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Abstract: With the umbrella term ‘neurodevelopmental disorders’ (NDDs) we refer to a plethora
of congenital pathological conditions generally connected with cognitive, social behavior, and sen-
sory/motor alterations. Among the possible causes, gestational and perinatal insults have been
demonstrated to interfere with the physiological processes necessary for the proper development
of fetal brain cytoarchitecture and functionality. In recent years, several genetic disorders caused
by mutations in key enzymes involved in purine metabolism have been associated with autism-like
behavioral outcomes. Further analysis revealed dysregulated purine and pyrimidine levels in the
biofluids of subjects with other NDDs. Moreover, the pharmacological blockade of specific purinergic
pathways reversed the cognitive and behavioral defects caused by maternal immune activation, a
validated and now extensively used rodent model for NDDs. Furthermore, Fragile X and Rett syn-
drome transgenic animal models as well as models of premature birth, have been successfully utilized
to investigate purinergic signaling as a potential pharmacological target for these diseases. In this
review, we examine results on the role of the P2 receptor signaling in the etiopathogenesis of NDDs.
On this basis, we discuss how this evidence could be exploited to develop more receptor-specific
ligands for future therapeutic interventions and novel prognostic markers for the early detection of
these conditions.

Keywords: purinergic signaling; P2 receptors; neurodevelopmental disorders; maternal immune
activation

1. Introduction

Neurodevelopmental disorders (NDDs) comprise a wide variety of neuropathological
conditions related to alterations of brain development. These broadly include autism
spectrum disorders (ASDs), schizophrenia (SCZ), attention deficit hyperactivity disorder
(ADHD), intellectual disability disorder, Rett syndrome, Down syndrome, cerebral palsy
and Williams Syndrome, as well as many other rare genetic disorders such as Lesch-Nyhan
disease (LND) [1]. Despite very heterogeneous clinical causes, which involve either genetic
or gestational /perinatal insults, all NDDs are characterized by a combination of cognitive,
social, and motor deficits which manifest early in childhood and require life-long healthcare
assistance, implicating a severe socio-economic burden [2]. NDDs affect >3% of children
worldwide, and their incidence is expected to dramatically increase in the next decade due
to the consequences of gestational infections during the COVID-19 pandemic [3]. In this
scenario, identifying novel therapeutic targets to tackle the disability associated with NDDs
represents an urgent medical need.

Proper neural development involves a time-dependent orchestrated sequence of ge-
netic, epigenetic, and environmental events that are crucial for shaping the architecture
of the growing brain. Synapse formation, the functionality of neural networks and the
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myelination of neuronal axons require a precise fulfillment of multiple developmental
processes including cell fate specification, cell migration, axon guidance and specific cell
death programs in damaged or unnecessary cells [4,5].

In recent years, solid evidence acknowledged a pivotal role of purinergic signal-
ing, constituted by adenosine which activates the G protein-coupled P1 receptors (Aj,
Ajsp, Agp and Aj) [6] and ATP and other extracellular nucleotides interacting with the
ligand-gated P2X channels (the P2X1-7 subtypes) and G protein-coupled P2Y receptors (the
P2Y1 5 46,11,12,13,14 subtypes) [7] in orchestrating fetal and postnatal brain development [8].
For instance, adenosine signaling has been shown to dramatically affect neural plastic-
ity [9] and, through the Aja receptor subtype, to promote neurite outgrowth [10] and to
control neuronal migration and wiring during development [11-14]. Moreover, adenosine
is known to act as a key regulator of oligodendrocyte precursor cell (OPC) maturation [15].
On the other hand, the expression of specific P2 receptor subtypes has been shown to be
highly dynamic and tightly controlled at different developmental stages, correlating with
a specific temporal pattern required to control brain maturation [16]. For instance, P2Y;
receptor-mediated calcium signaling is fundamental to guiding the migration of neural pre-
cursors to developing cortical layers and their differentiation in neurons or astrocytes [17].
In addition, microglia, which are known to colonize the brain very early during fetal devel-
opment, were recently shown to interact with the soma of immature neuronal precursors
by forming specialized interaction sites enriched in P2Y1, receptors, defined as somatic
purinergic junctions, which are essential to driving neuronal proliferation during cortical
development [18]. The purinergic system is crucially involved also in the later stages
of neuronal development, with purine P2Y1,13 and pyrimidine P2Y, receptor subtypes
regulating neurite elongation and astrocyte terminal maturation [10,19]. Furthermore, the
activity-dependent extracellular release of ATP is one of the main signaling mechanisms
shaping axonal myelination by activating several P2 receptors expressed on OPCs, which
regulate their proliferation, migration and differentiation into mature oligodendrocytes
during early postnatal development [20,21]. Finally, P2Y and P2X receptor subtypes have
been detected in adult neurogenic niches, the ventricular/subventricular zone and the
subgranular layer of the hippocampus, where they modulate neural precursor cell functions
during postnatal development and injury-induced brain remodeling [22-24]. In particu-
lar, P2X7 receptor expression is necessary to maintain neural stem cells in a mitotic state
required for self-renewal and injury response, while it was found to decrease throughout
neurogenesis to allow axonal elongation and branching [25]. Accordingly, P2X7 knockout
mice displayed defects in neuronal differentiation and dendritic spines [26].

Given the importance of the purinergic system for proper brain development, it is not
surprising that alterations of purine metabolism and signaling cascades have been involved
in the pathogenesis of many NDDs. As the contribution of adenosine signaling to neurode-
velopmental disorders has been exhaustively and elegantly dissected elsewhere [8,27-30],
here, we focus on the role of P2 signaling during early pathological events representing
possible triggers of NDDs, such as maternal immune challenge, perinatal injury and genetic
alterations, with the final aim of inspiring purinergic therapeutic interventions able to halt
the progression of these devastating conditions.

