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A B S T R A C T

Many neurodegenerative diseases, including demyelinating pathologies, are characterized by complex patho
logical processes mediated by multiple damage mechanisms. While current drugs predominantly target oxidative 
stress pathways, understanding multi-target modulation could clarify mechanisms underlying demyelination. 
This study aimed to explore the pharmacological effects of different selective adenosine A2A receptor antagonists, 
alone or conjugated with antioxidant edaravone, on oligodendrogliogenesis and myelination processes in puri
fied rat cultured oligodendrocyte precursor cells (OPCs) or co-cultured with rat dorsal root ganglion neuron, 
respectively. We hypothesize that simultaneously targeting adenosine A2A receptor signalling and oxidative 
stress pathways may enhance oligodendrocyte differentiation and promote myelination. To this purpose, we used 
patch-clamp recordings, antioxidant assay, quantitative real-time PCR and the OPC/dorsal root ganglion neuron 
co-culture. Selective A2A receptor activation inhibited voltage-dependent K+ currents in cultured OPCs, an effect 
strictly correlated with their differentiation and prevented by the thiazolopyrimidine adenosine A2A receptor 
antagonists. The block of these receptors promoted OPC differentiation, as determined by measuring total myelin 
basic protein (MBP) expression, and counteracted the increase in reactive oxygen species levels induced by 
oxidative stress in purified cultured OPCs. Among all compounds tested, only the edaravone hybrid derivative 
P686 enhanced myelination in OPC/dorsal root ganglion neuron co-cultures, quantified by the Mander’s coef
ficient which reflects the overlap between MBP+-pixels and the neuronal marker βIII-tubulin+-pixels. These 
results provide mechanistic insight into how multitarget modulation of A2A receptor signalling and oxidative 
stress regulates oligodendrocyte differentiation and myelination, highlighting avenues for future studies rather 
than therapeutic application in support demyelinating diseases.

1. Introduction

Oligodendrocytes, the myelin-forming glial cells within the central 
nervous system (CNS), are responsible for the formation and mainte
nance of myelin sheaths, which are essential for the rapid conduction of 

electrical impulses along axons. Loss of myelin integrity is a hallmark of 
various demyelinating diseases, including multiple sclerosis (MS) and 
amyotrophic lateral sclerosis (ALS). Recent research highlights the 
importance of targeting both oxidative stress and receptor-mediated 
signalling to improve oligodendrocyte survival and promote 

This article is part of a special issue entitled: Tribute to Francesco Di Virgilio published in Neuropharmacology.
* Corresponding authors.

E-mail addresses: federica.cherchi@unifi.it, federica.cherchi@meyer.it (F. Cherchi). 
1 Department of Neuroscience and Medical Genetics, Meyer Children’s Hospital IRCCS, Florence, Italy. (present address).

Contents lists available at ScienceDirect

Neuropharmacology

journal homepage: www.elsevier.com/locate/neuropharm

https://doi.org/10.1016/j.neuropharm.2025.110724
Received 8 July 2025; Received in revised form 8 September 2025; Accepted 13 October 2025  

Neuropharmacology 282 (2026) 110724 

Available online 19 October 2025 
0028-3908/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:federica.cherchi@unifi.it
mailto:federica.cherchi@meyer.it
www.sciencedirect.com/science/journal/00283908
https://www.elsevier.com/locate/neuropharm
https://doi.org/10.1016/j.neuropharm.2025.110724
https://doi.org/10.1016/j.neuropharm.2025.110724
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuropharm.2025.110724&domain=pdf
http://creativecommons.org/licenses/by/4.0/


myelination, a process that is impaired in demyelinating diseases 
(Cherchi et al., 2021a; Miller and Wachowicz, 2013; Spaas et al., 2021).

Adenosine, a purine nucleoside, acts as a neuromodulator in both the 
immune system and the CNS, exerting its effects through its metabo
tropic receptors (A1R, A2AR, A2BR, A3R) (Antonioli et al., 2013). These 
receptors are expressed at all stages of oligodendrocyte development 
(Fields, 2004; Stevens et al., 2002) and play a crucial role during their 
differentiation and maturation (Cherchi et al., 2021b). The A2AR sub
type, in particular, regulates oligodendrocyte precursor cell (OPC) dif
ferentiation. Activation of A2AR by the selective agonist CGS21680 
inhibits IK currents necessary to OPC maturation (Coppi et al., 2013; 
Gallo et al., 1996), delaying differentiation without affecting cell 
viability or proliferation, an effect entirely reversed by the A2AR 
antagonist SCH58261 (Coppi et al., 2013), confirming the involvement 
of A2AR signalling in oligodendrogliogenesis. Upregulation of A2ARs has 
been observed in the cerebral white matter of MS patients (Rissanen 
et al., 2013) and in the corresponding mouse model, experimental 
autoimmune encephalomyelitis (EAE; Mills et al., 2012), correlating 
with disease severity. Modulation of A2ARs in EAE mice has yielded 
divergent results depending on timing of administration during disease 
progression and target cell type. The activation of A2AR proved 
anti-inflammatory effects when administered in the early phase of EAE, 
leading to prevention of disease symptoms by suppressing T-cell infil
tration, proliferation and cytokine release (Ingwersen et al., 2016; Yao 
et al., 2012). Conversely, if administered after symptoms exordium, 
A2AR agonists promote disease progression and exacerbate neurological 
impairment (Ingwersen et al., 2016) whereas antagonists protected from 
demyelination and microglial activation (Chen et al., 2019).

In a cuprizone animal model of demyelination the A2AR knockout 
mice displayed a significant increased expression of myelin basic protein 
(MBP) (Adebiyi and Bynoe, 2023), indicating their beneficial role in 
myelin regulation. These findings suggest that A2ARs exert dual and 
context-dependent roles in demyelinating disorders, with receptor 
blockade offering a promising strategy to enhance oligodendrocyte 
regeneration in the remyelination phase.

Edaravone, an FDA-approved antioxidant (U.S. Food and Drug 
Administration, 2022) for ALS, has gained attention for its neuro
protective properties, particularly in conditions characterized by 
oxidative stress. Moreover, in Japan many patients with acute ischemic 
stroke have been treated with edaravone since 2001 showing improve
ment of neurological symptoms and functional impairment associated 
with acute focal injury (Agresti et al., 2019; Otomo et al., 2003).

This compound scavenges reactive oxygen species (ROS), which are 
implicated in neurodegeneration and demyelination across various 

neuropathological conditions. Beyond its antioxidant effects, edaravone 
activates intracellular signalling pathways such as the nuclear factor E2- 
related factor 2 (NRF2), which regulates the expression of genes 
involved in detoxification and ROS homeostasis (Watanabe et al., 2018). 
It also inhibits the release of pro-inflammatory cytokines by suppressing 
NFκB activation in various experimental models, such as in the brains of 
mice with hepatic encephalopathy (Jangra et al., 2016) and in the 
hippocampus of rats with cisplatin-induced neurotoxicity 
(Amirshahrokhi and Imani, 2025). Importantly, edaravone has been 
shown to promote remyelination in various in vitro and in vivo models, 
including those of MS, by enhancing OPC differentiation and acceler
ating the rate of myelination (Bakhtiari et al., 2021; Eleuteri et al., 
2017). It has also been shown to improve OPC differentiation and 
remyelination in neuromyelitis optica spectrum disorder (NMOSD) (Luo 
et al., 2023).

