that CNS-derived amyloid could activate
platelets that could contribute to increased BBB permeability.
Our data in the epilepsy model also demonstrated that platelets
contribute to increased BBB permeability (Kopeikina et al.,
2020). In MS, platelets decrease their level of serotonin in dense
granules and the level of PF4 in α-granules and upregulate
adhesion molecules such as CD62P (Starossom et al., 2015).
Quite interestingly the exhaustion of platelet granule content
and upregulation of CD62P make platelets anti-inflammatory
indicating that platelets play a differential role in the early and
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FIGURE 1 | Platelet-neuron similarity and platelet-neuron interactions have implications for a wide range of neuropsychological disorders such as Alzheimer’s
disease, Parkinson’s disease, multiple sclerosis, traumatic brain epilepsy, and depression. Abbreviations: 5-HT, Serotonin; 5-HTR, 5-HT receptor; IL-1α, Interleukin
1α; MAO-B, Monoamine oxidase B; PAF, Platelet-activating factor; PAFR, PAF receptor; PF4, Platelet factor-4; SERT, Serotonin transporter. Created in
BioRender.com.

late stages of MS (Starossom et al., 2015). This indicates the
importance of looking at various parameters to characterize
detrimental and beneficial phenotypes of activated platelets
to target pathogenic platelet subsets. Imaging cytometry has
great potential to assess platelet content such as microRNA
(Ponomarev et al., 2011). However, currently, it is challenging,
especially in the case of neurologic disorders.

To better understand the possible involvement of platelets in
neurologic disorders, a new concept was proposed by several
scientists several years ago (Ponomarev, 2018). According to
this concept, platelets can be viewed as ‘‘circulating mirrors’’
of neurons and innate immune cells (Ponomarev, 2018;
Canobbio, 2019; Figure 1). In the coming years, the analysis
of platelet morphology, functionality, metabolism, as well as
protein and lipid composition may advance the investigation of
neurodegenerative diseases (Figure 1). For example, analysis of
metabolism and secretion of serotonin could be used for the
understanding of predisposition and progression of depression
and TBI. Platelets also use serotonin transporter (SERT),
which is targeted by selective serotonin reuptake inhibitors,
and anti-depressant drugs (Figure 1). Moreover, we recently
demonstrated an important role of serotonin in epilepsy and the
formation of new synapses. The latter also plays a role in the

development of autism spectrum disorder. The ability of platelets
to store, process, and secrete various forms of Aβ could be used
as a marker for AD. Analysis of platelets’ mitochondrial function
could be used to diagnose predisposition for PD (Figure 1). Thus,
platelets can become a suitable tool for the analysis of peripheral
biomarkers when it comes to diagnosing neuronal dysfunctions
in the future (Ehrlich, 2012; Oji et al., 2018; Canobbio, 2019;
Padmakumar et al., 2019).

PLATELETS AS TARGETS FOR FUTURE
THERAPY

Targeting platelets and their products for therapeutic
purposes in the field of neurological pathologies seems
to present an exceptional challenge, both because of the
blood-brain barrier and due to obstacles for the drugs on
their way to the desired locations of action inside the CNS
parenchyma. Above all else, there might be demand for
various approaches on how to target platelet or platelet-
derived microparticles in circulation and CNS parenchyma
in the same patients. These interventions will require
advanced drug formulations and delivery techniques, along
with modern imaging methods to determine drug stability,

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 July 2021 | Volume 15 | Article 680126

http://www.BioRender.com
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Kopeikina and Ponomarev Platelet-Neuronal Crosstalk

accurate targeting, and efficacy. Antiplatelet therapy is broadly
applied in the treatment and prevention of patients with
thrombotic cerebrovascular or cardiovascular diseases. Platelet
aggregation and activation can be decreased by antiplatelet
therapy with one or several drugs available on the market
with the most common being heparin and aspirin (Gianazza
et al., 2020). There are several antiplatelet drugs currently
available on the market with the most popular being aspirin
(Chandrasekhara et al., 2016). In the 1960s aspirin appeared as
the first valid antiplatelet drug and is still applied to prevent
cardiovascular pathologies.