2. Clinical Evidence Linking Neurodevelopmental Disorders with Alterations of
Purinergic Signaling and Purine Metabolism

Numerous clinical studies have associated NDDs with errors in purine and pyrimidine
metabolism. Purine metabolism is divided into three pathways: the de novo biosynthetic
pathway, which generates inosine monophosphate (IMP); the catabolic pathway, which
generates uric acid; and the salvage pathway, which reconverts guanine, hypoxanthine
and adenine into guanosine monophosphate (GMP), IMP and adenosine monophosphate
(AMP), respectively [31].

The first described syndrome linked to abnormal purine biosynthesis was the Lesch—
Nyhan disease (LND) [32]. LND is an X-linked genetic disorder caused by mutations of
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the HPRT1 gene encoding for the hypoxanthineguanine phosphoribosyltransferase (HPRT)
enzyme, which catalyzes the conversion of hypoxanthine and guanine to IMP and guano-
sine monophosphate [31]. HPRT deficiency leads to increased de novo purine synthesis,
resulting in elevated levels of uric acid that can precipitate in body fluids with subsequent
hyperuricemia, nephrolithiasis and gout [33]. Besides an aberrant purine metabolism,
the syndrome is characterized by deficient basal ganglia dopamine levels, dystonia and
severe neurobehavioral manifestations, including compulsive self-injurious behavior. Fur-
thermore, a 3-year-old boy displaying autistic behaviors and impaired hearing associated
with a flaw in purine biosynthesis was described in 1969 by William Nyhan. In this child,
a mutated form of phosphoribosyl pyrophosphate synthase, an enzyme responsible for
the first committed step in purine biosynthesis, was found to be resistant to adenosine
triphosphate’s (ATP) negative feedback, thus causing the enzyme to be abnormally active
and inducing, in turn, an excessive biosynthesis of purines [34]. Subsequently, changes in
the purine and pyrimidine metabolite profile have been extensively described in human
biofluids of children with ASD [35-39]. A very recent study combined metabolomics and
transcriptomics analysis to verify purine metabolism dysfunction in children affected by
ASD and to identify potential biomarkers [40]. Through metabolomics analysis on plasma,
authors confirmed that the purine metabolic pathway was significantly altered in patients
with ASDs and found that uric acid was one of the most significant differential metabolites
between ASDs and controls. RNA-seq analysis revealed significant differences between the
two groups in the transcriptional expression of two enzymes involved in the last steps of
purine de novo biosynthesis, the adenosylosuccinate lyase (ADSL) and AICAR transformy-
lase/IMP cyclohydrolase (ATIC), and of the adenosine catabolizing enzyme adenosine
deaminase (ADA) [40]. These examples suggest that alterations in purine biosynthesis
and catabolism may contribute to neurological outcomes. However, it is not clear whether
these changes affect the concentration of extracellular purine nucleotides in body fluids.
Although most of these pathways have been shown to influence adenosine availability and,
consequently, its signaling [8,41], a paper published last year found consistently elevated
levels of serum ATP and ADP in acutely hospitalized schizophrenic patients compared
to controls. Moreover, ATP and ADP were significantly positively correlated with the
Positive and Negative Symptom Scale item “lack of judgment and insight”, thus suggesting
a potential relationship between blood ATP levels and disease activity [42]. Nevertheless, it
is worth clarifying that increased nucleotide levels in peripheral biofluids do not necessarily
mirror purinergic alterations occurring in the CNS and may simply reflect the response
of circulating immune cells. On this basis, specific studies investigating the pathophysio-
logical correlation between purine levels in the serum and brain parenchyma and disease
severity are certainly encouraged.

Furthermore, evidence of altered expression of several P2 receptors has been reported.
In particular, the expression of P2Y, and P2Y resulted in significant upregulation, while
the expression of P2X7 was significantly downregulated in the blood of ASD children
compared to healthy subjects [40]. In addition, P2X7, P2X4 and P2X5 mRNA expression
was significantly increased in the dorsolateral prefrontal cortex of subjects diagnosed with
SCZ compared to matched, non-psychiatrically ill controls. P2X7 was also significantly
increased at protein levels [43].

In conclusion, based on the well-documented role of ATP as a danger signal [44,45],
the data presented above support the hypothesis that, in NDDs, increased extracellular
nucleotide levels act as damage-associated molecular patterns (DAMPs), ultimately leading
to an inflammatory response which may potentially interfere with the normal development
of the central nervous system (CNS; Figure 1) [46].
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Figure 1. During pregnancy, perinatal insults and maternal immune activation (MIA), together with
genetic predisposition, may compromise the physiological development of fetal brains’ cytoarchi-
tecture, which is then mirrored by impairments in the formation of neural circuitries, astrogliosis,
microglia shifting from a homeostatic to a reactive state and myelin damage in the brain of affected
subjects during postnatal life. These pathological alterations have also been reported to be paralleled
by changes in the purine and pyrimidine metabolites profile, as detected in human biofluids of
children affected by neurodevelopmental disorders (NDDs). Epidemiological studies support the
theory that a state of systemic inflammation and the substantial release of proinflammatory mediators
may be related to the increased levels of purines detected in patients suffering from NDDs, which
may act as damage-associated molecular patterns (DAMPs) and, thereby, potentially lead to defects
in the physiological development of the central nervous system (CNS).

3. Therapeutic Potential of P2X7 Receptor in Maternal Immune Activation (MIA)

Epidemiological studies have revealed that numerous pathogens affecting the maternal
compartment are responsible for interfering with the correct development of the fetal brain,
including a wide range of viral, bacterial and protozoan infections. In this respect, a more
elevated incidence of schizophrenic and autistic newborns has been attributed to seasonal
outbreaks and epidemics of rubella, influenza, measles, mumps and poliomyelitis [47].
Although prenatal infections do not per se necessarily induce clinical manifestations in
humans [48,49], preclinical animal models have demonstrated that maternal immune
activation (MIA) following infections plays a key role in neurodevelopment disorders,
since it leads to a cascade of events which negatively affect the crucial processes involved
into the formation of the growing fetus’ brain architecture [50]. Thus, MIA has been
proposed to act as a “disease primer” [51,52], and several animal models of MIA have been
established to investigate the mechanisms causally linking prenatal immune activation
with neurochemical and behavioral changes in adult MIA offspring [53,54].

