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Abstract: Multiple sclerosis (MS) is an autoimmune inflammatory disease of the central nervous
system that leads to the progressive disability of patients. A characteristic feature of the disease is the
presence of focal demyelinating lesions accompanied by an inflammatory reaction. Interactions be-
tween autoreactive immune cells and glia cells are considered as a central mechanism underlying the
pathology of MS. A glia-mediated inflammatory reaction followed by overproduction of free radicals
and generation of glutamate-induced excitotoxicity promotes oligodendrocyte injury, contributing to
demyelination and subsequent neurodegeneration. Activation of purinergic signaling, in particular
P2X7 receptor-mediated signaling, in astrocytes and microglia is an important causative factor in
these pathological processes. This review discusses the role of astroglial and microglial cells, and in
particular glial P2X7 receptors, in inducing MS-related neuroinflammatory events, highlighting the
importance of P2X7R-mediated molecular pathways in MS pathology and identifying these receptors
as a potential therapeutic target.
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1. Introduction

Multiple sclerosis (MS) is a chronic immune-mediated inflammatory disease of the
central nervous system (CNS) with unknown etiology that mainly affects young adults,
leading to the progressive physical disability and mental stress of patients. This mul-
tifactorial disease is characterized by infiltration of activated peripheral immune cells
into the brain and spinal cord with subsequent immune-mediated demyelination and
neurodegeneration accompanied by inflammation. The presence of focal demyelinating
lesions in the white and grey matter of brain and spinal cord of MS patients, connected
with reactive micro- and astrogliosis, is a main diagnostic hallmark of the disease. The
pathological basis of these lesions is a selective and primary disruption of myelin sheaths
with subsequent axonal degeneration and loss of neurons. Development of lesions in
cerebral cortex characterizes the evolution from an early relapsing/remitting phase (RR)
into a secondary progressive (SP) phase of the disease [1].

The clinical symptoms of the disease, such as imbalance, muscle weakness, motor
dyscoordination, pain, paralysis, cognitive impairment, and depression [2], are correlated
with the injured anatomical region of the CNS. The MS etiology is still unknown, although
genetic, hormonal, and environmental factors are indicated as significantly influencing
the development of the disease. A recent study using single-nucleus RNA sequencing
demonstrated region-specific transcriptomic alternations associated with selective damage
of neurons in cortical layers associated with the upregulation of stress pathway genes and
long non-coding RNAs. This study revealed the vulnerability of oligodendrocytes, reactive
astrocytes, and activated microglia which appear most frequently in the areas surrounding
MS lesions [3].
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Activated glial cells, both microglia and astroglia, substantially contribute to MS
pathogenesis and progression by driving and accelerating inflammatory reaction, generat-
ing free radicals and releasing cytotoxic excitatory amino acids. All these factors contribute
to oligodendrocyte injury, myelin damage, and axonal degeneration, finally leading to the
death of neurons. Extracellular ATP (eATP) and plethora of its receptors are of importance
in neuron–astrocyte–microglia intercommunication in pathological mechanisms occurring
in MS. Recent studies demonstrated that glial cells expressing P2X7 receptors (P2X7Rs) are
involved in eATP-dependent signaling involved in the crucial pathological mechanisms
at early and progressive stages of MS and experimental autoimmune encephalomyelitis
(EAE) [4].

This review focuses on the role of microglial and astroglial cells in MS pathology
based on clinical and experimental data, and discusses the involvement of P2X7 purinergic
receptors into glia-mediated neuroinflammation.

2. Multiple Sclerosis and Neuroinflammation
2.1. Neuroinflammation during the Course of MS

Focal demyelinated lesions are present in the white matter, as well as in the grey matter
of cortex, the basal ganglia, brain stem, and spinal cord [5]. The inflammatory reaction is
initiated around post-capillary venoles and veins, spreading further into the surrounding
normal-appearing white and grey matter [6]. Perivascular inflammatory infiltrates are
composed of T cells, B cells, and immunoglobulin-positive plasma cells, whereas active
demyelinating plaques consists mainly of macrophages and activated microglia. CD3+,
CD4+, and CD8+ T cells outnumber CD20-positive B cells and plasma cells [7,8], although
a subset of inflammatory immune cells differs in composition depending on the brain
region (perivascular area vs. parenchymal space) and the stage of the disease (initial vs.
advanced) [5]. Activated autoreactive CD4+ cells release pro-inflammatory mediators, such
as IFN-γ and/or IL-17, thus driving inflammation. Monocytes recruited from the blood in
response to chemokine signaling also constitute a significant component of myelin lesions.
Their concentration in lesions has been shown to be positively correlated with the severity
of neurological deficits during EAE, whereas depletion of monocytes delays the onset and
severity of the disease [9,10]. Activated by cytokines/chemokines, including GM-CSF,
INF-γ, and TNF-α, monocytes are transformed into a pro-inflammatory M1 phenotype,
expressing MHC II antigens and producing pro-inflammatory factors, proteases, as well
as reactive oxygen (ROS) and nitrogen (NRS) species [11]. Thus, migration of immune
cells via the blood–brain barrier (BBB), in order to colonize the CNS is a critical step of
the disease, contributes to the development of inflammatory cascade. During the course
of the disease, in a progressive phase, massive inflammation is observed and mediated
by CD4+, CD8+ cells, B cells, and monocytes, and amplified by activated glial cells in
response to the presence of disturbed myelin and damaged tissues [12]. The spreading
inflammatory process is characterized by upregulation of cytokines, chemokines, and
adhesion molecules of both a pro- and anti-inflammatory nature [13]. This situation
is aggravated by dysfunction of regulatory T lymphocytes (Tregs) that physiologically
suppress autoimmune processes but are impaired in MS patients [14].