This paper investigates the effects of A2AR antagonists on OPC cul
tures, including compounds featuring a thiazolo[5,4 d]pyrimidine core 
structure, i.e. the previously reported derivatives P625 (compound 8 in 
(Varano et al., 2020b) and P400 (compound 14 in (Varano et al., 2016), 
as well as the novel compound P686 (Fig. 1).

P686 is a hybrid derivative of P400 and edaravone, recently syn
thesized (see Methods) to create a dual-target agent capable of blocking 
A2AR while also retaining the properties of edaravone, primarily its 
antioxidant activity. As expected, P686 proved to be a potent A2AR 
antagonist with good selectivity versus the other AR subtypes (Table I).

To better contextualize their activity, we compared the thiazolo
pyrimidine derivatives to a commercially available A2AR antagonist and 
to edaravone alone. We hypothesize that simultaneously targeting A2AR 
signalling and oxidative stress pathways may enhance oligodendrocyte 
differentiation and promote myelination. To test this, we employed a 
combination of experimental approaches, including patch-clamp re
cordings, antioxidant assays, quantitative real-time PCR, and the OPC/ 

Fig. 1. Structures of edaravone and the herein investigated A2AR antagonists.

Table I 
Affinity and potency of derivative P686 at hARs a Data are expressed as means ±
SEM. Affinity values obtained from displacement of [3H] DPCPX b, [3H] 
ZM241385 c or [125I] ABMECA f specific binding to human (h) A1Rs, hA2AR or 
hA3R, respectively (n = 3–6). dPotency (IC50) on cyclic AMP assays in hA2A CHO 
cells. ePotency (IC50) on cyclic AMP assays in hA2B CHO cells.

hA1Rb 

Ki (nM)
hA2ARc 

Ki (nM)
hA2ARd IC50 

(nM)
hA2BRe IC50 

(nM)
hA3Rf 

Ki (nM)

P686 805 ± 66 36.3 ± 2.8 41.3 ± 3.2 413 ± 33 4092 ± 315
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dorsal root ganglion neuron (DRGN) co-culture model to evaluate 
myelination. Our results demonstrate that while all A2AR antagonists 
promote OPC differentiation, the edaravone hybrid derivative P686 
exert superior effects by also enhancing myelination in OPC/DRGN co- 
cultures. These findings support the potential of multitarget com
pounds as promising therapeutic candidates for the treatment of 
demyelinating diseases such as MS and ALS.

2. Materials and methods

2.1. Chemistry

Analytical silica gel plates (0.20 mm, F254, Merck, Germany) and 
silica gel 60 (Merck, 70–230 mesh) were used for analytical and column 
chromatography, respectively. All melting points were determined on a 
Gallenkamp melting point apparatus and were uncorrected. Elemental 
analyses were performed with a Flash E1112 Thermofinnigan elemental 
analyzer for C, H, N and the results were within 0.4 % of the theoretical 
values. All compounds revealed purity not less than 95 %. NMR spectra 
were recorded on a Bruker Avance 400 spectrometer (400 MHz for 1H- 
and 100 Mz for 13C- NMR). The chemical shifts are reported in δ (ppm) 
and are relative to the central peak of the solvent, which was CDCl3 or 
DMSOd6. The following abbreviations are used: s = singlet, d = doublet, 
t = triplet, q = quartet, m = multiplet, br = broad, and ar = aromatic 
protons.

The thiazolopyrimidine P686 was synthesized starting from com
pound 1 (Varano F. et al., 2016), which was alkylated with chlor
oacetonitrile to yield the nitrile derivative 2. Reaction of 2 with LiAlH4 
in anhydrous tetrahydrofuran afforded the corresponding amine deriv
ative 3. A coupling reaction between compound 3 and edaravone de
rivative 4 (Gavande et al., 2017), carried out in anhydrous 
dimethylformamide in the presence of 1-hydroxybenzotriazole and 
1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride, gave 
the desired compound P686 (see Scheme 1).

2.1.1. Synthesis of 2-(3-(((7-amino-2-(furan-2-yl)thiazolo[5,4-d] 
pyrimidin-5-yl)amino)methyl)phenoxy)acetonitrile, 2

A suspension of hydroxy derivative 1 (1.92 mmol) (Varano et al., 
2016) and K2CO3 (3.84 mmol) in anhydrous acetone (30 mL) was stirred 
at room temperature, under nitrogen atmosphere, for 15 min, then 
chloroacetonitrile (7.69 mmol) was added and the suspension was reflux 
for 12 h. The solid was filtered under vacuum, and washed with acetone 
(50 mL), then the mother liquor was evaporated to dryness under 

reduced pressure, and the resulting solid was purified by silica gel col
umn chromatography (eluting system: dichloromethane/methanol 
9.5:0.5). Yield 70 %. Mp 181–183 ◦C. 1H NMR (DMSO-d6) 4.51 (d, 2H, 
CH2, J = 6.3 Hz), 5.14 (s, 2H, CH2), 6.72 (dd, 1H, H furyl, J = 3.5 and 
1.8 Hz), 6.93 (dd, 1H, H ar, J = 2.4 and 1.4 Hz), 7.02–7.06 (m, 3H, 2 ar 
+1 furyl), 7.20 (s, 2H, NH2, exchangeable with D2O), 7.29–7.33 (m, 1 H, 
ar), 7.38 (s, 1H, NH, exchangeable with D2O), 7.90 (d, 1H, furyl, J = 1.2 
Hz). Anal. Calcd for (C18H14N6O2S): C, 57.13; H, 3.73; N, 22.21; Found: 
C, 57.43; H, 3.90; N, 22.02.

2.1.2. Synthesis of N5-(3-(2-aminoethoxy)benzyl)-2-(furan-2-yl)thiazolo 
[5,4-d]pyrimidine-5,7-diamine 3

The nitrile derivative 2 (1.53 mmol) was portion wise added to a 
stirred suspension of LiAlH4 (6.9 mmol) in anhydrous THF (30 mL), at 
0 ◦C. After the addition was completed, the mixture was stirred at room 
temperature for 3 h, then treated with ice-cold water (20 mL) followed 
by ethyl acetate (20 mL). The undissolved white solid was filtered off 
and the aqueous phase was extracted with ethyl acetate (3 x 20 mL). The 
combined organic phases were dried (Na2SO4) and the solvent removed 
under reduced pressure to give a solid, which was purified by silica gel 
column chromatography (eluting system: dicloromethane/methanol/ 
NH4OH 30 % solution 9:1:0.1). Yield 60 %. Mp 173–175 ◦C. 1H NMR 
(DMSO-d6) 2.70 (brs, 2H, NH2, exchangeable with D2O), 2.87–2.89 (m, 
2H, CH2), 3.90–3.93 (m, 2H, CH2), 4.48 (d, 2H, CH2, J = 5.8 Hz), 6.72 (s, 
1H, furyl), 6.78 (d, 1H, ar, J = 7.6 Hz), 6.88–6.89 (m, 2H, ar), 7.06 (d, 
1H, furyl, J = 3.1 Hz), 7.19–7.22 (m, 3H, 1ar + NH2, exchangeable with 
D2O), 7.38 (s, 1H, NH, exchangeable with D2O), 7.90 (s, 1H, furyl). Anal. 
Calcd for (C18H18N6O2S): C, 56.53; H, 4.74; N, 21.97; Found: C, 56.42; 
H, 4.56; N, 22.02.