Aspirin was found to ameliorate spontaneous recurrent
seizures in SWR/J mice with pilocarpine-induced chronic
temporal lobe epilepsy, however, the role of platelets was not
investigated in this study (Zhu et al., 2017). It was an interesting
case study documenting that woman with epilepsy history who
constantly took aspirin (75 mg daily for 3 years) had epileptic
convulsion 3 weeks after aspirin withdrawal, but not during
the period when she took aspirin (Scheepers et al., 2007).
A preliminary clinical study also showed decreased seizure
frequency for epilepsy patients on day 2 after starting to
take aspirin. The authors of this study emphasize that further
prospective study is needed towards this direction (Godfred et al.,
2013). Thus, the usage of aspirin (and possibly other antiplatelet
drugs) is a perspective for the prevention and treatment of
epilepsy. At present, the main platelet target which is used as a
target in antiplatelet therapy is cyclooxygenase-1/2 (COX-1/2)
with more selective targeting of COX-1. COX-1 is responsible for
regulating the production of the prostaglandins, which control
platelet aggregation and activation, and is affected by irreversible
cyclooxygenase inhibitors such as NSAIDs. NSAIDs were found
to be promising for prophylaxis of AD; however, these drugs
decrease neuroinflammation by targeting endothelial cells and
macrophages and it is not entirely platelet specific (Zhang et al.,
2018). Another currently approved more specific antiplatelet
drug clopidogrel or its analogs (P2Y12 inhibitors) target ADP
receptors on platelets significantly reducing their activation
(Amin et al., 2017). Usage of this drug for the prevention and
treatment of neurodegenerative diseases is very limited; however,
it was recently reported that clopidogrel reduced pathology in
the rat model of AD (Khalaf et al., 2020). New drugs and
their platelet targets are still being studied, and some promising
targets are at the stage of clinical investigation to discover new
possible biomarkers for accurate treatment (Coppinger et al.,
2007; Yousuf and Bhatt, 2011; Dovizio et al., 2014).

Knowing the important role of platelets in neurodegenerative
diseases, it is time to rethink the mechanism of action of some
of the known drugs widely used for the treatment of neurologic
conditions. There are several candidates for re-evaluation of
their therapeutic mechanisms. A common drug for MS called
glatiramer acetate (CopaxoneTM) in addition to targeting T cells
also targets platelets inhibiting their calcium influx, activation,
aggregation, and prolongs bleeding time (Starossom et al., 2014).
valproic acid, a common drug for the treatment of epilepsy and
bipolar disorder, could also affect platelet functions by decreasing
their numbers causing thrombocytopenia. So these two drugs
could be also called anti-platelet agents.

Most current platelet-specific drugs non-specifically
inhibit platelet activation and aggregation, which may
cause dangerous complications such as bleeding. Moreover,
in certain neurodegenerative diseases, platelets’ granule
content becomes exhausted and their ability to get further
activated is decreased (Starossom et al., 2015), which may
require platelet functions to be restored and pathogenic
platelets to be replaced by non-pathogenic platelets. To
do so, there is a possibility of using autologous genetically
engineered iPSC-derived platelets, or artificial platelet-like
microparticles for transfusion of patients with neurological
disorders (Brown et al., 2014; Moreau et al., 2016; Lawrence
et al., 2019). Yet, a more detailed investigation of detrimental
vs. beneficial pathways of platelet activation during
neurodegenerative diseases should be performed to understand
specific pathways in platelets to be targeted using these
novel technologies.

CONCLUDING REMARKS

Recent research results demonstrated that platelets play a
crucial role in the pathology of multiple neurologic disorders.
During many types of neurodegenerative diseases, the BBB is
compromised, which enables platelets to infiltrate the central
nervous system (CNS), where they release serotonin and other
mediators. Enhanced neuronal electric activity and seizure
severity have been greatly contributed to by platelet-derived
(but CNS-derived) serotonin and possibly other platelet-derived
co-factors. Besides, a whole-genome transcriptome analysis
suggested that platelets trigger the expression of many genes
associated with neuronal synaptic activity, neuroinflammation,
and oxidative phosphorylation in neuronal mitochondria. Based
on this, we introduced the model shown in Table 1. Our
model implies that platelets could provide the ‘‘missing link’’
between TBI and epilepsy, or initial neuronal damage and further
development of other neurodegenerative pathologies such as
AD, PD, and MS (Figure 1). Thus, the main conclusion of our
review is that platelets cannot be any further ignored in modern
neurobiology.
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