MS is considered as an inflammatory disease with a neurodegenerative component,
in which an autoimmune inflammatory reaction is accompanied by degeneration of the
demyelinated nerve fibers. However, the issue has not been resolved within this sequence
of events [15]. Oxidative stress [16] and glutamate-induced excitotoxicity [17] are the main
mechanisms, contributing significantly to neurodegeneration in MS pathology, in which
glial cells are strongly involved.

2.2. Microglia as Contributors to MS-Related Neuroinflammation

Microglia are resident immune competent cells of the CNS, guarding the homeostasis
and protecting nervous tissue against various pathological stimuli [18]. Under “resting”
conditions, they in fact function as dynamic sensors that continuously “scan” their en-
vironment [19]. In the homeostatic state, they express specific surface markers such as
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transmembrane protein 119 (TMEM119) and purinergic receptor P2Y12 (reviewed in: Guer-
rrero and Sicotte, 2020, [20]). Depending on the insult, they exhibit different features, either
protecting the tissue or exacerbating the injury. When activated under pathological condi-
tions, microglial cells respond rapidly to neuronal distress changing their morphology from
ramified to amoeboid. Quiescent state is characterized by small soma, multiple delicate
processes, flattened nucleus, and small Golgi apparatus. While transforming to the active
state, microglial cells enlarge the soma, retract processes, and overexpress immunomod-
ulatory factors [21]. Two phenotypes of microglia have been classically distinguished:
proinflammatory (M1) and anti-inflammatory (M2). This distinction is currently not ob-
vious, as it has been suggested that microglial phenotypes are transient and demonstrate
temporal and spatial profiles of transformation following an active response to the changes
in the tissue microenvironment [22].

Microglia are implicated in multiple inflammatory and neurodegenerative diseases,
including MS. These cells are a key player in the mechanisms underlying MS pathology
exhibiting complex roles linked to the stage of the disease. They are critical for antigen
presentation to T cells, development and exacerbation of inflammation, and subsequent
synaptic loss. However, they can also modulate the inflammatory response and provide the
protective functions by phagocytosis of tissue remnants and participation in the processes
of tissue repair [23,24]. Moreover, phagocytosis of myelin debris in MS lesions, and
expression of anti-inflammatory and protective factors by activated microglia, are essential
processes to promote remyelination and enhance neuronal survival [25,26]. Protective
factors released from microglia include neurotrophins such as nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), and basic fibroblast growth factor (bFGF) [21].

As immune competent cells of the CNS, microglia participate in immune response via
interactions with other immune cells. There is a cross-talk between microglia and peripheral
immune cells that are both present in MS lesions. Activated microglia, presenting MHCs
antigens class I and II recognized by T cells, participate in the further recruitment of
adaptive immune Th1 and Th17 cells into the CNS [27]. While interacting with cytotoxic
T-lymphocyte-associated antigen 4 (CTLA4), microglia induce apoptosis of T cells, whereas
the binding of microglia-derived molecules B7-1 and B7-2 to CD28 antigen stimulates the
proliferation of T cells and release of cytokines [28].

In an early stage of MS, the initial pool of phagocytic cells in lesions is mainly com-
prised of microglia, as measured by their specific marker TMEM119 [29]. Increased expres-
sion of this marker was observed in MS patients [30]. As the disease progresses, peripheral
macrophages are increasingly recruited [31]. Active demyelinating plaques in MS-diseased
persons are occupied by phagocytic cells of both activated microglia and macrophages
origin that contain products of myelin degradation and tissue debris, and highly expressed
NADPH oxidase indicating oxidative stress-related damage [32]. Active demyelination is
usually associated with a proinflammatory type of microglia, as indicated by the dominant
expression of proinflammatory markers such as CD68 (involved in phagocytosis) and
p22phox (involved in the production of reactive oxygen species), as well as CD86 and class
II MHC antigens [29]. In the later stages of the disease, microglia/macrophages switches to
an intermediate phenotype and co-expresses pro- and anti-inflammatory markers. Inactive
lesions mainly consist of CD206-, CD163- and ferritin-positive microglia, indicating anti-
inflammatory type [33]. In turn, the animal models of MS show that the presence of myelin
debris in microglia is connected with a pro-regenerative phenotype expressing arginase-1,
CD206, and insulin-like growth factor-1(IGF-1) necessary for remyelination [20,34].

Experimental evidence obtained using an EAE model of MS also confirms the sig-
nificant impact of microglial pool of cells over the course of the disease. As reported,
activation of microglia occurs in brains of EAE rats very early at a asymptomatic phase of
the disease, as evidenced by highly increased immunoreactivity of microglia/macrophage-
specific protein Iba-1 and morphological characteristics of microgliosis [35]. Regulation of
microglia activity influences the outcome of the disease. The progression and the severity
of neurological symptoms significantly declines after inhibition of macrophages/microglia
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at the developmental phase of the EAE, and the onset of the neurological deficits is de-
layed [36,37]. Targeting microglia activation by drugs such as minocycline, interferon-β,
or fingolimod has been shown to have beneficial effects in reducing inflammation in both
clinical and experimental studies of MS (reviewed in [38]). Finally, genetic factors found to
be of importance for susceptibility to MS are more frequently related to microglia than other
glial cells or neurons [39]. Over-expression of these risk genes highlights the significant
contribution of microglia to the mechanisms underlying MS pathogenesis.

2.3. Astroglia as Contributors to MS-Related Neuroinflammation

Astrocytes are the most abundant type of glial cells population of the CNS. These cells
maintain the optimal microenvironment for neuronal function [40] and play a crucial role
in a variety of processes related to the normal neuronal development, synaptogenesis [41],
brain microcirculation, propagation of action potentials, or immunomodulation [42]. As-
troglial processes surround neuronal synapses acting functionally as a tripartite synapse
wherein they regulate ion and neurotransmitter homeostasis, support neurons metaboli-
cally, as well as control and regulate synaptic activity [43].