2.1.3. Synthesis of N-(2-(3-(((7-amino-2-(furan-2-yl)thiazolo[5,4-d] 
pyrimidin-5-yl)amino)methyl)phenoxy)ethyl)-4-(5-hydroxy-3-methyl-1H- 
pyrazol-1-yl)benzamide, P686

Edaravone derivative 4 (0.26 mmol) (Gavande et al., 2017) was 
reacted with the thiazolopyrimidine derivative 3 (0.29 mmol) in anhy
drous DMF (1 mL), in the presence of 1-(3-(dimethylamino)-propy
l))-3-ethylcarbodiimide hydrochloride (0.29 mmol) and 
1-hydroxybenzotriazole (0.29 mmol), for 24 h at room temperature 
under nitrogen atmosphere. The mixture was diluted with water (20 
mL), and the resulting solid was collected by filtration and purified by 
silica gel column chromatography (eluting system: cyclohexane/ethyl 
acetate/methanol 6:4:1). Yield 20 %. Mp: 160–161 ◦C. 1H NMR 
(DMSO-d6) 2.12 (s, 3H, CH3), 3.62 (d, 2H, CH2, J = 5.0 Hz), 4.10 (s, 2H, 

Scheme 1. a 

aReagents and conditions: a) Chloroacetonitrile, anhydrous K2CO3, anhydrous acetone; b) LiAlH4, anhydrous THF; c) 1-hydroxybenzotriazole, 1-(3-(dimethylamino)- 
propyl))-3-ethylcarbodiimide hydrochloride, anhydrous DMF.
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CH2), 4.48 (s, 2H, CH2), 5.41 (s, 1H, H pyrazole), 6.72 (s, 1H, furyl), 6.82 
(d, 1H, H ar, J = 6.8 Hz), 6.89–6.94 (m, 2H, ar), 7.05 (s, 1H, furyl), 
7.19–7.23 (m, 3H, 1 ar + NH2, exchangeable with D2O), 7.36 (s, 1H, NH, 
exchangeable with D2O), 7.82–7.91 (m, 5H, 4 ar + 1 furyl).

Anal. Calcd for (C29H26N8O4S): C, 59.78; H, 4.50; N, 19.23; Found: C, 
59.99; H, 4.35; N, 19.57.

2.2. Binding and cAMP assays

Derivative P686 was tested for its affinity at hA1R, hA2AR, and hA3R 
receptors, stably transfected in Chinese hamster ovary (CHO) cells, using 
radioligand binding assays. Additionally, the inhibitory effect of P686 
on 5’-(N-ethylcarboxamido) adenosine (NECA)-stimulated cAMP levels 
was measured in hA2B CHO cells. cAMP assays were also performed in 
hA2A CHO cells to evaluate the antagonistic effect of P686 on NECA- 
induced cAMP accumulation. These experiments were carried out as 
previously described (Varano et al., 2016).

2.3. Animals

Wistar rats (Envigo, Italy) were used for the preparation of primary 
cell cultures. All animal experiments satisfied the regulatory re
quirements of the European Parliament (Directive, 2010/63/EU), Eu
ropean Union Council (September 22, 2010), and Italian Animal Welfare 
Law (DL 26/2014). The protocol received approval from the Institu
tional Animal Care and Use Committee (Univ. Florence) and the Italian 
Ministry of Health. Animal suffering and the animal number required for 
data reproducibility were minimized, accordingly with the Ministerial 
notification (ser. no. 211/2022).

2.4. Cell culture preparations

2.4.1. Purified primary OPC cultures
OPCs were prepared from P1 to P2 rats, as described (Coppi et al., 

2020). Briefly, rat pups were sacrificed, and cortices removed, me
chanically and enzymatically dissociated, suspended in Dulbecco’s 
Modified Eagle’s Medium (DMEM; Euroclone, Italy, #ECB750) con
taining 100 U/mL penicillin/streptomycin (P/S; Merck, Germany, 
#P0781), 4 mM L-glutamine (L-Gln; Merck, Germany, #59202C), and 
20 % fetal bovine serum (FBS; Merck, Germany, #F7524) and plated in 
8.3 mM poly-L-lysine (Merck, Germany, #P4832) coated T75 flasks. 
After 7 days in culture, microglial cells were removed from the mixed 
glial cells by a 1 h preshake. OPCs were then separated from glial cul
tures by 5 h of horizontal shaking. Suspended separated cells were then 
replaced onto plastic culture dishes for an additional 30 min, to allow 
adhesion of residual microglial cells. Purified OPCs were suspended in 
Neurobasal medium (NB; Thermo Fisher, USA, #21103049) supple
mented with 2 % B27 (Thermo Fisher, USA, #17504044), 100 U/mL P/S 
and 4 mM L-Gln and then plated onto 50 μg/mL poly-D,L-ornhitine 
(Merck Germany, #P8638)-coated surfaces as follows: for patch clamp 
experiments 10,000 cells per well (24-well plates), for RT-PCR 100,000 
cells per well (6-well plates), for DCF assay 20,000 cells per well 
(24-well plates) and for OPC/DRGN co-cultures 50,000 cells per well 
(24-well plates), seeded directly onto DRGNs, as described below.