Physiologically, during embryonic development, a specific balance of cytokines consti-
tutively expressed between maternal and fetal compartments is established [55]. In addition,
being mammals, both humans and rodents possess a hemochorial placenta, which is permis-
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sive for direct contact between mother and fetus; this organ is responsible for strict control
over the exchange of cytokines between these two environments [56]. When a pathogen or
maternal cytokines and chemokines excessively permeate the fetal environment, as in the
case of MIA, the embryo’s immune system is not developed enough to adequately respond
to a higher amount of proinflammatory mediators, which then leads to impairments in the
molecular, structural and functional integrity of the developing CNS and, eventually, to
life-lasting neurological defects [57]. Models of MIA have been shown to display behavioral
deficits and brain abnormalities typical of some major neurodevelopmental disorders and
psychiatric illnesses, such as schizophrenia and ASDs [58].

In recent years, the use of polyinosinic-polycytidylic acid (Poly(I:C)) for the induction
of MIA in animal models has been widely established in the scientific community (for an
extensive review [59]). In this type of model, pregnant dams are exposed to an immunogenic
stimulus by single or multiple intraperitoneal injections of Poly(I:C) at specific times of
gestation. Poly(I:C) is a commercially available synthetic analog of double-stranded RNA
(dsRNA) which activates Toll-like receptor 3 (TLR3), leading to the production and release
of numerous proinflammatory mediators in the extracellular environment. The production
of these cytokines by Poly(I:C) is fundamental to mimicking the acute phase of a viral
infection and the influences that a viral pathogen may have on the development of the fetal
brain [60].

Recent studies have investigated the possibility of exploiting purinergic signaling as a
target for pharmacological therapy in an MIA model of ASDs. In the first study, Naviaux
et al. administered a double intraperitoneal dose of Poly(I:C) to C57BL/6] pregnant dams,
a first dose of 3.0 mg/kg at E12.5 and a second dose of 1.5 mg/kg at E17.5. Contemporarily,
an injection of 5 uL/g phosphate-buffered saline (PBS) was intra-peritoneally (i.p.) adminis-
tered on the same days to produce control offspring [61]. Afterwards, when male offspring
reached 6 weeks of age, animals were treated with weekly injections of either PBS (5 uL/g,
i.p.) or suramin (hexasodium salt, 20 mg/kg, i.p.), a broadly acting P2 receptor antagonist.
Finally, at 8 weeks of age, all animals were evaluated by a series of test paradigms.

In this protocol, defects in the social preference test and in the sensorimotor coordina-
tion were observed, which were accompanied by a reduction in the number of cerebellar
Purkinje cells. Interestingly, behavioral and structural brain abnormalities were corrected
by suramin. In addition, in the MIA offspring, the authors reported ultrastructural synaptic
dysmorphology and a reduction in the expression of P2Y, and P2X7 receptors and of their
key effectors, extracellular signal-regulated kinases 1/2 (ERK1/2) and calcium/calmodulin-
dependent protein kinase (CAM). Authors suggested that, at least for P2Y;, the downregu-
lation of the receptor was due to chronically elevated purinergic signaling in the Poly(I:C)
model, which is consistent with the hypothesis that excessive purinergic signaling is a
causal factor that initiates and maintains the cellular danger response in the MIA model
of ASDs. Of note, treatment with suramin was also able to revert the abovementioned
molecular and neuropathological defects. Finally, suramin treatment also restored body
temperature and brain mitochondrial activity to normal and increased whole-body oxygen
consumption (metabolic rate, VO2) in MIA animals [61].

In a subsequent study of the same group [46], MIA was induced in the same way,
but male offspring were treated with a single injection of either PBS or suramin when
they reached 26 weeks of age (almost 6 months), equivalent to a human biological age of
30 years. The results of behavioral tests evidenced again that social and novelty preferences
were deficient in MIA animals treated with PBS, whereas these deficits were completely
reversed in animals following the single suramin injection. It has also been proven that,
after 5 weeks of drug washout, no benefit remained concerning the novelty preference,
whereas a small residual social preference benefit persisted. Different than seen before,
a single dose of suramin did not restore normal motor performance. However, motor
coordination is critically dependent on the integrity of Purkinje cells, which are known
to be lost in MIA animals by 4 months (16 weeks) of age. Thus, it could well be that
therapy with P2 receptor antagonists given later in life (at or after 6 months of age) would
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have no effect on Purkinje cell loss and ultimately on motor performance. According to
metabolomic analyses, purine metabolism was the most affected metabolic pathway in
MIA mice; 23% (11 out of 48) of the discriminant metabolites were purines, and 82% (9 out
of 11) of purine metabolites were increased in untreated MIA mice, consistent with the
condition of excessive purinergic signaling. This pattern of abnormalities is strikingly
comparable to the metabolic abnormalities that have been found in ASD children. Suramin
restored the level of the nine dysregulated purine metabolites in plasma to more normal
levels [46]. Furthermore, this experiment allowed us to understand how drugs that cannot
permeate the blood-brain barrier (BBB) can still have an effect in the CNS. In fact, suramin
cannot pass through the BBB, but it is taken up by cells of a brain region containing a
critical density of chemosensory neurons, the area postrema of the brainstem, which is not
protected by the BBB.

