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A B S T R A C T

Demyelinating diseases are characterized by the progressive loss of myelin in the central nervous system (CNS). 
Myelin protection can be achieved by fostering the differentiation of oligodendrocyte progenitor cells to mature 
oligodendrocytes, the only myelinating cells in the brain. Oligodendrocytes maturation is sustained, among 
others, by the neuromodulator adenosine through the activation of its specific receptors: A1, A2A, A2B, A3, all 
expressed in the brain on neurons and glial cells. The role of A2B receptors (A2BRs) in a cuprizone-induced 
demyelination model in male C57BL/6 mice was investigated by administering the selective A2BR agonist 
BAY60-6583 or antagonist PSB 603 during the last 2 weeks of a 5-week cuprizone-based diet. We performed body 
weight evaluation, behavioural tests and immunofluorescence analysis. Cuprizone-fed mice showed a significant 
decrease in body weight gain, a motor impairment and a reduced spontaneous mobility. These effects were 
associated with a decrease in myelin levels, a reactive astrogliosis and microgliosis in corpus callosum medialis, 
striatum and motor cortex. PSB 603, was able to prevent cuprizone effects on glia, whereas both compounds 
promoted a significant recovery in motor deficits. The antagonism of A2BRs might represent an attractive 
strategy to alleviate myelin damage and glial activation in the CNS under conditions of demyelination.

1. Introduction

Demyelinating disorders of the central nervous system (CNS), such as 
multiple sclerosis (MS), are characterized by the loss of myelin sheaths, 
leading to impaired neuronal conduction and neurological deficits. 
These diseases involve complex pathological mechanisms including 
oxidative stress, mitochondrial dysfunction, and chronic inflammation, 
in which glial cells play a central role. The cuprizone (CPZ) model 
represents a well-established paradigm of non-immune-mediated 
demyelination, characterized by selective oligodendrocyte (OL) loss, 
reactive astrogliosis, microglial activation, and subsequent remyelina
tion upon toxin withdrawal (Vega-Riquer et al., 2019).

Among the neuromodulator systems involved in CNS injury, aden
osine signaling plays a pivotal role through its four G-protein-coupled 
receptors (A1, A2A, A2B, A3), in modulating different processes such as 

the excitability of neurons and synaptic transmission, and in regulating 
neuroinflammation and glial reactivity (Fredholm et al., 2011). Addi
tionally, adenosine signalling is critical in hypoxic or ischaemic condi
tions, in which adenosine levels increase in response to metabolic 
alteration or tissue injury. This elevation in extracellular adenosine is a 
key factor in the progression of the above pathological conditions 
(Pedata et al., 2016). In demyelinating diseases the involvement of 
purinergic signalling is well established (see Coppi et al., 2021). 
Nevertheless, to date an increase in adenosine extracellular concentra
tion in these conditions can only be hypothesized.

Among all adenosine receptors, the adenosine A2B receptor (A2BR) is 
of particular interest due to its low affinity for the neuromodulator and 
its upregulation under pathological conditions related to elevated 
extracellular adenosine levels (Coppi et al., 2020; Wei et al., 2013). It is 
known that A2BRs are expressed in astrocytes, microglia, and 
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oligodendrocytes, where they modulate the release of inflammatory 
mediators and influence glial reactivity. In particular, it is demonstrated 
that A2BR activation inhibits oligodendrocyte progenitor cell (OPC) 
differentiation and myelin gene expression, partly by suppressing K+

currents and modulating the sphingosine-1-phosphate signaling axis 
(Cherchi et al., 2021a; Coppi et al., 2020). Accordingly, silencing of 
A2BR has been shown to promote OPC maturation in vitro whereas 
selective pharmacological blockade exerts neuroprotective effects in 
models of oxygen-glucose deprivation (Coppi et al., 2020; Fusco et al., 
2018).