2.4.2. OPC/DRGN cocultures
DRGs were isolated from P5-6 pups as described (Cherchi et al., 

2024). Briefly, ganglia were bilaterally removed and dissociated with 2 
mg/mL of type 1A collagenase (Merck, Germany, #C9891) and 1 
mg/mL of trypsin (Merck, Germany, #T9201) in Hank’s balanced salt 
solution (Merck, Germany, #H8264) at 37 ◦C for 30 min. Cells were 
pelleted and subjected to mechanical digestion. Subsequently, they were 
centrifuged and resuspended in NB medium supplemented with 2 % 
B27, 100 U/mL P/S and 4 mM L-Gln. Cells were then plated at a density 
of 15,000 cells per well on 13-mm glass coverslip coated with 8.3 mM 
poly-L-lysine and 5 mM laminin (Merck, Germany, #L2020). Nerve 

growth factor (NGF, 100 ng/mL; Thermo Fisher, USA, # A42578) was 
added to promote neuron survival, while cytosine arabinoside (Ara-C, 
10 mM; Merck, Germany, #C1768) was used to remove eventual 
contaminating fibroblasts and glial cells. Following isolation, DRGNs 
were maintained in NB medium to permit neurite out-growth for at least 
one week before OPC seeding. During the final phase of OPC preparation 
(shaking), NGF was removed from DRGN cultures, as it has been shown 
to impair OPC differentiation (Chan et al., 2004; Lee et al., 2007; Vaes 
et al., 2021). Two days before OPC seeding, Ara-C was also removed. 
Purified OPCs, prepared as described above, were resuspended in the 
same NB medium and seeded onto DRGNs at a density of 50,000 cells per 
well. OPC/DRGN cocultures were maintained for 14 days in the pres
ence of the pro-myelinating hormone T3 (50 nM; Merck, Germany, 
#T6397; Calza et al., 2002). In order to study the effect of A2AR on 
myelination processes, selective ligands for this receptor subtype were 
added every 2 days from t3 to t14, considering the time 0 (t0) as the day 
at which OPCs were added onto DRGNs.

2.5. Electrophysiology

Whole-cell patch-clamp recordings were performed on purified pri
mary OPC cultures as described (Coppi et al., 2020). Cells were trans
ferred to a recording chamber (1 ml volume) mounted on the platform of 
an inverted microscope (Olympus CKX41, Milan, Italy) and superfused 
at a flow rate of 1.5 ml/min with a standard extracellular solution 
containing (mM): HEPES 5, D-glucose 10, NaCl 140, KCl 5.4, MgCl2 1.2, 
and CaCl2 1.8 (pH adjusted to 7.3 with NaOH). In electrophysiological 
experiments, as specified in each legend, in the presence of the endog
enous ligand adenosine, the following adenosine receptor antagonists 
were added to the extracellular solution: 100 nM DPCPX, 10 nM PSB603 
and 100 nM MRS1523, in order to block A1R, A2BR and A3R respectively. 
Borosilicate glass electrodes (Harvard Apparatus, Holliston, Massachu
setts USA) were pulled with a Sutter Instruments puller (model P-87) to a 
final tip resistance of 4–7 MΩ. Standard pipette solution contained (in 
mM): K-gluconate 130, NaCl 4.8, MgCl2 2, CaCl2 1, Na2-ATP 2, Na2-GTP 
0.3, EGTA 3, HEPES 10 (pH adjusted to 7.4 with KOH). The calculated 
liquid junction potential (LJP) in these experimental conditions was 
14.8 mV and this value was subtracted from all experiments. Data were 
acquired with an Axopatch 200B amplifier (Axon Instruments, CA, 
USA), low pass filtered at 10 kHz, stored and analyzed with pClamp 9.2 
software (Axon Instruments, CA, USA). All the experiments were carried 
out at room temperature (RT: 20–22 ◦C). Protocols. Unless otherwise 
stated, cells were voltage-clamped at − 70 mV. Series resistance (Rs), 
membrane resistance (Rm) and membrane capacitance (Cm) were 
routinely measured by fast hyperpolarizing voltage pulses (from − 70 to 
− 75 mV, 40 ms duration). Only cells showing a stable Cm and Rs before, 
during, and after drug application were included in the analysis. 
Immediately after seal breaking through, cell resting membrane poten
tial (Vm) was determined by switching to the current-clamp mode. A 
voltage ramp protocol (800 ms depolarization from − 120 to +80 mV) 
was recorded every 15 s to evoke a wide range of overall 
voltage-dependent membrane currents before, during and after drug 
treatments. Variations in membrane potential (Vm) induced by drug 
treatments were measured by calculating the reversal potential (the 
“zero current” potential) of ramp-evoked currents before, during and 
after drug application. Outward K+ currents were evoked by two 
different depolarizing voltage-step protocols in order to separate 
delayed rectifier outward K+ currents (IK) from transient outward (IA) 
conductances. The first protocol consisted in 10 mV depolarizing voltage 
steps from − 40 to +80 mV (200 ms each, 1 s inter-step interval) pre
ceded by a 100 ms pre-step potential (Vpre) at − 80 mV. This protocol 
activates a mixture of outward IK and IA currents in cultured OPCs. Since 
transient IA currents present a voltage-dependent inactivation at po
tential positive to − 80 mV, a second protocol was applied in the same 
cell with a Vpre at − 40 mV, to selectively inactivate IA thus leaving the 
IK component unchanged. Net IA current was then obtained in each cell 
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by digital subtraction of the two current traces. Current-to-voltage re
lationships (I-V plots) of IK or IA currents were obtained by measuring 
current amplitude at the steady state (200–250 ms after step onset) of 
the IK protocol or at the peak of subtracted trace (1–20 ms after step 
onset), respectively. Current amplitude (measured as pA) was normal
ized to respective cell capacitance (Cm, measured in pF) and expressed 
as current density (pA/pF) in averaged results. All drugs were applied by 
superfusion with a three-way perfusion valve controller (Harvard 
Apparatus, Holliston, MA USA) after a stable baseline of ramp-evoked 
currents was obtained. A complete exchange of bath solutions in the 
recording chamber was achieved within 28 s.

2.6. RNA extraction and quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted from OPCs using TriReagent (Sigma- 
Aldrich) according to the manufacturer’s instructions. Briefly, RNA 
concentration and purity were determined using a NanoDrop 1000 
spectrophotometer (Thermo Fisher Scientific). For cDNA synthesis, 500 
ng of total RNA was reverse transcribed using the SuperScript™ IV 
VILO™ Master Mix (Thermo Fisher Scientific). Quantitative real-time 
PCR was performed on a CFX96 Touch Real-Time PCR Detection Sys
tem (Bio-Rad) using SYBR Green chemistry (Bio-Rad). Gene expression 
levels of MAG (qRnoCID0002891), and MBP (qRnoCED0007813) were 
analyzed, with β-actin (qRnoCID0056984) serving as the internal 
reference gene. Relative mRNA expression levels were calculated using 
the 2^(− ΔΔCt) method (Livak and Schmittgen, 2001) employing CFX 
Maestro software (Bio-Rad).

2.7. ROS detection assay

OPCs were plated on glass coverslips and incubated for 3 h with 
increasing concentrations of hydrogen peroxide (H2O2; 3, 10, 100, and 
300 μM), or pretreated with 100 nM P625, 300 nM P686, 100 nM 
SCH58261, or varying concentrations of edaravone (0.3–10 μM) prior to 
exposure to H2O2 (300 μM). Intracellular reactive oxygen species (ROS) 
levels were assessed using the fluorescent probe DCF-FITC (5 μM; 
Thermo Fisher Scientific, #C6827). After incubation with DCF-FITC for 
30 min at 37 ◦C in the dark, cells were washed twice with phosphate- 
buffered saline (PBS) and fixed with 4 % paraformaldehyde for 20 min 
at room temperature. Coverslips were then washed with PBS and 
mounted onto microscope slides using a mounting medium. Fluores
cence intensity was analyzed by confocal microscopy in at least eight 
randomly selected fields per condition. Fluorescence signals were 
normalized to the total cell number.