Astrocytes express a variety of, often specific, anion channels [44], hemichannels [40],
and receptors, including ionotropic purinergic receptors [45]. It is well defined that the
release of gliotransmitters (amino acids, ATP and peptides) into the extracellular space ap-
pears via Ca2+-dependent exocytosis [46]. It should also be emphasized that astrocytes act
as an integrated system sensitive to signals derived from all cells that form the syncytium.

A great amount of attention is paid to understanding of the mechanistic processes re-
lated to the astroglia dysfunction in response to immune attack, chronic neurodegenerative
diseases, or brain injury. It is well accepted that, upon stimulation, morphologically and
physiologically abnormal reactive astrocytes may interact with other cells in the CNS in a
beneficial or negative way [47].

The characteristics of astrocytes and their perivascular location allow them to play
a crucial role during lesion formation and to provide the access of peripheral immune
cells into the CNS. In active lesions, astroglia acquire a hypertrophic morphology, as
expressed by massive enlargement of the cell soma and reduced processes density that
are most likely initiated by the failure of the astrocyte–oligodendrocyte network [9]. It is
well established that, in the EAE experimental model of the disease, astrocytes become
activated in the developing lesions before significant immune cell infiltration into the
parenchyma, suggesting fundamental role of these cells in the lesion development [48].
Astrocyte activation associated with alterations in gene expression and cell hypertrophy
was found to be followed by long-lasting scar formation and, in more advanced stages of
the disease, with rearrangement of tissue structure.

In the injured CNS, reactive astrocytes form a glial scar and are considered to be
detrimental for axonal regeneration. Astrocyte activation appears via canonical signaling
cascades, represented by NF-κB pathway that is crucial for neuroinflammation [49] and
regulation of innate and adaptive immunity processes. Astrocytic NF-κB signaling is
directly activated upon stimulation with the pro-inflammatory cytokines TNF-α and IL-1β,
through TLR signaling and various other agents including myelin, mitogens, and free
radicals [50]. The downstream NF-κB pathways in astrocytes are involved both in the
initiation and exacerbation of inflammatory state in the CNS. A study using transgenic
mouse model with astrocyte-specific disruption of NF-κB demonstrated a significant
improvement of tissue damage and amelioration of clinical symptoms of EAE and spinal
cord injury (SCI).

One of the mechanisms by which astrocytes are activated in MS is a signal transducer
and activator of transcription 3 (STAT3)-mediated pathway. It is well established that upreg-
ulation of STAT3 activity occurs after pathological stimulation followed by inflammation
and injury of the CNS [51]. Pro- and anti-inflammatory pathways activate STAT3 signaling
in astrocyte. Great examples are IFN-γ and IL-6 family cytokines that induce STAT3 phos-
phorylation by binding to the gp130 cell-surface receptor [52]. STAT3-mediated signaling
in astrocytes was also characterized as a major player in inhibition of CNS inflammation
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in astrocyte-specific STAT3 knockouts. Herrmann et al. [53] showed that STAT3 deletion
rendered astrocyte resistant to activation and astroglial scar formation, and resulted in
active demyelination in the spinal cord lesions after SCI. Outlined changes were associated
with the spread of inflammation and an increased volume of SCI-induced lesions. These
findings clearly demonstrate that STAT3 signaling is a fundamental mediator of astrogliosis
and provide additional evidence that scar-forming astrocytes inhibit the spread of inflam-
matory signals upon SCI [51]. Furthermore, EAE mice with astrocyte-specific deletion of
the STAT3-activated gp130 receptor showed severe disease symptoms, as well as increased
infiltration of reactive T-lymphocytes in the areas of demyelination [54].

It is worth noting that disruption of astrocyte–neuron integrity is a common hallmark
of various human neurodegenerative diseases [55]. A recent study revealed that classically
activated pro-inflammatory microglia secreting Il-1α, TNF, and C1q may induce reactivity
of the astrocytes (known as a A1). The major sign of this astrocytic transformation is a lack
of the neuroprotective features or gaining novel neurotoxic properties. An in vitro study
using retinal ganglion cells co-cultured with A1 demonstrated the inhibition of the synapses
development compared to those grown with control astrocytes. Furthermore, A1 astrocytes
were found to secrete a soluble toxin that rapidly kills a subset of CNS neurons and mature
oligodendrocytes via induction of the apoptosis [47]. Studies using in vivo approaches
demonstrated that morphologically changed A1 astrocytes with numerous highly branched
processes are mainly localized in the gray matter. Reactive astrogliosis is characterized
by a range of functional changes that cause astrocytes unable to respond properly under
pathological conditions. Interestingly, microglia-mediated activation of astrocytes and
changes of astrocytic phenotype are abundant in almost all human neurodegenerative
disorders, including MS.

As outlined above, an increasing amount of evidence points towards the potential of
reactive astrogliosis to play either primary or secondary roles in disease progression by
disrupting normal glial functions or acquiring negative properties. It is also worth noting
that astrocytes in pathological processes associated with MS can acquire both neurotoxic
features related to the inflammatory signaling (regulation of leukocyte trafficking) and
neuroprotective properties represented by the promotion of tissue repair.

3. P2X7R-Mediated Signaling in Glial Cells
3.1. Purinergic P2X7 Receptor—General Characteristic

Mammalian P2X7Rs are the members of the P2X purinoceptor family consisting of
seven subtypes: P2X1, 2, 3, 4, 5, 6, and 7. These ligand-gated ion channels open in response
to the extracellular agonist which is adenosine triphosphate (ATP). The P2X7R is a trimer
composed of subunits, all of which share the common structure of two transmembrane
domains, N- and C-terminal regions and large extracellular loop [56]. Structurally, P2X7R
differs from other classes of the family in its long intracellular domain responsible for
the pore formation. This specific receptor is activated by high concentrations of ATP in
the millimolar range, whereas other members of P2XRs are stimulated by micromolar
concentrations of ATP [57]. C-terminus of P2X7Rs, which is longer than in other P2XRs,
has been identified as responsible for regulation of the receptor’s functions, including sig-
naling pathways, cellular localization, protein–protein interactions, and post-translational
modification [58,59].