Notably, Wei and collaborators (Wei et al., 2013), investigating the 
role of A2BR in experimental autoimmune encephalomyelitis (EAE), 
observed that pharmacological blockade with selective antagonists such 
as CVT-6883 or MRS1754 alleviates clinical symptoms and protects the 
CNS from immune-mediated damage. Consistently, A2BR knockout 
(A2BR− /− ) mice develop a markedly milder EAE phenotype (Wei et al., 
2013).

Despite these findings, the role of A2BRs in toxin-induced demye
lination remains unexplored. In this context, to investigate the effect of 
A2BR modulation during demyelination, we used the CPZ model in 
C57BL/6 mice, a well-established non-autoimmune model that induces 
reversible demyelination through oligodendrocyte toxicity. This model 
allows for the evaluation of both the demyelination or remyelination 
phases and potential therapeutic interventions without the confounding 
effects of peripheral immune cell infiltration. In our study, we tested 
both an A2BR agonist (BAY60-6583) and a selective antagonist (PSB 
603) during CPZ administration. This study aimed to clarify the role of 
A2BR signaling during demyelination, and to evaluate whether phar
macological interference of this receptor could promote myelin protec
tion and/or glial regulation in a context-dependent manner.

2. Materials and methods

2.1. Animals

All animal procedures were conducted according to the Italian 
Guidelines for Animal Care, DL 116 ⁄ 92, application of the European 
Communities Council Directive (86 ⁄ 609 ⁄EEC) and approved by the 
Committee for Animal Care and Experimental Use of the University of 
Florence. Male C57BL/6 mice were obtained from Charles River Labo
ratories, Italy. The approved animal protocol number is 936/2021-PR. 
Animals were allowed to acclimate for about 4 days, to adjust to their 
new environment, before the study began. Mice were maintained under 
a normal day-night cycle (12/12 h) with constant temperature and hu
midity control throughout the entire period, with access to food and 
water ad libitum. Basic cage enrichments, including nesting material 
(crinkle nest), pipe tubes (polyvinyl chloride), and red shelters to reduce 
stress were provided.

2.2. Cuprizone model

To induce oligodendrocyte degeneration and demyelination, 42-48 
days old male C57BL/6 mice were fed a diet containing 0.2% Bis 
(cyclohexanone)oxaldihydrazone (Cuprizone, CPZ, Sigma-Aldrich). 
Standard laboratory mouse chow (7g chow per mouse/day), provided 
by the animal facility, was ground to a powder to ensure uniform 
amalgamation of the CPZ. All mice were acclimatized with powdered 
control diet for 4 days prior to the start of the experiments. Control mice 
received the same powdered diet without CPZ for the entire duration of 
the study.

The protocol consisted of a period during which animals were 
exposed to CPZ for 5 consecutive weeks (Fig. 1). At the end of the third 
week, the animals were divided into different experimental groups and 
treated for the last two weeks with A2BR ligands by intraperitoneal 
injection.

2.3. Drug administration and experimental groups

Adenosine A2BR antagonist 8-(4-(4-(4-Chlorophenyl) piperazide-1- 
sulfonyl) phenyl)-1-propylxanthine (PSB 603) (Merck, Germany) was 
dissolved in dimethyl sulfoxide (DMSO) 0.1% in saline and was 
administered at the dose of 0.05 mg/kg, based on literature (Tanaka 
et al., 2020). Adenosine A2BR agonist 2-[[6-amino-3,5-dicyano-4-[4-(
cyclopropylmethoxy)phenyl]-2-pyridinyl]thio]-acetamide 
(BAY60-6583) (Tocris, United Kingdom) was dissolved in DMSO 0.1% in 
saline and was administered at 0.1 mg/kg, a dose previously shown to 
selectively activate A2BR in vivo (Dettori et al., 2021), consistent with its 
EC50 extrapolated by in vitro and in vivo experiments (Coppi et al., 
2020). Moreover, a dose of 0.1 mg/kg has been shown to be effective in 
protecting against peripheral arterial lesions (Bot et al., 2012) and lung 
injury induced by mechanical ventilation in mice (Eckle et al., 2008).