2.8. Immunofluorescence

OPC/DRGN cocultures were fixed with 4 % paraformaldehyde in 0.1 
M phosphate-buffered saline (PBS, Corning, USA, #21-030-CV) for 10 
min at RT. Cells were washed twice with PBS and then incubated in PBS 
solution containing 0.25 % Triton X-100 (PBST; Merck, Germany, 
#X100). After three washes in PBS, cells were incubated in blocking 
buffer (BB, 10 % normal goat serum (GS; Merck, Germany, #G9023) in 
PBST) for 30 min to block unspecific binding sites. Cells were then 
incubated for 2.5 h at RT with the appropriate primary antibodies, 
dissolved in BB. Finally, cells were washed three times with PBS and 
then incubated 1 h at RT with specific secondary antibodies dissolved in 
BB. Primary antibodies used: rabbit anti-βIII-Tubulin (1:400; Cell 
Signaling, USA, #D71G9) and mouse anti-myelin basic protein (MBP) 
(1:500; Cell Signaling, USA, #E9P7U). AlexaFluor 488 donkey anti- 
rabbit (1:500; Invitrogen, USA, #A21206) and AlexaFluor 555 donkey 
anti-mouse (1:500; Invitrogen, USA, #A31570) were used as fluorescent 
secondary antibodies. Coverslip were mounted with Fluoroshield con
taining DAPI to stain cell nuclei. Control experiments were performed by 
incubating fixed cells with the secondary antibodies and DAPI to exclude 
nonspecific signals.

2.9. Confocal microscopy and semi-quantitative analysis

Immunocytochemical images were captured by a Leica SP8 laser 
scanning confocal microscope (Leica Microsystems, Mannheim, Ger
many). OPC/DRGN coculture images were acquired with a 20 × /NA 
0.75 objective using the following capture setting: 2048 × 2048 pixels, 
scanning speed of acquisition 200 Hz and z-step of 1 μm. The collected 
OPC/DRGN images were acquired blind and were analyzed by a 
different researcher with an open-source software (Fiji-ImageJ, version 
1.49v National Institutes of Health, Bethesda, MD, USA; Schneider et al., 
2012). MBP immunofluorescence was quantified by the number of 
positive pixels above a threshold level in each confocal microscopy 
z-projection of 10 consecutive confocal z-scans (total thickness 10 μm; 
Gerace et al., 2021) with the threshold tool in 3 random fields per 
coverslip. In the same images, the Manders’ overlap coefficient (M1) 
was also evaluated: this parameter represents the myelination index, 
estimated as the fraction of βIII-Tubulin positive pixels overlapping the 
MBP positive pixels in each region of interest (ROI), by using JACop 
plugin of ImageJ (Bolte and Cordelières, 2006; Igado et al., 2020). The 
number of cocultures was represented by the symbol “N,” while the 
number of replications of every single condition was indicated by the 
lowercase letter “n.”

2.10. Drugs

The A2AR agonist 4-[2-[[6-Amino-9-(N-ethyl-β-D-ribofuranur
onamidosyl)-9H-purin-2-yl]amino]ethyl]benzenepropanoic acid hy
drochloride (CGS21680; Tocris, UK, #1063), the A2AR antagonist 2-(2- 
Furanyl)-7-(2-phenylethyl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c] 
pyrimidin-5-amine (SCH58261; Tocris, UK, #2270), the A1R antagonist 
8-Cyclopentyl-1,3-dipropylxanthine (DPCPX; Tocris, UK, #0439), the 
A2BR antagonist 8-[4-[4-(4-Chlorophenzyl)piperazide-1-sulfonyl) 
phenyl]]-1-propylxanthine (PSB603; Tocris, UK, #3198); the A3R 
antagonist 3-Propyl-6-ethyl-5-[(ethylthio)carbonyl]-2 phenyl-4-propyl- 
3-pyridine carboxylate (MRS1523; Merck, Germany, #M1809), Edar
avone (Merck, Germany, #M70800), the endogenus ligand adenosine 
(Merck, Germany, #A4036) were used. All drugs, including P400, P625 
and the novel synthetized P686, were dissolved in dimethyl sulphoxide 
(DMSO; Merck, Germany, #472301), except for adenosine that was 
dissolved in distilled water. Stock solutions, of 1000–10,000 times the 
desired final concentration, were stored at − 20 ◦C. Control experiments 
demonstrated that the maximal DMSO concentration used in the present 
work (0.1 %) was inactive in modulating membrane currents in OPCs 
(data not shown).

2.11. Statistics

Data were evaluated using the Shapiro–Wilk test to confirm the 
normality of the distribution. All data are presented as mean ± SEM 
(standard error of the mean). Regarding RT-PCR experiments, data are 
presented as mean ± SEM from three independent experiments, each 
performed in triplicate. Two-tailed Student’s paired t-tests, one-way 
ANOVA and two-way ANOVA followed by appropriate posthoc test 
was performed as indicated in the figure legend in order to determine 
statistical significance (p < 0.05). Data were analyzed using GraphPad 
Prism 8th edition (GraphPad Software, San Diego, CA, USA) software.

3. Results

3.1. Selective A2AR activation inhibited voltage-dependent K+ currents in 
cultured OPCs and this effect was prevented by the thiazolopyrimidine 
A2AR antagonists

Electrophysiological recordings were performed on 125 cells, which 
showed a resting membrane potential (Vm) of − 71.29 ± 2.07 mV, 
membrane capacitance (Cm) of 9.08 ± 0.21 pF, and membrane 
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resistance (Rm) of 1154 ± 80 MΩ.
As shown in Fig. 2, the selective A2AR agonist CGS21680 (100 nM, 5 

min application) reversibly inhibited outward K+ currents evoked by a 
voltage ramp protocol (from − 120 to +80 mV, 800 ms duration) in 
cultured OPCs, consistent with previous findings (Coppi et al., 2013). 
The CGS21680-sensitive current, obtained by subtracting the ramp 
recorded in the presence of the ligand from the control ramp, revealed a 
voltage-dependent outward conductance gating at − 20 mV (Fig. 2C). 
Results were confirmed in 24 cells: one-way ANOVA (F (4, 39) = 10.58; 
p < 0.0001) followed by Bonferroni’s post-hoc test revealed significant 
effect in preventing CGS21680-inhibition by the canonical A2AR 
antagonist SCH58261 (100 nM; ***p = 0.0003) and by the thiazolo
pyrimidine A2AR antagonists P625 and P400 (both 100 nM; **p =
0.0053 and *p = 0.0379, respectively; Fig. 2D).