Prolonged stimulation of P2X7Rs by ATP triggers formation of a non-selective pore,
which allows the passage of molecules of up to 900 Da, Na+, and Ca2+ influx, and K+

efflux, resulting in changes in the ionic homeostasis of the cell [60]. In addition, the P2X7R
may also mediate the large-scale release of intracellular ATP via its intrinsic pore or in
connection with pannexin hemichannels thereby augmenting purinergic signaling and
inflammation [61]. It is well known that P2X7-pannexin PANX1 pore complex critically
determines spreading of depolarization followed by activation of neuroinflammatory
machinery [62].
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Inflammation-related events associated with P2X7R downstream signaling include the
release of inflammatory mediators such as interleukin-1β and TNF-α. It is also becoming
increasingly apparent that ATP-dependent signaling via the P2X7R plays a crucial role in
astrocyte–neuron communications in a variety of pathological processes that occur in the
central and peripheral nervous systems [4]. This prominent function of P2X7 receptors was
strongly confirmed in a number of studies related to the neuronal degeneration, as well as
behavioral or cognitive disorders.

The strong expression of P2X7R was identified predominantly in cells of haematopoi-
etic linage such as monocytes, macrophages, mast cells, and microglia [63]. Within the
CNS, this receptor is also expressed in neuronal processes [64], Müller cells [65], Schwann
cells [66], oligodendrocyte precursor cells, and astrocytes [48]. The role of P2X7R-mediated
signaling in glial cells, particularly in the context of stimulation and progression of the
MS-associated pathology, will be discussed below in detail.

3.2. P2X7R-Mediated Signaling in Microglia

Extracellular ATP is a potent signaling molecule, important in cell–cell communication
in the CNS [67,68], which acts through an array of purinergic receptors, including the
ATP-gated ion channels, the P2X7R. This specific type of purinergic receptors, widely
expressed in the brain [69], has been shown to be substantially engaged in a variety of CNS
pathologies, including MS [70]. However, the role of this receptor in the pathomechanisms
and theclinical course of MS should be further clarified.

The microglial expression of both quiescent and activated P2X7R in the nervous system
has been reported [71,72]. As shown in primary hippocampal cultures, the overexpression
of P2X7R is crucial for driving activation and proliferation of microglia [73]. It has also
been confirmed that the activation of this type of receptor is strongly involved in the
development and propagation of inflammatory reaction [74,75] by releasing a variety of
proinflammatory cytokines such as interleukins: IL-1β, IL-18, IL-6, and tumor necrosis
factor (TNF-α) [76].

P2X7R activation connected with pore formation [77] results in the outward blebbing
of the microglial plasma membrane and the production of extracellular vesicles containing
the proinflammatory cytokine, IL-1β, as well as the diffusion of ROS through the plasma
membrane [78]. Recent data indicate that lysosomal exocytosis may be involved in the
process of IL-1β release, as the lysosomal co-expression of IL-1β and P2X7R has been
demonstrated [77]. Upon activation of the receptor, depolarization-induced K+ efflux and
downstream signaling via a caspase 1-dependent mechanism leads to the activation of the
NLRP3 inflammasome, a protein complex that participates in a proteolytic cleavage of an
inactive form of interleukin 1β (pre-IL-1β) and the release of the active cytokine [79]. This
primary event drives a self-propagating cycle via an autocrine mechanism and stimulates
astrocytes via a paracrine action, thereby initiating the subsequent inflammatory cas-
cade [21,80]. Stimulation of P2X7R is additionally linked to the activation of transcriptional
factor NF-kB that up-regulates the IL-1β gene [81].

Microglia that express pore-forming P2X7R exhibit enhanced vesicular exocytosis and
IL-1β release which then accelerates the trophic responses in microglia [77] and promotes
activation and proliferation of these cells [82] with concomitant induction of neurotoxicity
by stimulating the production of TNF-α and other toxic molecules such as IL-6 or reactive
oxygen species [74]. P2X7R-dependent expression of ATP-induced pro-inflammatory tumor
necrosis factor-α (TNF-α) is regulated in microglial cells by extracellular signal-regulated
Kinase (ERK) and c-Jun N-terminal kinase (JNK) [74]. Further, strong evidence indicates
that protein kinase δ (PKC δ) acts as an upstream regulator of ERK and JNKGGC [83]. It has
also been shown that microglial P2X7R is important in regulating the expression and the
release of not only proinflammatory cytokines, but also chemokines. ATP activates P2X7R
in microglia with subsequent overexpression of mRNA and release of CXCL2 chemokine
that facilitates neurotrophil infiltration. Calcineurin-dependent nuclear factor of activated
T cells (NFAT) and protein kinase C (PKC)/MAP kinase (MAPK) are downstream pathways
of P2X7R activation that are implicated in this chemokine release [84]. Moreover, via the
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intercellular communication, CXCL2 may potentiate the expression of other chemokines
such as monocyte chemoattractant protein 1 (MCP-1, CCL2), 10 kDa interferon-induced
protein (IP-10, CXCL10), and CCL5 in astrocytes [85]. The simplified scheme illustrating
the contribution of microglia to the mechanisms underlying MS pathology is presented in
Figure 1.
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Figure 1. Schematic representation of the protective and negative roles of microglia and their P2XR
in MS pathology. Activated microglial cells overexpress P2X7R whose overactivation, combined
with the pore formation, mediates activation of inflammasome and the release of proinflammatory
cytokines, chemokines, and reactive oxygen species (ROS) that exacerbate neuroinflammation. In
parallel, protective functions of reactive microglia may be activated, such as phagocytosis of myelin
debris, which subsequently triggers the release of neurotrophins and promotes remyelination (green
arrows indicate protective effects, red arrows indicate negative effects). See text for details.