As a vehicle, normal saline containing 0.1% DMSO was used, cor
responding to the highest DMSO concentration administered in drug- 
treated groups. All compounds were administered intraperitoneally (i. 
p.) once every 2 days for 2 weeks during the final phase of CPZ intoxi
cation, i.e., from week 3 to week 5.

Mice were randomly assigned to experimental groups. Specifically. 

- Control (CTR): standard diet + vehicle (n = 6);
- CPZ: CPZ-enriched diet + vehicle (n = 6);
- PSB: CPZ-enriched diet + PSB 603 (0.05 mg/kg, n = 5);
- BAY: CPZ-enriched diet + BAY60-6583 (0.1 mg/kg, n = 4).

All treatments were performed blind as to experimental conditions. 
At the end of the CPZ intake corresponding to two days after the last 
drug injection, behavioural tests were performed, and animals were 
sacrificed for immunohistochemical analysis.

Fig. 1. Timeline of the study and experimental design (Created with https://biorender.com).
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2.4. Body weight evaluation

Mice used in the present research weighed between 20 and 25 g at 
the beginning of the experiment. Body weight was monitored twice a 
week throughout the study. Changes in body weight were evaluated for 
each animal relative to its baseline weight, recorded before the start of 
the experimental procedures.

2.5. Rotarod test

Animal balance and motor coordination were tested using a rotating 
metal rod. Before experiment, mice were acclimated on the rotarod via 1 
training session, lasting 3 min, performed the day before the experiment. 
Animals were tested at the end of the fifth week to evaluate the effect of 
CPZ in comparison to control animals. The apparatus consisted of a base 
platform, a rotating rod, and a non-slippery surface. The rod, 30 cm in 
length and 3 cm in diameter, was divided into 5 equal sections by 6 disks 
(Galeotti et al., 2013). Each animal was individually tested for 3 min on 
the apparatus, with the rod-rotating speed of 31 rpm. The latency to the 
first fall was recorded, applying a minimum of 10-s cut-off, to minimize 
potential bias related to operator handling.

2.6. Hole-board test

The Hole-board test is mainly used for assessing exploratory and 
social behaviours in rodents. The animal is placed in an arena with 
regularly arranged holes on the floor (Takeda et al., 1998). Both fre
quency and duration of spontaneous elicited hole-poking behaviour 
were measured. The Hole-board test apparatus (Hole-board Device, Ugo 
Basile, Varese, Italy) consisted of a square elevated arena 
(40 cm × 40 cm; 1 m above the floor), featuring 16 evenly spaced, 
flush-mounted cylindrical holes, each with a diameter of 3 cm, arranged 
in a 4x4 equidistant grid pattern. Each mouse was individually placed on 
the left side of the board and allowed to freely explore it for a duration of 
5 min. Two infrared sensors, positioned across the midpoints of opposite 
sides of the platform, divided the surface into 4 equal quadrants and 
automatically detected the movement of the animal, recording its lo
comotor activity. Miniature photoelectric sensors installed in each of the 
16 holes detected and recorded the exploratory behaviour of the mice as 
they investigated the holes. Each mouse was individually tested for 
spontaneous mobility (number of quadrants exchanged during the time 
of recording) and anxiety-like behaviour (number of head dips in the 
holes of the board). We also evaluated the time spent in the center of the 
board as indicative either of avoidance of the perimeter of the elevated 
arena (source of fear for the mouse) or reduced mobility.