To confirm these findings, the endogenous ligand adenosine was 
applied at nanomolar concentration (100 nM) in the presence of selec
tive antagonists for other adenosine receptors expressed in OPCs: DPCPX 
(A1R; 100 nM), PSB603 (A2BR; 10 nM) and MRS1523 (A3R; 100 nM). 
Consistently with results obtained in the presence of the selective A2AR 
agonist CGS21680, adenosine inhibited outward potassium currents 
elicited by the voltage ramp protocol in cultured OPCs (Fig. 3A–B). As 
shown in Fig. 3C, selective A2AR antagonists (SCH58261, P625 and 
P400) also blocked adenosine inhibitory effect on outward potassium 
currents. One-way ANOVA performed across all treatment groups, 
including the newly synthesized compound P686, revealed a significant 
effect of treatments (F(4, 45) = 13.20; p < 0.0001). Bonferroni’s post- 
hoc tests showed that adenosine-inhibition was significantly prevented 
by SCH58261 (****p < 0.0001), P625 (****p < 0.0001) and P400 (**p 

= 0.0011). In this assay, we tested the effect of the newly synthesized 
compound P686, an A2AR antagonist hybridized with the free radical 
scavenger edaravone. The new ligand significantly prevented the inhi
bition of potassium currents induced by adenosine (****p < 0.0001), 
confirming that hybridization with edaravone did not interfere with 
A2AR binding (Fig. 3C).

Binding assays performed on human A2AR revealed a Ki value of 
15.1 nM for P625 (Varano et al., 2020a), indicating high affinity for the 
target. To assess its functional potency in our electrophysiological 
model, P625 was applied at increasing concentrations (1–100 nM) in the 
continuous presence of adenosine, and its ability to counteract the 
adenosine-induced inhibition of ramp-evoked currents was evaluated 
using whole-cell patch-clamp recordings (Supplementary Fig. 1). P625 
reduced the inhibitory effect of adenosine on outward potassium current 
in a concentration-dependent manner, with an IC50 value of 2.30 nM 
(Fig. 3D).

As previously demonstrated, A2AR activation inhibited delayed 
rectifier potassium currents (IK) without affecting transient potassium 
currents (IA) (Coppi et al., 2013). Specifically, adenosine significantly 
reduced IK currents evoked by a voltage step protocol (from – 40 to +80 
mV, Vpre = − 40 mV; 200 ms), as assessed by paired t-test (n = 12) but 
had no effect on IA currents (Fig. 3E–H). Significant differences in cur
rent density were observed at different step potentials; full statistical 
details (t-values, degrees of freedom, and exact p-values) are provided in 
the supplementary material (Supplementary Table 1).

Since P686 is hybridized with edaravone, which is known to exert 
effects on OPCs (Mahmoud et al., 2025; Takase et al., 2018a), we con
ducted another set of experiments to test the impact of edaravone on 

Fig. 2. The selective A2AR agonist CGS21680 inhibits outward potassium currents in cultured OPCs: an effect reversed by the canonical antagonist SCH58261 and by 
the two thiazolopyrimidine A2AR antagonists, P625 and P400. A. Original whole-cell patch clamp current traces evoked by a voltage ramp protocol (from − 120 to 
+80 mV, 800 ms) in a typical OPC before (Ctrl: black trace) or after application of CGS21680 (100 nM CGS: red trace). B. Time course of ramp-evoked currents at 
+80 mV in the same cell. C. Net CGS-inhibited current, obtained by subtraction of the trace recorded in CGS from the control ramp, in the same cell. D. Pooled data 
(mean ± SEM) of CGS-induced outward current inhibition obtained in the absence or presence of different A2AR antagonists: SCH58261 (SCH; 100 nM) or P625 (100 
nM) or P400 (100 nM) in cultured OPCs. *p < 0.05; **p < 0.01, ***p < 0.001 one-way ANOVA, Bonferroni post-test. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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potassium currents. When tested at concentrations of 0.1 and 1 μM, 
equivalent to the effective concentration of P686, edaravone did not 
modify outward potassium currents (Supplementary Fig. 2).

Fig. 3. The endogenous ligand adenosine inhibits delayed rectifier (IK)outward K+ currents in cultured OPCs via the activation of A2ARs and this effect was prevented 
by the thiazolopyrimidine A2AR antagonists and the novel compound P686. A. Original whole-cell patch clamp current traces evoked by a voltage ramp protocol 
(from − 120 to +80 mV, 800 ms) in a typical OPC before (Ctrl: black trace) or after application of adenosine (100 nM ADO: red trace). Inset: Time course of ramp- 
evoked currents at +80 mV in the same cell. B. Net ADO-inhibited current, obtained by subtraction of the trace recorded in adenosine from the control ramp, in the 
same cell. C. Pooled data of ADO-induced ramp-evoked K+ current inhibition obtained in the absence or presence of different A2AR antagonists: SCH58261 (SCH; 100 
nM), P625 (100 nM), P400 (100 nM), or the new edaravone-conjugated hybrid A2AR antagonist P686 (100 nM) in cultured OPCs. **p < 0.01; ****p < 0.0001, one- 
way ANOVA, Bonferroni post-test. D. Concentration–response curve of the effect of P625 (1–100 nM) on ADO inhibition (IC50 = 2.26 nM, confidence limits: 
0.77–31.5 nM). E. Original IK current traces obtained in the same OPC by a voltage-step protocol (from - 40 to +80 mV, Vpre = − 40 mV; 200 ms). F. Net IA current 
obtained in the same cell by digital subtraction of the traces shown in E (IK) from those obtained by applying the same protocol but with a Vpre = − 80 mV (IK + IA). 
G-H. Averaged (mean ± SEM) current-to-voltage relationship (I-V plot) of steady-state sustained, IK (G), or peak, transient, IA (H) recorded in the absence (ctrl: black 
circles) or in the presence (red circles) of 100 nM ADO in 12 cells investigated. *p < 0.05; **p < 0.01; ***p < 0.001 paired Student’s t-test. All experiments were 
performed in the presence of the A1R, A2BR and A3R antagonists: DPCPX (100 nM), PSB603 (10 nM) and MRS1523 (100 nM), respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.2. The A2AR antagonists and edaravone-conjugated derivative P686 
increased cell differentiation and prevented H2O2-induced increase in ROS 
levels in purified cultured OPCs

The reduction of IK currents is strictly correlated with a reduction of 
OPC differentiation in culture (Gallo et al., 1996). In order to permit the 
differentiation of OPCs to oligodendrocytes, PDGF and FGF were 
removed from the culture medium for 5 days, as previously demon
strated (Coppi et al., 2013, 2020). Contemporarily, cells were exposed to 
different A2AR antagonists to assess their effects on oligodendrocyte 
maturation, by performing quantitative real-time PCR analysis for the 
expression of myelin-associated gene targets. Both the A2AR antagonist 
P625 and edaravone-conjugated derivative P686 significantly increased 
the mRNA levels of MAG and MBP compared to control (Fig. 4), as 
confirmed by two-way ANOVA showing a significant effect of treatment 
(F(7, 67) = 18.06, p < 0.0001 and F(7, 63) = 3.009, p = 0.0086, 
respectively). Post-hoc analysis (Dunnett’s multiple comparisons test) 
revealed that only P625 and P686 significantly differed from control for 
MAG (****p < 0.0001 for both compounds) and MBP (*p = 0.0306 for 
P625, and **p = 0.0042 for P686) mRNA levels. The other tested 
compounds, including edaravone, did not induce significant changes in 
the expression of either gene.