3.3. P2X7R-Mediated Signaling in Astroglia

Extracellular purine (ATP, ADP)-mediated signaling has been recognized as a domi-
nant form of intercellular communication between astrocytes in the CNS, due to the ability
of these cells to release purines to modulate neuronal activity and interact with other types
of glia [86,87]. Moreover, purine-mediated astroglial signaling is disrupted in pathological
states. It is well established that activation of astroglial P2X7Rs are closely associated with
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processes that initiate neuroinflammation and neuronal dysfunction. These events strongly
depend on the pathological changes of astroglia that are related to the overproduction and
uncontrolled release of cytokines, glutamate, and reactive oxygen species from astrocytes,
all of which modulate astrocyte–neuron integrity and promote demyelination contributing
to the neurodegenerative processes [88].

Numerous studies have established the capacity of astrocyte to maintain neuronal net-
work homeostasis via a P2X7R-dependent purinergic signaling system. In the nervous sys-
tem, ATP is released from neuronal axon terminals during the process of neurotransmission,
as well as from astroglia. It is widely accepted that ATP is involved in synaptic transmission
in many brain regions [89]. ATP can be stored and released either on its own or together
with other neurotransmitters such as glutamate, GABA, noradrenaline or acetylcholine
(ACh). Furthermore, activation of P2X7 receptors also triggers the release of gliotransmit-
ters via exocytosis associated with the formation of P2X7-associated transmembrane pore
channels (e.g., hemichannels, pannexins, volume sensitive anion channels). For instance,
prolonged activation of P2X7Rs leads to a sustained glutamate release by hippocampal
astrocytes [90]. High concentrations of ATP, acting through P2X7Rs, were also shown to
significantly elevate production of endocannabinoid 2-arachidonoylglycerol in primary
cultures of astrocytes [91]. Furthermore, stimulation of P2X7Rs in the same experimental
condition has been found to act via different pathways including the release of TNF-α,
stimulation of nitric oxide (NO) production, elevation of AKT, and p38MAPK/ERK1/ERK2
phosphorylation, or activation of transmembrane transport of NADH [92–95]. In addition,
P2X7-mediated Ca2+ signaling was found to increase the production of lipid mediators of
inflammatory cysteinyl leukotrienes [96]. Implication of P2X7 receptors in the processes
related to the glutamate-glutamine pathway was observed in the RBA-2 astroglial cell line
which was represented by a rapid decrease in glutamate uptake by the Na+-dependent
transporter system and a decrease in the expression and activity of glutamine syntase. Fur-
thermore, it is well established that P2X7 receptors are crucial in controlling expression of
other purinoceptors and channels. For example, P2X7R stimulation increases expression of
P2Y2 receptors and decreases expression of aquaporin-4 in primary cultured astrocytes [97].

It has been revealed that P2X7Rs expressed by primary cultured astrocytes may be
activated in the absence of any exogenous stimuli, while knock-down of P2X7Rs decreases
pore activity of the astrocytic receptor. Astrocytes incubated with an inhibitor of F-actin
polymerization (CytD), an effective blocker of the phagocytosis, markedly reduced beads
uptake by P2X7R in a manner dependent on actin filaments rearrangement [98]. Another
study demonstrated that ATP stimulation of P2X7Rs causes a dissociation of MHC-IIa
from its complex with P2X7Rs, resulting in decreased phagocytic activity [99]. These data
suggest that basal activity of P2X7R expressed by resting astrocytes mainly regulates their
engulfing features.

Constitutive activation of the astrocytic P2XRs is implicated in the clearance of the
metabolic product of signaling molecule which is adenosine [100,101]. Proinflammatory
stimulation with extracellular ATP via P2XRs at microlomar concentration significantly
activates the release of purine nucleoside phosphorylase (PNP) by astrocytes in vitro.
Interestingly, PNP release from glial cells partially occurred through the activation of the
lysosomal pathway [102].

The simplified scheme illustrating contribution of astroglia to the mechanisms under-
lying MS pathology is presented in Figure 2.
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Figure 2. Schematic representation of the protective and negative roles of astroglia and their P2XR
in MS pathology. Activated astrocytes overexpress P2X7R whose overactivation mediates efflux of
neurotoxic factors such as extracellular ATP, calcium ions (Ca2+) and glutamate, as well as proin-
flammatory cytokines and chemokines that exacerbate neuroinflammation. In parallel, protective
functions of reactive astroglia may be activated that are relevant to the processes of glial scar for-
mation and remyelination. (green arrows indicate protective effects, red arrows indicate negative
effects). See text for details.

4. The Involvement of Glial P2X7R-Dependent Signaling into MS Pathology
4.1. Microglial P2X7R-Mediated Signaling in MS/EAE