2.7. Immunohistochemistry

Two days after the last CPZ injection, mice were anesthetized with 
Zoletil ® 50/50 (Tiletamine hydrochloride/Zolazepam hydrochloride; 
45 mg/kg i.p., Virbac, Carros, Francia) and were perfused transcardially 
with an ice-cold 4% paraformaldehyde in PBS. Brains were post-fixed 
overnight and cryoprotected in a 18% sucrose solution in PBS for at 
least 48 h (Dettori et al., 2021). Brains were then frozen in 5-methylbu
tane chilled on dry ice and stored at − 80 ◦C until their processing. Mice 
brains were frozen in Optimal Cutting Temperature (O.C.T.) (Kaltek, 
Italy), and 30 μm-thick coronal sections were cut with a cryostat at 
+0.98 mm from Bregma according to the mouse brain atlas. The corpus 
callosum was used as an anatomical landmark to infer the location of the 
slice in relation to bregma. Brain sections were collected and stored at – 
20 ◦C in an antifreeze solution consisting of 30% glycerol, 30% ethylene 
glycol, 15.4 mM NaH2PO4*H20, 38.4 mM Na2HPO4. Immunohisto
chemistry was performed with the free-floating method (Giovannini, 
2002; Lana et al., 2014; Mercatelli et al., 2016).

2.7.1. Immunofluorescence labelling
Day 1: Sections were washed three times in a 24-wells multiwell 

plate with PBS-TX (0.3% Triton X-100 in PBS). Before incubation with 
primary antibodies, all sections were incubated for 60 min with Blocking 
Buffer (BB) containing 10% Normal Goat Serum (Product Code: S-1000, 
Vector, Burlingame, CA, USA) in PBS-TX. After BB, sections were incu
bated overnight at 4 ◦C under slight agitation in a solution with: i) mouse 
anti-Myelin Basic Protein (MBP) (1:400 in BB; Product Code: 83683S, 
Cell Signaling, Danvers, MA, USA), to immunostain oligodendrocytes 
(single labelling immunofluorescence), or ii) rabbit anti-Ionized Cal
cium Binding Adaptor 1 (IBA1) antibody (1:300 in BB; Product code: 
016–20001 FUJIFILM Wako, Osaka, JP), to immunostain total microglia 
(double labelling immunofluorescence).

Day 2: Sections were washed three times in PBS-TX and then incu
bated for 2 h at room temperature in the dark with specific secondary 
antibodies: i) AlexaFluor 555 donkey anti-mouse (1:500 in BB; Product 
code: A31570, Thermo Fisher, Waltham, MA, USA) (single labelling 
immunofluorescence) or ii) AlexaFluor 635 goat anti-rabbit secondary 
antibody (1:400 in BB; Product code: A31577, Thermo Fisher) (double 
labelling immunofluorescence). Only in case of double labelling, sec
tions were washed in PBS-TX and further immunostained (2h of incu
bation at room temperature) using a mouse anti-Glial Fibrillary Acidic 
Protein (GFAP) antibody conjugated with the fluorochrome AlexaFluor 
488 (1:500 in BB; Product code: MAB3402X, Millipore, Billerica, MA, 
United States). Finally after three washes in PBS-TX, slices were 
mounted on gelatin-coated slides with Vectashield mounting medium 
with DAPI to stain cell nuclei (Vectashield Product Code H-1200, Vector, 
Burlingame, CA, USA)., a.

2.8. Confocal microscopy and quantitative analysis

Immunohistochemical images were captured using a Leica SP8 laser 
scanning confocal microscope (Leica Microsystems, Mannheim, Ger
many), as described in Lana et al. (2024) and Sarti et al. (2025). Brain 
areas chosen (Regions of Interest, ROIs) for quantitative analysis were (i) 
corpus callosum medialis (CCM), motor cortex (CTX) (ii) and striatum 
(ST) (iii) (Fig. 2).

Quantitative analyses were performed using the software ImageJ 
(http://rsb.info.nih.gov/ij). MBP immunofluorescence was quantified 
by calculating the percentage of area fraction above a defined threshold 
within manually outlined ROIs (Khodanovich et al., 2019).

The density of astrocytes and microglia were expressed as cells/mm2. 
Quantitative analyses of GFAP and IBA1 immunofluorescence were 
obtained from the percentage of GFAP positive or IBA1 positive pixels 
above a set threshold level using the threshold tool of ImageJ.