In the wake of these encouraging results, several more studies point to maternal and
offspring P2 receptors as potential therapeutic targets for the early prevention and treatment
of MIA-induced mood disorders [62]. Among various P2 receptors, the P2X7 subtype
received particular attention, based on its known activity in regulating neurotransmitters’
release (e.g., glutamate and GABA release [63]) in the CNS by the modulation of Ca?* influx.
Moreover, it has been demonstrated that P2X7 activation plays a role in the processing
and release of mature proinflammatory mediators, including IL-1§3, IL-18, TNF-« and
ATP-mediated apoptosis. DAMPs and PAMPs (pathogen-associated molecular patterns)
activate and stimulate TLRs in the production of proinflammatory cytokines precursors,
such as pro-IL-1f3 and pro-IL-18. In parallel, after an immune challenge, cell and tissue
damage leads extracellular ATP levels to increase, thus activating P2X7 receptors [64]. As a
consequence, the assembly of NLRP3 inflammasome, a multimeric component of the innate
immune system involved in the initiation of inflammatory cell death and proinflammatory
mediators’ production, occurs, which in turn induces the activation of caspase-1. The
caspase-1 enzyme is then responsible for the activation and release of mature IL-13 and
IL-18. The P2X7-NLRP3 pathway is thereby crucial to the link between innate immune
response and inflammation [65] (Figure 2).

In a compelling study, Horvéth et al. investigated whether P2X7R activation is a
necessary step in the transduction of MIA into the development of ASDs in mouse offspring.
They observed that Poly(I:C) intraperitoneal injections of 3 mg/kg on E12.5 and 1.5 mg/kg
on E17.5 did not induce behavioral abnormalities in the P2X7 receptors KO mouse model;
furthermore, the atrophy of cerebellar Purkinje cells and malformations of synaptosomes
were found to be alleviated or totally absent [66].

Interestingly, similar outcomes have been observed when a single injection of the po-
tent and selective P2X7 receptor antagonist JNJ47965567 (30 mg/kg i.p.) was administered
to pregnant WT dams 2 h before the Poly(I:C) administration, or postnatally to the offspring
before the first behavior test. In addition, to underline the fundamental role of the P2X7
receptor in ASD development, the authors induced P2X7 receptor activation via a single
ATP injection in both WT and KO mice. P2X7 receptor WT mice displayed symptoms
comparable to the ones observed in Poly(I:C)-induced MIA, while P2X7 receptor KO mice
did not display any deficit, thereby further supporting the hypothesis that P2X7R activation
is necessary and sufficient to induce an autistic phenotype in mouse models [66]. In another
publication from the same group [67], to further validate P2X7R as a potential drug target,
JNJ47965567 was administered accordingly to a paradigm which was more similar to a po-
tential human therapeutic treatment period. Indeed, MIA offspring were intraperitoneally
injected for nine days starting from postnatal day (P) 65, 2 h before the respective behavior
tests. Of note, INJ47965567 was effective in the prevention of autism-like behavior in mice
also using this repeated dosing protocol. In addition, given the pivotal role of NLRP3
in the innate immune response and its involvement in P2X7-mediated actions, the effect
of maternal pretreatment with its selective antagonist MCC950 was investigated in the
same MIA model. Autism behavior and proinflammatory mediator increases were also not
observed in MIA offspring after the administration of a selective NLRP3 inhibitor, which
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Figure 2. Schematic representation of the P2X7-NLRP3 and TLR3 pathways of innate immune re-
sponse following an inflammatory insult. Extracellular ATP derived from damaged cells activates
the P2X7 purinergic receptor, resulting in a decrease in intracellular K* and increase in intracellular
Ca®*. These molecular events lead to the oligomerization of NLRP3 subunits and to the recruitment
and oligomerization of the apoptosis-associated speck-like protein (ASC), which contains the caspase
recruitment and activation domain (CARD), giving rise to the mature NLRP3 inflammasome. Subse-
quently, ASC filaments recruit pro-caspase-1 to the NLRP3 inflammasome and promote its activation
into caspase-1. Concurrently, the transmembrane Toll-like receptor 3 (TLR3) senses the presence
of exogenous nucleic acids or synthetic immune stimulants, such as Poly(I:C), in the extracellular
environment, and, upon activation, it is internalized. TLR3 internalization leads to increased produc-
tion of proinflammatory precursors, particularly pro-IL-1f and pro-IL-18, which are then cleaved
by caspase-1 into their mature forms, namely, IL-1p and IL-18. Mature proinflammatory mediators
are then released in the extracellular environment. An upward pointing arrow means an increase,
whereas a downward pointing arrow is indicative of a decrease.

Finally, in a very recent paper, it has been shown for the first time that MIA induced
by a single dose of Poly(I:C) at E12.5 compromised dendritic outgrowth in hippocampal
neurons and led to specific schizophrenia-like behaviors in a P2X7R-mediated manner.
Indeed, the ablation of the receptor counteracted these structural brain abnormalities and
prevented behavioral alterations. However, the effects of P2X7 receptor antagonists on
these parameters have not yet been investigated [68].
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Clinical Study

Notwithstanding the fact that suramin is a rather unspecific drug and presents
some substantial drawbacks regarding the extension of its use from mice to humans [62],
small phase I and II clinical trials have been performed on children with ASD [69]. The
Suramin Autism Treatment-1 (SAT-1) clinical trial (NCT02508259) is a double-blind, placebo-
controlled, translational pilot study aimed at determining the safety, the pharmacokinetics
and the pharmacodynamics of low doses of suramin in children affected by ASDs. Ten male
patients, aged 5 to 14, were divided into five pairs according to their age, IQ, and degree of
autism. They were then randomly assigned to receive either a single intravenous infusion
of suramin (20 mg/kg) or saline solution. Purine metabolism was the pathway most altered
by suramin treatment in children with ASDs, according to the pharmacometabolomic
analyses and consistent with the results obtained by preclinical mouse models [46]. Fol-
lowing a single low dose of suramin, parents reported that the rate of new behavioral
and developmental improvements continued to rise for the first three weeks after the
administration, as the drug’s levels in the plasma fell from 12 to 4 umol/L. Thereafter, these
improvements gradually decreased toward baseline over the following three weeks, as
plasma levels further dropped from 4 to 1.5 umol/L. This response pattern thereby showed
a threshold effect at around 4 pumol/L. In conclusion, this small trial demonstrated that
low-dose suramin is a safe and promising pharmacological therapy for ASDs [69].