To further evaluate the protective properties of the A2AR antagonists, 
and the eventual advantage given by edaravone hybridization, we 
assessed their effects on oxidative stress using the DCF assay. In an initial 
set of experiments, cells were exposed to increasing concentrations of 
hydrogen peroxide (H2O2: 3–300 μM) for 3 h to boost ROS production 
(Fig. 5A). Based on these results, which showed a significant increase in 
ROS level at 300 μM H2O2 (one-way ANOVA vs CTRL; F (4, 14) = 10.29; 
p = 0.0004; Bonferroni’s post-hoc test CTRL vs 300 μM H2O2 

###p =
0.003), subsequent experiments were conducted in which OPCs were 
pre-treated for 3 h with the tested compounds prior to a 3-h exposure to 
300 μM H2O2. Under these conditions, all tested compounds prevented 
H2O2-induced increase in ROS levels, as shown by a two-way ANOVA vs 
H2O2 revealing a significant effect of treatments (Column Factor: F(6, 
112) = 18.02, p < 0.0001) and a significant interaction with experi
mental replicates (Interaction: F(12, 112) = 8.395, p < 0.0001). Post- 
hoc analysis (Dunnett’s multiple comparison test) confirmed that all 
compounds significantly prevented the increase in ROS levels (****p <
0.0001 for all drugs used). Notably, pre-treatment with compounds 
containing only the A2AR antagonist core, included SCH58261, also 
conferred significant protection against H2O2-induced ROS elevation, 
suggesting intrinsic antioxidant properties of SCH58261, as previously 
demonstrated in other cell types (Sun et al., 2024; Thakur et al., 2010) 

(Fig. 5B).

3.3. The edaravone-conjugated derivative P686 increased myelination in 
DRGN/OPC co-cultures

Finally, we evaluated the effects of the tested compounds in OPC/ 
DRGN co-cultures, a well-established in vitro model of myelination. As 
previously described (Cherchi et al., 2024), oligodendrocyte differenti
ation is quantified by measuring total MBP expression via immunoflu
orescence, while myelination is quantified by the Mander’s coefficient 
(M1), which reflects the overlap between MBP+-pixels and the neuronal 
marker βIII-tubulin+-pixels (Fig. 6). Nested one-way ANOVA revealed a 
significant effect of treatment on M1 expression (F(5,12) = 3.167; p =
0.0473), accounting for repeated measures within cocultures. No sig
nificant variation was detected within subcolumns (p > 0.9999), sup
porting the reliability of within-animal replicates. As shown in Fig. 6C, 
only the hybrid compound P686 induced a significant increase in 
myelination, as evidenced by a higher M1 coefficient (Dunnet’s post-hoc 
test; p = 0.0254). These results suggest that the conjugation of an A2AR 
antagonist with edaravone may enhance myelination more effectively 
than either agent alone, possibly by simultaneously targeting receptor 
signalling and oxidative stress pathways.

4. Discussion

Pharmacological strategies able to stimulate OPC differentiation are 
provide insights into mechanism controlling myelination (Cherchi et al., 
2021a). This study aimed to assess the effects of different selective A2AR 
antagonists and the edaravone-conjugated derivative P686, on OPC 
differentiation, oxidative stress response and myelination processes. Our 
results reveal that the compounds facilitate OPC differentiation and 
reduce the damage produced by oxidative stress. Among the compounds 
tested, we found that only the edaravone-conjugated derivative P686 
promotes myelination of DRGNs cocultured with OPCs, suggesting that 
edaravone conjugation confers additional neuroprotective and 
pro-myelinating properties to the A2AR antagonist core.

Electrophysiological experiments performed on OPC cultures 
confirmed that A2AR activation via CGS21680 and, for the first time, by 
endogenous neuromodulator adenosine, inhibits voltage-dependent 
outward potassium currents, particularly the delayed rectifier compo
nent (IK), which is essential for their differentiation (Coppi et al., 2013; 
Gallo et al., 1996). This inhibitory effect was prevented by the canonical 
A2AR antagonist SCH58261 or by the novel synthesized antagonists 
P625 and P400, which also displayed nanomolar potency and high 

Fig. 4. The edaravone-hybrid derivative P686 increases oligodendrocyte differentiation in vitro. Gene expression analysis of oligodendrocyte differentiation 
markers MAG and MBP by Real Time-PCR (RT-PCR) in OPC differentiated for 5 days in different experimental conditions. RT-PCR was performed by using SYBR 
green probe and specific rat primers, as reported in methods section. The 2^(− ΔΔCT) method was employed as a comparative method of quantification and data were 
normalized to β-actin expression. Data are means ± SEM of three independent experiments performed in triplicate. *p < 0.05; **p < 0.01; ****p < 0.0001, two-way 
ANOVA, Dunnett’s post-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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functional efficacy. These findings are consistent with previous reports 
linking A2AR activation to a block in OPC maturation via modulation of 
potassium currents (Coppi et al., 2013).

Moreover, also the new A2AR antagonist, P686, conjugated with 
edaravone, prevents the inhibitory effects induced by adenosine, high
lighting that the linkage with edaravone does not affect the ability to 
prevent an A2A -mediated effect on potassium currents. Edaravone, per 
se, does not modify the amplitude of these currents, when applied at 
concentrations equivalent to those present in the hybrid compound.

Edaravone, a free radical scavenger able to cross the blood brain 
barrier, is a FDA-approved neuroprotective drug clinically used for the 
treatment of stroke (Japan) and ASL (USA). The compound has been 
indicated as a promising drug efficacious for several neurodegenerative 
diseases and presents a good tolerability (Agresti et al., 2019).

In this study, oligodendrocyte differentiation was assessed by 
analyzing the expression of two canonical myelin genes, MAG and MBP. 
MAG expression increases progressively during oligodendrocyte matu
ration, being absent in OPCs and reaching high levels in mature cells, 
whereas MBP synthesis coincides with the onset of myelination and is 
considered a late-stage differentiation marker (Zurbriggen et al., 1984; 
Xie et al., 2010). As in our previous work (Coppi et al., 2020), we took 
advantage of the complementary regulation of these two myelin-related 
genes to provide a reliable quantification of oligodendrocyte progres
sion. By applying the same validated strategy used in that study, we 
could strengthen the robustness of our analysis, and the consistent 
upregulation of MAG and MBP in our model offers solid evidence of a 
pro-differentiating effect of tested compounds. P625 and P686 induce an 
increase in OPC maturation, as indicated by the increased in MBP and 

MAG levels found after 5 days of pharmacological treatment. Mature, 
differentiated OLs are characterized by the production of myelin-related 
proteins such as MBP and MAG, which are expressed on the cytoplasmic 
surface of the plasma membrane and myelin associated glycoprotein 
(MAG) (Simons and Trajkovic, 2006). The increase in OPC differentia
tion induced by A2AR antagonists indicates a physiological role of 
adenosine in this process. This suggests that in our in vitro model there 
might be an endogenous release of adenosine able to activate high af
finity A2ARs which may disclose the antagonist effect.