2.9. Statistical analysis

Data are presented as mean ± SEM (standard error of the mean). 
Statistical significance was evaluated by: Student's t-test, One-way 
ANOVA followed by appropriate post hoc test or Two-way ANOVA 
(repeated measures) followed by appropriate post hoc test. All statistical 
analyses were performed using GraphPad PRISM v.8 for Windows 
(GraphPad Software, San Diego, CA, USA). A probability value P < 0.05 
was considered significant.

3. Results

3.1. Effect of A2BR ligands on CPZ–induced loss of body weight gain and 
locomotor activity

Male C57BL/6 mice at day 0 weighted 23-25 g. During the first three 
weeks of the CPZ-based diet, mice had a reduced body weight gain 
compared to the control group (Fig. 3A). Statistical analysis of body 
weight changes over time revealed a significant effect of both time (F 
(6,133) = 9.487, P < 0.0001) and treatment (F(1,133) = 19.02, P <
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0.0001), although no significant interaction between the two factors was 
observed (F(6,133) = 1.425, P = 0.2096). Specifically, while both 
groups showed a progressive increase in weight, Bonferroni's post hoc 
test revealed that the CPZ-treated group gained significantly less weight 
compared to the CTR group only at day 21 (t = 3.558, **P = 0.0036; 
Fig. 3A). The effects of different treatments (PSB 603 and BAY60-6583) 
on body weight were evaluated from day 24 to day 35 (Fig. 3B). One- 
way ANOVA did not show a significant overall effect of treatment at 
any of the time points analysed (day 24: F(3,17) = 2.068, P = 0.1424; 
day 27: F(3,17) = 2.459, P = 0.0979; day 30: F(3,17) = 2.736, P =
0.0757; day 35: F(3,17) = 2.813, P = 0.0706). Nevertheless, Dunnett's 
multiple comparisons test revealed a significant reduction in weight 
variation in the BAY-treated group compared to CTR at day 27 (q =
2.596, **P = 0.0493), while no significant differences were observed for 
the other treatment groups (CPZ and PSB 603) relative to CTR 

throughout the observation period. (Fig. 3B).
It is known that CPZ, causing demyelination in the CNS, leads to a 

range of behavioural alterations, including increased anxiety-like 
behaviour (Zhang et al., 2020). We used the Hole-board test to study 
spontaneous mobility (Fig. 4A), the exploratory activity (Fig. 4B) and 
the time spent in the center of the arena (Fig. 4C) of mice from the four 
experimental groups. In CPZ-fed animals we found a significant reduc
tion of spontaneous mobility (Fig. 4A) and a significant increase of time 
spent in the centre of the board (Fig. 4C). One-way ANOVA revealed a 
significant effect of treatment (F(3,17) = 6.539, P = 0.0039) in spon
taneous mobility. The Newman-Keuls post hoc test showed a significant 
reduction in the number of quadrant crossings in the CPZ group 
compared to CTR (q = 5.738, **P < 0.01). This behavioural impairment 
was effectively prevented by the administration of both PSB 603 (q =
4.695, #P < 0.05 vs CPZ) and BAY 60-6583 (q = 4.104, ##P < 0.01 vs 

Fig. 2. Representative confocal images acquired from coronal brain sections showing the regions of interest (ROIs) selected for the immunohistochemical analyses. 
(a1-a2) motor cortex (CTX), (b) corpus callosum medialis (CCM), (c) striatum (ST).

Fig. 3. Effects of CPZ diet and A2BR ligands administration on animal body weight. A: The graph illustrates changes in body weight (mean ± SEM) over time in 
control animals (CTR, n = 11) and CPZ-treated mice (CPZ, n = 11) during the first 3 weeks of CPZ treatment. B: Column bars show time-course of changes in body 
weight gain in control mice (CTR, n = 6) and CPZ-treated mice for the 2 last weeks of CPZ-feeding (CPZ, n = 5) in the presence of the adenosinergic ligands: PSB 603 
(CPZ + PSB, n = 5) or BAY60-6583 (CPZ + BAY, n = 4). Data are expressed as mean ± SEM; *P < 0.05, **P < 0.01 vs CTR on the same day (Two-way ANOVA 
repeated measures followed by Bonferroni post hoc test (A) or One-way ANOVA followed by Dunnet post hoc test (B)).
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CPZ). Notably, no significant differences were observed between the 
CTR group and either the CPZ + PSB or CPZ + BAY groups, indicating a 
full recovery of the exploratory activity (Fig. 4A).