4. Involvement of Purinergic Transmission in Perinatal White Matter Injuries

A leading cause of perinatal brain injury is preterm birth, defined by the World Health
Organization (WHO) as a birth before 37 completed weeks of gestation. Although the
specific cause is still unknown, a multitude of overlapping factors, e.g., increases in ma-
ternal age, exposure to environmental contaminants, changes in systemic inflammatory
and immune processes, social inequity and exposure to stress, have been considered risk
factors for premature births [70]. Data show that 11% of live births in the world are the
result of preterm delivery [71]. Outcomes of preterm birth range from subclinical psy-
chological traits, such as mild attention deficit, to lifelong neurological disorders, such
as cerebral palsy. Prematurity is also a significant risk factor for neurodevelopmental
disorders such as ADHD and ASDs [72]. Diffuse perinatal white matter injuries (WMI),
including periventricular leukomalacia (PVL) caused by ischemic damage, are the most
common types of brain injury in preterm infants. Indeed, in humans, myelination starts
only after 32 weeks of gestation and gradually increases (and is completed) within the
first two decades of life. The formation of myelin is a complex process, during which
OPCs become mature OLs through a highly regulated program of differentiation. The
extraordinary metabolic demands and the complexity of oligodendrogenesis render this
neurodevelopmental stage very vulnerable [73]. Based on the known pathophysiological
role of purines in neurodevelopment [8], the presence of perinatal white matter abnormali-
ties may also reflect alterations of specific purinergic signaling pathways. Of note, in an
in vivo model of ischemic-induced PVL established by the ligation of bilateral common
carotid arteries, followed by 30 min of exposure to hypoxia in P2 rats, intraperitoneal
injection of uridine-5’-diphosphate (UDP)-glucose resulted in an overall amelioration of the
prognosis. UDP—glucose is an endogenous agonist acting on different purinergic receptor
subtypes, including the G protein-coupled P2Y-like receptor GPR17 [74]. UDP-glucose
significantly improved the developmentally delayed age of first eye opening associated
with hypoxic/ischemia-induced PVL. In addition, purinergic treatment reduced the white
matter damage in the internal capsule, subcortical area and corpus callosum observed
in the PVL animals, at 7 days and 21 days after injury. Finally, UDP-glucose improved
limb motor dysfunction and incoordination, spatial identification, learning and memory
functions in rats after ischemic white matter injury of PVL [75]. As a mechanism of action,
it has been suggested that UDP-glucose stimulated the proliferation of glial progenitor
cells derived from both the ventricular/subventricular zone and white matter, promoted
their differentiation into mature myelinating oligodendrocytes and raised the survival rate
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of newly generated glial cells [76]. The latter results are apparently in contradiction to a
recent report which used a different model of PVL established in 2-day-old neonatal rats by
intracerebral injection of lipopolysaccharide (LPS) [77]. Compared to sham, GPR17 was
significantly upregulated in the PVL group at 1, 3 and 7 days post-modeling. In addition,
counteracting its pathological increase by in vivo silencing induced a dramatic increase in
the formation of myelin sheaths as well as thicker myelin sheaths on day 7 post-modeling
in the PVL + siRNA-GPR17 group with respect to PVL [77].

In recent years, particular importance has been gained by the interleukin-1§3 (IL-13)
animal model of preterm birth. Specifically, intraperitoneal injections of IL-1$ (10 mg/kg)
administered to mouse pups twice daily on postnatal days 1 to 4 and once on postna-
tal day 5 recapitulate the systemic inflammatory insult of maternal/fetal infections in a
developmental period roughly corresponding to 22-32 weeks of human gestation. This,
in turn, induces central inflammation, structural alterations in the brain and behavioral
defects. In particular, an oligodendrocyte maturation delay can be observed, which is
reflected by an increase in the numbers of NG2-positive and PDGFRx-positive OPC/pre-
oligodendrocyte populations, a decreased expression of MBP, MAG and MOG and altered
axonal myelination in adulthood associated with cognitive dysfunction [78].

Recently, in the same animal model, differences in the sensitivity to neuroinflamma-
tion between OPCs and immature OLs have also been highlighted. Purified O4-positive
immature OLs showed a greater upregulation of Toll-like receptor 3 (TIr3), I1-1§3, interferon
(Ifn)-B, Ccl2 and Cxcl10 as compared to PDGFRax-positive sorted OPCs [79]. In this model,
treatment with the anti-asthmatic drug montelukast (MTK), an antagonist of both cysteinyl-
leukotrienes receptor 1 (CysLTR-1) and GPR17 (see also below) has been shown to produce
beneficial effects on brain abnormalities and functional deficits when concomitantly injected
with IL-1§3. In detail, MTK attenuated both peripheral and central inflammation, reducing
the expression of pro-inflammatory molecules (IL-1§3, IL-6, TNF) in the brain, restoring
parvalbumin-positive interneuron density in the cortex and improving anxiety and spatial
learning deficits in this model of perinatal inflammatory injury. Of note, montelukast has
been also demonstrated to antagonize GPR17 [80-82] (see also below) to promote white
matter repair in a CysLTR-1 independent way by inhibiting the receptor [83,84] and to
restore cognitive function in old mice via a GPR17-dependent mechanism [85]. Moreover,
functional genomic analyses highlighted a shift in Gpr17-regulated cellular processes in
oligodendrocyte progenitor cells and underlying myelin dysregulation in the aged mouse
cerebrum [86], again supporting a central role for GPR17 in myelination throughout life.

However, the exact mechanisms at the basis of MTK oligodendrocyte repair and white
matter protection remain to be elucidated.