In the context of MS/EAE pathology, P2XR has been first described to express in
oligodendrocytes and myelin sheaths and to induce oligodendroglial cell death in vitro
and in vivo. Functional P2X7R contributed to neuronal deficits in EAE animals and was also
noticed in MS before lesion formation [103]. In post-mortem-collected MS tissue, increased
expression of P2X7R in demyelinating plaques adjacent to blood vessels was shown within
activated microglial cells/macrophages [104] where they released IL-1β via the induction
of cyclooxygenase-2 and downstream pathogenic mediators [71]. Interestingly, in contrast
to these results, in samples of frontal cortex obtained from secondary progressive form of
MS, P2X7R expression was not detected either on resting or activated microglia [104].
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Evidence from experimental studies using the EAE model of MS indicate that mi-
croglia are involved in inducing neuroinflammation via a P2X7R-dependent mechanism.
P2X7R deficiency was shown to reduce the development of the disease in mice, inhibit
inflammatory reaction, prevent ATP excitotoxicity in oligodendrocytes, and decline the
axonal injury [103,105,106]. However, opposite results were also reported, describing
exacerbation of the disease in P2X7R knockout mice [107]. Results of our studies showed
that pharmacological blockade of P2X7R by its selective antagonist brilliant blue G (BBG)
delays the onset of the disease and alleviates clinical symptoms in EAE rats. Moreover,
we observed substantially inhibited activation and proliferation of microglia, as shown by
decreased Iba-1 immunoreactivity and the morphological characteristics of microglial cells.
Concomitantly observed lowered protein expression of proinflammatory cytokines, IL-1β,
IL-6, and TNF-α, indicated inhibition of neuroinflammation. The P2X7R-dependent release
of the proinflammatory cytokines was constantly decreased during the entire course of
the disease after inhibition of the receptor with BBG [35]. Increased expression of P2X7R
in microglial cells with concomitant up-regulation of several inflammatory genes associ-
ated with the activation of the NLRP3-inflammasome and the polarization of microglia
to a pro-inflammatory phenotype was also observed in cuprizone model of demyelina-
tion [108]. Importantly, cuprizone-induced demyelination does not fully reflect the pattern
of immune cell-related demyelination present in MS/EAE. However, P2X7R knockouts
subjected to cuprizone toxicity showed attenuated micro- and astrogliosis, as well as the
down-regulation of pro-inflammatory genes. The simplified summary illustrating the
functional role of PX2R in different experimental models of MS pathology is presented in
Table 1.

Table 1. Functional role of P2X7R during MS; results from experimental animal models.

P2X7 Targeting Approach Model Effect Reference

Brilliant blue G
(antagonist) Acute EAE rats Reduced onset of the disease; reduced

astrogliosis and microglia proliferation
[35]

[109]
Brilliant blue G

(antagonist) Chronic EAE mice Reduced demyelination;
ameliorated neurological abnormalities [103]

Oxidized ATP
(oxATP antagonist) Chronic EAE mice Inhibition of clinical symptoms and

demyelination; reduce antigen T cell [106]

Cuprizone
(demyelination inducer) P2X7 null mice Inhibition of astrogliosis and

microglia activation [108]

As mentioned, migration of activated peripheral immune cells, including monocytes,
into the CNS is a critical step in the development of neuroinflammation in MS/EAE.
Monocytes/macrophages are known to highly express P2X7R. The P2X7R-dependent
release of CXCL2 chemokine was presented as an important factor in facilitating neutrophil
infiltration in an experimental model of MS [110]. P2X7R protein expression was found to be
diminished in monocytes in an acute phase of the disease, both in patients and EAE animals.
Moreover, the protein levels of the receptor decreased in healthy monocytes subjected to
pro-inflammatory stimuli in vitro. In MS tissue the receptor was lost on both CD14/CD68-
or CD14/MHC-II-positive cells near the endothelium of the blood vessels [104]. The authors
hypothesized that upregulation of P2X7R might be detrimental to monocytes, therefore
secondary autocrine/paracrine down-regulation of P2X7R is triggered to support their
survival and invasion into the CNS, thereby contributing to the induction and propagation
of neuroinflammation.

4.2. Astroglial P2X7R

In MS patients, P2X7R was found to be upregulated in the parenchymal astrocytes of
frontal cortex from SP type of the disease [104]. Several pathological and morphological
changes related to the reactive astrogliosis, such as hypertrophy, proliferation, and overlap-
ping of cellular processes, resulting in the disruption of specific astrocytic domains, were
revealed in immunochemical studies. In addition, P2X7R-positive astrocytes mediated
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glial scar formation in the white matter of chronic lesions. The same study revealed co-
localization of the astrocytic P2X7R with the monocyte chemoattractant protein 1 (MCP-1),
previously found to be responsible for the leukocyte recruitment during the progression of
MS [111].

While modeling MS, it has been revealed that mice deficient in P2X7R function are
more resistant to EAE than wild-type mice and exhibit reduction in the CNS inflammation-
associated processes. Furthermore, within the CNS, astroglia-dependent axonal damage
was present, while the opposite effect was observed in the P2X7R null mice. Furthermore,
pharmacological inhibition of the receptor significantly abolished astrogliosis in rat EAE
and reversed neurological symptoms [105]. These evidences strongly suggest the crucial
role of astrocyte in MS pathology, which is associated with gaining new properties of the
cells negatively affecting neuronal function.

Studies from our laboratory focusing on the role of P2X7R-mediated signaling dur-
ing the course of EAE revealed strong P2X7R expression within the frontal motor and
somatosensory cortical brain regions, especially in the five and six layers of the cortex
neighboring to the cingulum brain area. Interestingly, these changes were associated with
the peak of neurological symptoms in immunized rats [109]. Another study using similar
experimental conditions revealed the appearance of the astrogliosis in rat forebrains at an
early stage of EAE. Overexpression of the specific astroglial markers occurred at fourth
day post-immunization. Interestingly, at the same time, astrocyte overexpressed connexin
43 and P2X7R, while inhibition of the P2X7R signaling with BBG abolished activation
of the astrocytes. Notably, administration of P2X7R antagonist partially reversed neuro-
logical symptoms developed during the disease progression. Given that astrocytes play
an important role in the pathogenesis of CNS by releasing several potentially neurotoxic
factors (e.g., ATP via purinergic system or glutamate), the dysfunction of activated astroglia
suggests pathological involvement of glia cells in MS/EAE starting from an early stage of
the disease [112].

As reported, overexpression of the astrocytic P2X7R in MS might be dependent on the
disorder progression. Moreover, upregulation of the P2X7R activity seems to be associated
not only with inflammatory reaction, but also with a variety of other processes related to
the MS pathology, including the removal of glutamate excess, modulation of Ca+ and ATP
efflux, glia scar formation, and lymphocyte homeostasis [113].