Many drugs present neuroprotection in different experimental 
models of pathologies by improving the endogenous antioxidant system 
and reducing lipid peroxidation to relieve oxidative stress (Forman and 
Zhang, 2021). We demonstrated that edaravone and the A2AR antago
nists, also including the conjugated derivative P686, significantly 
counteract the increase in ROS levels, as indicated by the increased 
DCF-fluorescence, induced by the application of micromolar concen
trations of H2O2. It is well established that the antioxidant edaravone 
was able to prevent ROS production and to preserve oligodendrocyte 
function after cerebral hypoperfusion damage in mice (Miyamoto et al., 
2013; Takase et al., 2018b; Ueno et al., 2009). Notably, it is described 
that also the A2AR antagonist SCH58261 alleviates oxidative stress 
restoring superoxide dismutase activity and glutathione (GSH) content 
in the cortex in Alzheimer’s Disease mice model by promoting the 
translocation of Nrf2 into the nucleus (Sun et al., 2024) and also in 
endothelial peripheral cells (Thakur et al., 2010). The protective effects 
of the compounds against oxidative stress, as shown by their ability to 
reduce ROS accumulation after H2O2 exposure, reinforce the hypothesis 
that A2AR antagonists themselves possess intrinsic antioxidant activity 

Fig. 5. Antioxidant effect of edaravone, A2AR antagonist and hybrid counterpart P686, in cultured OPCs. A. Concentration–response curve of hydrogen peroxide 
(H2O2) effect on ROS production in OPCs based on DCF-FITC fluorescence analysis by confocal microscopy. OPCs were plated in glass microscope coverslip and 
incubated for 3 h in the absence or in the presence of different concentrations of hydrogen peroxide (3-10-100-300 μM). DCF-FITC was incubated as described in the 
Methods. B. OPCs were plated in glass microscope coverslip and incubated for 3 h with 100 nM P625, 300 nM P686, 100 nM SCH58261 or different concentration of 
edaravone (0.3–10 μM) before being incubated with H2O2 (300 μM, 3 h). Fluorescence intensity was analyzed employing confocal microscopy in at least 8 fields per 
condition after normalization to total cell number. Data reported in panel A are means ± SEM of three independent experiments performed in triplicate. ###p <
0.001 one-way ANOVA Bonferroni post-test. Data reported in panel B are means ± SEM of three independent experiments performed in triplicate. ****p < 0.0001, 
two-way ANOVA, Bonferroni post-test. C. Representative confocal images are reported.

F. Cherchi et al.                                                                                                                                                                                                                                 Neuropharmacology 282 (2026) 110724 

9 



in vitro. While this effect has been described in non-glial cells (Sun et al., 
2024; Thakur et al., 2010), our study is among the first to demonstrate 
such activity in OPCs.

Since OPC monocultures does not represent a myelination model for 
the absence of neuronal axons (Marangon et al., 2021), we decided to 
investigate the role of these compounds, including the antioxidant 
edaravone, during myelination in OPC/DRGN cocultures. Crucially, in 
this in vitro model, only P686 was able to significantly increase the M1 
coefficient, reflecting enhanced myelination. Although all antagonists 
promoted OPC differentiation, the addition of edaravone appears 
necessary to support full maturation into myelinating oligodendrocytes. 
Our findings provide mechanistic insights into how dual modulation of 
A2A signalling and oxidative stress can influence oligodendrocyte dif
ferentiation and myelination, supporting the idea that targeting multiple 
pathological pathways can yield synergistic or additive effects on mye
lination, as suggested in other models of demyelinating disease 
(Bernardo et al., 2009; Luo et al., 2023).

5. Conclusions

Together, these results provide mechanistic insights into OPC dif
ferentiation and myelination in vitro, and support further investigation 
of dual-target compounds in preclinical models of demyelination While 
A2AR antagonists alone are promising candidates to promote OPC 
maturation, their conjugation with antioxidant edaravone, appears to 
further support myelination-related processes. Future studies should 
aim to validate these findings in vivo and further elucidate the molecular 
mechanisms underlying the dual activity of hybrid compounds like 
P686.
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Ferrari, F., Calò, G., Ristori, G., Salvetti, M., Agresti, C., 2017. A staged screening of 
registered drugs highlights remyelinating drug candidates for clinical trials. Sci. Rep. 
7. https://doi.org/10.1038/SREP45780.

Fields, R.D., 2004. Volume transmission in activity-dependent regulation of myelinating 
glia. Neurochem. Int. 45, 503–509. https://doi.org/10.1016/j.neuint.2003.11.015.

Forman, H.J., Zhang, H., 2021. Targeting oxidative stress in disease: promise and 
limitations of antioxidant therapy. Nat. Rev. Drug Discov. 20 (9 20), 689–709. 
https://doi.org/10.1038/s41573-021-00233-1, 2021. 

Gallo, V., Zhou, J.M., McBain, C.J., Wright, P., Knutson, P.L., Armstrong, R.C., 1996. 
Oligodendrocyte progenitor cell proliferation and lineage progression are regulated 
by glutamate receptor-mediated K+ channel block. J. Neurosci. 16, 2659–2670. 
https://doi.org/10.1523/jneurosci.16-08-02659.1996.

Gavande, N.S., VanderVere-Carozza, P., Mishra, A.K., Vernon, T.L., Pawelczak, K.S., 
Turchi, J.J., 2017. Design and structure-guided development of novel inhibitors of 
the xeroderma pigmentosum group A (XPA) protein-DNA interaction. J. Med. Chem. 
60 (19), 8055–8070. https://doi.org/10.1021/acs.jmedchem.7b00780.

Gerace, E., Ilari, A., Caffino, L., Buonvicino, D., Lana, D., Ugolini, F., Resta, F., Nosi, D., 
Grazia Giovannini, M., Ciccocioppo, R., Fumagalli, F., Pellegrini-Giampietro, D.E., 
Masi, A., Mannaioni, G., 2021. Ethanol neurotoxicity is mediated by changes in 
expression, surface localization and functional properties of glutamate AMPA 
receptors. J. Neurochem. 157, 2106–2118. https://doi.org/10.1111/jnc.15223.

Igado, O.O., Andrioli, A., Azeez, I.A., Girolamo, F., Errede, M., Aina, O.O., Glaser, J., 
Holzgrabe, U., Bentivoglio, M., Olopade, J.O., 2020. The ameliorative effects of a 
phenolic derivative of Moringa oleifera leave against vanadium-induced 
neurotoxicity in mice. IBRO Neurosci. Rep. 9, 164–182. https://doi.org/10.1016/j. 
ibror.2020.07.004.

Ingwersen, J., Wingerath, B., Graf, J., Lepka, K., Hofrichter, M., Schröter, F., 
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