5. Therapeutic Approach Targeting P2 and P2Y-like Receptors in Genetic Models of
Postnatal Neurodevelopmental Disorders

The fragile X messenger ribonucleoprotein 1 (Frmr1) knockout (KO) mouse is the oldest
and one of the most studied genetic mouse models used in autism research. The Fmrl gene
encodes the fragile X messenger ribonucleoprotein (FMRP), an mRNA-binding protein with
a key role in regulating mRNA stability and splicing as well as synaptic plasticity and den-
dritic transport [87]. In humans, the expansion and hypermethylation of CGG repeat within
the Fmr1 gene, effectively silencing the gene and preventing the expression of the FMRP
protein [88], leading to the Fragile X syndrome (FXS), the most common inheritable form
of ASD. Similarly, Fmr1 KO mice display ASD-like behavior, with impairments in social
interactions, attention, communication and cognition which are accompanied by synaptic
deficits, abnormal dendritic spine morphology and neurotransmission defects [89]. One
month of weekly therapy with suramin (20 mg/kg intraperitoneally), started at 9 weeks of
age, ameliorated the altered social behavior observed in the Fmrl KO mice. In addition,
suramin restored the synaptosome structural abnormalities and corrected the altered pro-
tein expression of synaptosomal glutamate, endocannabinoid, purinergic and IP3 receptors,
complementing Clq, TDP43, £ and amyloid precursor protein (APP) which are present in
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the mutated mice. When the authors analyzed the metabolomic effects of weekly treatment
with suramin or saline in the plasma of Fragile X mice, they identified 20 biochemical
pathways associated with symptom improvements in the Fragile X (Fmr1 knockout) model.
Interestingly, there was a generalized increase in gangliosides, phospholipids, and choles-
terol metabolites needed for myelin and cell membrane synthesis [90]. Notably, astrocytes
are directly involved in the synaptic abnormalities observed in both FXS mouse model
and patients: the selective loss of FMRP in astrocytes leads to abnormal dendritic growth
and aberrant synapse formation in developing WT neurons [91], whereas WT astrocytes
efficiently normalize neuronal alterations in co-culture systems [92]. However, the astrocyte-
derived factors impacted by the mutation are largely unknown. In this respect, in cultured
astrocytes, the absence of FMRP resulted in elevated expressions of P2Y, and P2Y¢ puriner-
gic receptors, which, in turn, resulted in higher intracellular calcium responses following
the application of exogenous ATP and UTP compared to wildtype cells. In contrast, P2Y
antagonism via suramin prevented intracellular calcium elevations. Further, the secretion
and expression of the adhesion glycoprotein thrombospondin-1 (TSP-1), which normally
promotes the formation of excitatory synapses through its interaction with the neuronal
«26-1 voltage-gated calcium channel, were both heightened in Fmrl KO vs. wildtype
astrocytes following UTP application (Figure 3A). This led the authors to speculate that
purinergic signaling aberrations contribute to pathologically increased excitatory signaling
in Fragile X Syndrome and may necessitate further investigation as a potential therapeutic
target for future treatment of FXS [93]. A paper from the same group recently reported
evidence of elevated levels of IL-6 and Tenascin C (TNC), a known endogenous ligand
of TLR4 that has been shown to induce the expression of pro-inflammatory cytokines
such as IL-6 in Fmr1 KO astrocytes, indicating a potential immune mechanism associated
with FXS [94]. However, the stimulation of Frmrl KO astrocytes with UDP did not further
exacerbate TNC or pSTATS3 levels, a transcription factor linked to the astrocytic production
of pro-inflammatory cytokines, suggesting that the purine-mediated activation of these
factors was already maximized due to the overexpression of P2Y; and P2Y receptors.

Rett syndrome (RTT) is another example of monogenic postnatal neurodevelopmental
disorder, classified as an autism spectrum disorder, caused by mutations in the X-linked
gene encoding methyl-CpG-binding protein 2 (MECP2). The main function of the MECP2
protein is to modulate gene expression by binding methylated CpG dinucleotides by inter-
acting with transcription factors. Clinically, it is characterized by psychomotor regression
with a loss of volitional hand use and spoken language, the development of repetitive
hand stereotypies and gait impairment. In rodents, RTT has been modeled with a loss of
function mutations in MECP2. These mice develop neurological and behavioral phenotypes
resembling those observed in RTT patients [95]. In a recently published paper, Garré and
co-workers [96] showed that in the Mecp?3%/Y mouse model, there was an upregulation of
P2X7-positive monocytes and macrophages at the border of the cortical region indicating
that the KO of MECP protein predisposed mice to an inflammatory phenotype. Moreover, in
the double transgenic Mecp2308/Y;P2x7r— / — mice, the ablation of P2X7 reduced the num-
ber of cells positive for the inflammasome maker NLRP3+ and restored the dendritic spine
loss observed in the cortex of Mecp2308/Y mice. These ameliorations in the inflammatory
state and synapse plasticity due to P2X7R deficiency were paralleled by an improvement
in behavioral outcomes in Mecp2308/Y mice. Furthermore, the transplantation of P2X7~
bone marrow-derived leukocytes in mutated mice, or pharmacological blockade of the
receptor by Brillant blue G, recapitulated the beneficial effects of total P2X7R depletion on
the social behavior and highlighted the positive effects of blocking P2X7Rs in Mecp2308/Y
in peripheral tissues (Figure 3B). Together, these results underscore the contributions of
P2X7Rs and non-microglial myeloid cells to brain dysfunction in RTT [96].



Biomolecules 2023, 13, 856

11 0f 19

A | Fragile X syndrome

Exogenous
» ATPandUTP
® ®
e .
.