It is well accepted that activation of various astroglial receptors causes a transient
increase in the intracellular pool of Ca2+ within the astroglia [114,115]. A consequence of
the Ca2+ accumulation is a failure of astroglia to rapidly interact with neighboring cells
in the CNS in physiological and pathological conditions [116]. Considerable evidence
exists, supporting the role of Ca2+ signaling in astrocyte physiology. Synaptically released
neurotransmitters mediate Ca2+ signaling in astrocytes, and action potentials along axons
mediate the efflux of ATP and the intercellular propagation of astroglial Ca2+ signals. In
turn, astrocytes amplify this initial signal by transmission of the extracellular Ca2+ wave
to neighboring glia. Notably, propagation of these pathways was not observed in P2X7
knock-out mouse, providing the evidence that gliotransmitter-mediated signal propagation
and amplification is strongly dependent on the P2X7 receptors [116]. The evidence also
emerged that disruption of this pathway, negatively affecting the neuronal function, is
present in a variety of pathological conditions such as neurodegenerative processes.

The recent findings regarding the involvement of astroglia P2X7R in MS pathol-
ogy revealed the rapid elevation of Ca2+ in primary culture of astrocytes upon addition
of the isolated CNS-infiltrated immune cells (CNS IICs), predominantly represented by
CD4+ T cells, recruited from the periphery to the CNS of EAE rats [117]. Interestingly, CNS
IICs-stimulated Ca2+ elevation in astrocytes was markedly abolished by the specific block
of P2X7 receptors, and was mimicked by the stimulation of this glial receptor with a low
concentration of agonist. These results suggest that P2X7 receptor-dependent signaling
primarily involves CNS IICs–astrocyte interaction. Furthermore, activation of P2X7 recep-
tors appeared mainly in astroglia, while inhibition of the hemichannel-dependent ATP
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release in astrocytes declined Ca2+ accumulation, which was mediated after the addition of
CNS IICs. Although this review focuses on the PX72R, it should be mentioned that other
receptors abundantly expressed in glia cells represented by ionotropic P2X4, G protein-
coupled P2Y1, and P2Y2 receptors are also involved in the regulation of intracellular Ca2+

concentration (more detail in [118]). Taken together, presented data suggest that rapid
changes in the content of Ca2+ mediated by autoreactive immune cells involve astroglial
purinergic signaling and lead to the long-lasting morphological and physiological changes
of astroglia in EAE.

5. Conclusions

A growing body of evidence suggests heterogeneity of the processes related to MS
pathology in which glial cells are strongly involved. The sensitivity of glial cells to different
pathological stimuli and the potentiality to play dual role, positive or negative, point out
their importance for neuronal functioning during the disease. The loss of glia protective
functions, that is guarding and supporting of neuronal homeostasis, seems to be crucial for
pathological processes running in MS-affected CNS.

Recent studies indicate the importance of purinoreceptor-mediated signaling in the
glia–neuron cellular network. There is tempting evidence that suggests that activation of
the P2X7R is commonly present during MS development and P2X7R-mediated purinergic
signaling pathways, which drive and sustain neuroinflammation, significantly contributing
to MS/EAE pathology. Taken together, numerous experimental and clinical observations
indicate that both pools of glial cells that express P2X7R, microglia and astroglia, are
involved in pathological mechanisms operating at early and progressive stages of the
disease and should be considered as equally important in the pathogenesis of MS/EAE.
Therefore, future studies will have to account for the potential role of purinergic P2X7R as
a target for the promising therapeutic interventions in MS pathology.
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35. Grygorowicz, T.; Strużyńska, L. Early P2X7R-dependent activation of microglia during the asymptomatic phase of autoimmune
encephalomyelitis. Inflammopharmacology 2019, 27, 129–137. [CrossRef]

36. Heppner, F.L.; Greter, M.; Marino, D.; Falsig, J.; Raivich, G.; Hövelmeyer, N.; Waisman, A.; Rülicke, T.; Prinz, M.; Priller, J.; et al.
Experimental autoimmune encephalomyelitis repressed by microglial paralysis. Nat. Med. 2005, 11, 146–152. [CrossRef]

37. Bhasin, M.; Wu, M.; Tsirka, S.E. Modulation of microglial/macrophage activation by macrophage inhibitory factor (TKP) or tuftsin
(TKPR) attenuates the disease course of experimental autoimmune encephalomyelitis. BMC Immunol. 2007, 8, 112. [CrossRef]

38. O’Loughlin, E.; Madore, C.; Lassmann, H.; Butovsky, O. Microglial phenotypes and functions in multiple sclerosis.
Cold Spring Harb. Perspect. Med. 2018, 8, a028993. [CrossRef] [PubMed]

http://doi.org/10.1038/nn.2887
http://doi.org/10.3390/cells8060543
http://www.ncbi.nlm.nih.gov/pubmed/31195710
http://doi.org/10.1002/ana.21800
http://doi.org/10.1038/s41582-019-0240-y
http://www.ncbi.nlm.nih.gov/pubmed/31420598
http://doi.org/10.1111/imr.12169
http://doi.org/10.1002/ana.20016
http://www.ncbi.nlm.nih.gov/pubmed/15048884
http://doi.org/10.1155/2020/7191080
http://doi.org/10.1111/j.1749-6632.2003.tb07533.x
http://www.ncbi.nlm.nih.gov/pubmed/12853317
http://doi.org/10.1016/j.pneurobio.2015.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25802011
http://doi.org/10.1126/science.1110647
http://www.ncbi.nlm.nih.gov/pubmed/15831717
http://doi.org/10.3389/fimmu.2020.00374
http://doi.org/10.1016/j.biocel.2010.06.021
http://doi.org/10.1038/s41586-019-1195-2
http://doi.org/10.1038/nrneurol.2012.168
http://www.ncbi.nlm.nih.gov/pubmed/23007702
http://doi.org/10.1016/j.nbd.2011.09.008
http://www.ncbi.nlm.nih.gov/pubmed/21971527
http://doi.org/10.2147/NDT.S140634
http://www.ncbi.nlm.nih.gov/pubmed/28721047
http://doi.org/10.1016/j.expneurol.2009.04.024
http://www.ncbi.nlm.nih.gov/pubmed/19409897
http://doi.org/10.1146/annurev.immunol.021908.132528
http://doi.org/10.1007/s12264-013-1364-5
http://doi.org/10.1111/neup.12235
http://doi.org/10.1177/1352458515624558
http://doi.org/10.1093/brain/awx113
http://doi.org/10.1093/brain/aws012
http://doi.org/10.1093/brain/awv398
http://doi.org/10.1016/j.conb.2017.10.001
http://doi.org/10.1007/s10787-018-0528-3
http://doi.org/10.1038/nm1177
http://doi.org/10.1186/1471-2172-8-10
http://doi.org/10.1101/cshperspect.a028993
http://www.ncbi.nlm.nih.gov/pubmed/29419406