. ® Tl
. .,
x4
e %A
5 p2Y
receptors
| !
% ‘- Texpression
+1ttin " i of P2Y; and
excitatory \P2Y, receptors, .-
signaling & <

T activation
of a26-1
receptors

of TSP-1

channel
raceptors

Fmr1KO
astrocyte

Suramin
treatment

| * o
— o0
.o

P2y
antagonism by
suramin
application

of P2Yz and
P2Y; receptors

Rett syndrome

1 inflammation
b\

Antagonism by
Brilliant Blue G g

P
-

Transplantation

1 dendritic
spine loss
4

X

Péx7 receptor
blockade

/
1 axpress'nn%@{ﬁ
of NLRP3
/J g

Improvement in psychomotor
and gait outcome

; NLRP3
inflammasome

]|

F2x7
genetic KO

MIDIDIDIN

Impairments in OL "\
differentiation N

¥ ’."'/“;"\‘
-7 » % H
Reduced number of ;

GPR17+ OLs

Lysosome

./ Abnormal formation
v of myelin sheaths

SNX27

Reduced levels
of SNX27

TGPR17 lysasome
degratation Trisomic ' Y
expression of Y

miR-155

MPDIDIVIN

Nucleus

Impairments in OL
differentiation

Mature
oL

e,
GPR17

A

Downregulation of
GPR17 expression

Pre-OL

Post-synaptic leukooytes
dendrite Nucleus
C Down syndrome D | williams syndrome
- “‘.
Reduction in axonal Alterationsin  _____ ____
M.gfre myelination white matter (WM) s
ALY Social
:{/gé \ o

abnormalities

Aberrant
methylation of
Gpri7 gene

—

MIDODIVIN

Nucleus

Figure 3. Exemplification scheme of the pathogenic mechanisms leading to the development of
some neurodevelopmental disorders, in which a role of P2 or P2-like purinergic receptors has been
observed. (A). In the Fragile X syndrome, the reduced expression of the Fmrl gene in cultured
astrocytes results in increased expression of P2Y2 and P2Y6 purinergic receptors, which, in turn,
leads to augmented intracellular levels of calcium, following the application of exogenous ATP

and UTP. In addition, UTP application also induces a higher secretion and expression of TSP-1
glycoprotein, which, by interacting with and activating neuronal x26-1 channels, promotes the
establishment of a stronger excitatory signaling. On the contrary, P2Y antagonism exerted by suramin
prevents intracellular calcium elevations. (B). In the MECP2 KO mice model of Rett syndrome, either
the silencing of the expression of P2x7 gene, the transplantation of P2X7 KO leukocytes, or the
P2X7 receptor blockade obtained from the antagonism by Brilliant Blue G, results in a decrease in

inflammation, in a reduction in dendritic spine loss and in an overall improvement in psychomotor

outcomes. (C). In the Ts65Dn mouse model of Down syndrome, trisomic expression of miR-155
reduces SNX27 protein expression. This was hypothesized to significantly drive GPR17 toward
lysosomal degradation which, in turn, is responsible for the observed reduction in GPR17+ cells
and for the altered differentiation of oligodendrocytes (OL). (D). In Williams syndrome, the aberrant
hypomethylation of the Gpr17 gene downregulates its expression, impairing OL maturation, reducing

the physiological axonal myelination and promoting white matter alterations, eventually leading

to social and behavioral abnormalities. An upward pointing arrow means an increase, whereas a

downward pointing arrow is indicative of a decrease.
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Recent evidence has highlighted a role for the G protein-coupled P2Y-like receptor
GPR17 in neurodevelopmental disorders of genetic origin. After the original report de-
scribing GPR17 [74], this receptor has been widely recognized as an important regulator
of OPC maturation, both during early development and at adult stages. This receptor
responds to both extracellular nucleotides, mainly UDP and UDP—-glucose, and cysteinyl-
leukotrienes [74], endogenous signaling molecules involved in both inflammatory response
and in the repair of CNS lesions. It is highly expressed during the transition from OPCs to
immature OLs, but, after this stage, it has to be downregulated to allow cells to complete
their maturation toward myelinating OLs [80,97]. Any alteration in this peculiar expression
pattern results in myelination defects; marked GPR17 upregulation and/or accumulation of
GPR17-expressing cells at the border of demyelinated lesions has been observed in a wide
variety of pathological conditions associated with dysmyelination, including patients af-
fected by MS [97,98], traumatic brain injury [99] and congenital leukoencephalopathy [100].
From a neurodevelopmental perspective, GPR17-expressing OPCs are already present in
mice at birth, their number increases over time, reaching the highest expression level at P10
before the peak of myelination, and then declines in the adult brain [101].

The first hint of an altered expression of GPR17 in a neurodevelopmental disease came
from our observations in the brains of Ts65Dn mice, an animal model of Down Syndrome.
In these mice, the trisomic expression of miR-155 leads to reduced levels of sorting nexin 27
(SNX27) [102,103]. SNX27 is a member of a large family of endosomal trafficking proteins
which is required for the recycling to the plasma membrane of a number of receptors
and ion channels [104]. Of note, we showed that silencing SNX27 significantly increases
GPR17 degradation in vitro. In agreement, the number of GPR17-expressing cells was
greatly diminished in the postnatal brains of Ts65Dn mice which also showed impaired
myelination [105] (Figure 3C).

A very recent publication also reported an alteration of GPR17 expression at the
transcriptomic level in the Williams Syndrome (WS), a rare genetic multi-systemic neu-
rodevelopmental disorder caused by a pathological microdeletion of 26-28 genes in the
7q11.23 region. WS is characterized by social abnormalities, such as hyper-sociability,
striking social fearlessness, distinct over-friendliness, and excessive empathy, along with
poor social judgment ability. These behavior defects are accompanied by a reduction in
myelin-related genes, OL numbers, neuronal myelination and by alteration in white matter
compared to normally developed control subjects [106,107]. In the study from Trangle
and co-workers [108], genome-wide disruption of the methylome has been observed in
samples from the frontal cortex of individuals with WS compared to matched controls.
Interestingly, gene ontology (GO) analysis revealed that hypomethylated regions/sites
of WS patients were enriched in pathways linked to ‘oligodendrocyte specification and
differentiation’. In addition, this aberrant hypomethylation in WS individuals led to the
transcriptional downregulation of the GPR17 gene, suggesting a central role for this receptor
in the WS-associated phenotype (Figure 3D).

In conclusion, these findings uncover a critical role of GPR17 in the OL defects that are
observed in neurodevelopmental disorders and suggest that modulation of its signaling
might be a potential therapeutic approach for treating these conditions.

6. Conclusions

The evidence discussed here strongly supports a role for P2 receptors and their signal-
ing in NDDs (Table 1).

Specifically, it has been suggested that various kinds of gestational interfering agents
resulting in MIA invariably induce increased purine levels in the developing fetal brain.
Abnormally elevated purine levels may then act as DAMPs, ultimately leading to an in-
flammatory response that irreversibly alters physiological CNS development. Depending
upon the nature of the interfering agent, exact gestational timing, insult’s duration and/or
intensity and the preferential involvement of specific brain areas, the offspring may de-
velop diverse clinical manifestations, ranging from mild-to-serious cognitive impairment,
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altered social behavior, distinct sensorimotor neurological defects and alterations of specific
purinergic pathways or receptors.

Table 1. Summary table of the P2 and P2-like receptors’ involvement in the etiopathogenesis of

several neurodevelopmental disorders.

Receptor Implicated Diseases Therapeutic Targets or Receptor Engagement
e  Upregulated in the blood of children with ASDs [40]
Autism spectrum disorders (ASDs) e  Reduced expression in the Poly(I:C)-induced ASD mouse

P2Y2 model [61]

Fragile X syndrome (FXS) Upregulated in cultured Frmr1 KO astrocytes [93]
PIY6 Autism spectrum disorders (ASDs) Upregulated in the blood of children with ASDs [40]

Fragile X syndrome (FXS) Upregulated in cultured Fmr1 KO astrocytes [93]
PoX4 Schizophrenia (SCZ) mRNA 51gn1.flcantA1y increased in the dorsolateral prefrontal cortex of

schizophrenic subjects [43]

P2X5 Schizophrenia (SCZ) mRNA 51gn1.f1cant.1y increased in the dorsolateral prefrontal cortex of

schizophrenic subjects [43]

Downregulated in the blood of children with ASDs [40]
P2X7 KO abolished the ASDs related abnormalities induced by
Poly(I:C) treatment during pregnancy [66]
) ) e  Maternal and the early postnatal treatment with the selective
Autism spectrum disorders (ASDs) antagonist JNJ47965567 in MIA mouse models of ASDs induced
improvements compare to untreated mice [66]

o  JNJ47965567 administration in early adulthood (P65) in MIA
offspring prevented the onset of autism-like behaviors [67]

e Increased in the dorsolateral prefrontal cortex of schizophrenic
subjects [43]

Schizophrenia (SCZ) e Involved in the appearance of schizophrenia-like behaviors and in
P2X7 impairments in dendritic outgrowth in hippocampal neurons in
the MIA model [68]

e  Upregulated in monocytes and macrophages at the border of the
cortical region of Mecp2308/Y mouse model [96]

e Inthe double transgenic Mecp2308/Y;P2x7r— /— mice has been
noted a reduction in the NLRP3+ cells, a restoration of the cortical
dendritic spine loss and behavioral improvements compared to

Rett syndrome (RTT) MECP2 KO mice [96]

e  Both the transplantation of P2X7 KO bone marrow-derived
leukocytes in WT mice and the pharmacological blockade of P2X7
receptor by Brilliant Blue G have been observed to induce
beneficial effects in MECP2 KO mice [96]

e  Significantly upregulated in early postnatal PVL rats compared to

) ) ) controls [77]
Periventricular Leukomalacia (PVL) e Invivo silencing in PVL rat models induces a significant increase
in the formation of myelin sheaths as well as thicker myelin [77]
GPR17

Down syndrome

e  Significantly reduction in the number of GPR17+ cells in the brain
of Ts65Dn mice [105]

Williams syndrome (WS)

e  Hypomethylation and transcriptional downregulation of Gpr17
gene [108]

Based on both pharmacologic and genetic KO approaches, in animal studies the P2X7
receptor has emerged as one of the purinergic components that most likely contributes to
the development of pathological phenotypes in NDDs; more recent evidence also involves
the P2Y-like GPR17 receptor.
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The pharmacological studies demonstrating an almost complete reversal of NDD
symptoms in both animal models and humans are of particular interest. Specifically, the
results of the small clinical trial demonstrating astonishing amelioration of symptoms in
children with ASDs receiving low-dose suramin [69] open up possibilities for safe and
novel disease-modifying therapies.

There are, however, several issues that still needing investigation.

First of all, in all pharmacological studies, symptom reversal proved to be short-lived
and highly dependent on continuous drug administration. Drug withdrawal invariably
resulted in a return to the pathological phenotype, pointing to the need of chronic lifelong
treatments. It would of course be extremely interesting to test whether treatment of mothers
during gestation would more permanently reverse/prevent the aberrant neurological
phenotype in offspring, thus representing a more definitive resolution for these diseases.

The gestational treatment of mothers at risk would also necessarily require the possibil-
ity of early diagnosis, which could be achieved by specifically monitoring ongoing changes
in pregnant mothers suspected of being exposed to MIA-inducing agents. Identifying such
a patient subpopulation is not an easy task, and, in addition to this, more specific markers
would be necessary. In fact, due to lack of specificity, the evaluation of increased purine
levels in the blood is not likely to represent a reliable diagnostic/prognostic marker.

Nevertheless, we believe that studies in this field deserve strong attention and support;
future attempts should focus on more receptor-specific ligands [109] and/or on drugs such
as MTK [83-85], that are already approved for human use and have been already validated
in animal models as safe and effective neuroprotective agents.
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