Int. J. Mol. Sci. 2021, 22, 8404 14 of 16

39. Patsopoulos, N.A.; Baranzini, S.E.; Santaniello, A.; Shoostari, P.; Cotsapas, C.; Wong, G.; Beecham, A.H.; James, T.; Replogle, J.;
Vlachos, I.S.; et al. Multiple sclerosis genomic map implicates peripheral immune cells and microglia in susceptibility. Science
2019, 365, eaav7188. [CrossRef]

40. Cotrina, M.L.; Lin, J.H.C.; Alves-Rodrigues, A.; Liu, S.; Li, J.; Azmi-Ghadimi, H.; Kang, J.; Naus, C.C.G.; Nedergaard, M.
Connexins regulate calcium signaling by controlling ATP release. Proc. Natl. Acad. Sci. USA 1998, 95, 15735–15740. [CrossRef]
[PubMed]

41. Pfrieger, F.W.; Barres, B.A. Synaptic efficacy enhanced by glial cells in vitro. Science 1997, 277, 1684–1687. [CrossRef] [PubMed]
42. Hertz, L.; Gibbs, M.E. What learning in day-old chickens can teach a neurochemist: Focus on astrocyte metabolism. J. Neurochem.

2009, 109, 10–16. [CrossRef]
43. Perea, J.R.; López, E.; Díez-Ballesteros, J.C.; Ávila, J.; Hernández, F.; Bolós, M. Extracellular Monomeric Tau Is Internalized by

Astrocytes. Front. Neurosci. 2019, 13, 442. [CrossRef]
44. Morales, H.P.; Schousboe, A. Volume regulation in astrocytes: A role for taurine as an osmoeffector. J. Neurosci. Res. 1988, 20,

505–509. [CrossRef]
45. Duan, S.; Anderson, C.M.; Keung, E.C.; Chen, Y.; Chen, Y.; Swanson, R.A. P2X7 receptor-mediated release of excitatory amino

acids from astrocytes. J. Neurosci. 2003, 23, 1320–1328. [CrossRef] [PubMed]
46. Parpura, V.; Basarsky, T.A.; Liu, F.; Jeftinija, K.; Jeftinija, S.; Haydon, P.G. Glutamate-mediated astrocyte-neuron signalling. Nature

1994, 369, 744–747. [CrossRef] [PubMed]
47. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.-S.;

Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia HHS Public Access. Ted M Dawson 2017,
541, 481–487. [CrossRef]

48. Wang, L.Y.; Cai, W.Q.; Chen, P.H.; Deng, Q.Y.; Zhao, C.M. Downregulation of P2X7 receptor expression in rat oligodendrocyte
precursor cells after hypoxia ischemia. Glia 2009, 57, 307–319. [CrossRef] [PubMed]

49. Shih, R.H.; Wang, C.Y.; Yang, C.M. NF-kappaB signaling pathways in neurological inflammation: A mini review.
Front. Mol. Neurosci. 2015, 8, 77. [CrossRef]

50. Hayden, M.S.; Ghosh, S. NF-κB, the first quarter-century: Remarkable progress and outstanding questions. Genes Dev. 2012, 26,
203–234. [CrossRef]

51. Nicolas, C.S.; Amici, M.; Bortolotto, Z.A.; Doherty, A.; Csaba, Z.; Fafouri, A.; Dournaud, P.; Gressens, P.; Collingridge, G.L.;
Peineau, S. The role of JAK-STAT signaling within the CNS. JAK-STAT 2013, 2, e22925. [CrossRef]

52. Choi, W.H.; Ji, K.A.; Jeon, S.B.; Yang, M.S.; Kim, H.; Min, K.J.; Shong, M.; Jou, I.; Joe, E.H. Anti-inflammatory roles of retinoic acid
in rat brain astrocytes: Suppression of interferon-γ-induced JAK/STAT phosphorylation. Biochem. Biophys. Res. Commun. 2005,
329, 125–131. [CrossRef] [PubMed]

53. Herrmann, J.E.; Imura, T.; Song, B.; Qi, J.; Ao, Y.; Nguyen, T.K.; Korsak, R.A.; Takeda, K.; Akira, S.; Sofroniew, M.V. STAT3 is a
critical regulator of astrogliosis and scar formation after spinal cord injury. J. Neurosci. 2008, 28, 7231–7243. [CrossRef]

54. Haroon, F.; Drögemüller, K.; Händel, U.; Brunn, A.; Reinhold, D.; Nishanth, G.; Mueller, W.; Trautwein, C.; Ernst, M.;
Deckert, M.; et al. Gp130-Dependent Astrocytic Survival Is Critical for the Control of Autoimmune Central Nervous System
Inflammation. J. Immunol. 2011, 186, 6521–6531. [CrossRef]
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