One-way ANOVA revealed a highly significant effect of treatment (F 
(3,17) = 14.07, P < 0.0001) also in the time spent in the centre of the 
board. The Newman-Keuls post hoc test showed that CPZ-treated mice 
spent significantly more time in the center compared to CTR animals (q 
= 4.067, *P < 0.05). This effect was further amplified in mice receiving 
the treatments, as both the CPZ + PSB group (q = 8.445, ***P < 0.0001) 
and the CPZ + BAY group (q = 6.731, ***P < 0.001) showed a marked 
increase in time spent in the center relative to the CTR group. Further
more, both PSB 603 and BAY60-6583 treatments significantly increased 
the time spent in the center even when compared to the CPZ-only group 
(q = 4.567, #P < 0.05 and q = 3.093, #P < 0.05, respectively; Fig. 4C).

However, no effect of CPZ was found on exploratory activity as 
measured by hole-board head dips (Fig. 4B). One-way ANOVA revealed 
no significant differences among the experimental groups (F 
(3,17) = 1.823, P = 0.1813). Consequently, the Newman-Keuls post hoc 
test did not identify any significant comparisons between groups, sug
gesting that this specific exploratory parameter was not significantly 
altered by CPZ administration or by the subsequent pharmacological 
treatments.

Moreover, CPZ has been reported to impair both motor coordination 
and balance (Vega-Riquer et al., 2019; Zirngibl et al., 2022). To assess 
these effects, we utilized the rotarod test (Fig. 4D). As expected, after 5 
weeks of CPZ diet, which is the time at which demyelination is at its 
peak, animals treated with the toxin tended to fell from the rod signif
icantly earlier than the control group (Fig. 4D). Pharmacological treat
ment with either BAY60-6583 or PSB 603 did not result in any 
significant improvement in this behavioural parameter. One-way 
ANOVA showed a trend toward an effect of treatment, although it did 
not reach full statistical significance (F(3,16) = 2.983, P = 0.0624). 
Nevertheless, Dunnett's post hoc test revealed that CPZ-treated mice had 
a significantly shorter latency to the first fall compared to the CTR group 
(q = 2.852, *P = 0.0309). In contrast, no significant differences were 
observed between CTR animals and those treated with either PSB 603 (q 
= 2.081, P = 0.1347) or BAY60-6583 (q = 1.013, P = 0.6412).

3.2. Effect of A2BR ligands on CPZ–induced loss of myelin basic protein 
expression in the corpus callosum medialis, motor cortex and striatum

As previously described, MBP is one of the key proteins associated to 
myelin sheath deposition (Kornguth and Anderson, 1965; Laatsch et al., 
1962) and can be used to assess demyelination processes. Thus, to 
quantify myelin damage induced by CPZ, we performed immunohisto
chemical analysis to determine MBP expression in the different ROIs 
under investigation. In Fig. 5A we report representative confocal images 
of MBP-immunostaining in the three ROIs, from the qualitative images 
shown in Fig. 5A, it appears that CPZ significantly decreased MBP 
immunofluorescence in all the brain areas investigated, confirming 
significant demyelination in the regions examined. This effect was 
reverted after treatment with PSB 603 (Fig. 5A). The selective stimula
tion of A2BR with BAY60-6583 induced a further decrease in MBP im
munostaining. As indicated in Fig. 5B–D, quantitative analyses revealed 
that PSB 603 treatment resulted in a significant recovery of the damage, 
rescuing MBP expression levels to control values. On the contrary, 
BAY60-6583 exacerbated the damage in CCM (Fig. 5B) and CTX 
(Fig. 5C) and did not modify CPZ effect in ST (Fig. 5D).

In the corpus callosum, One-way ANOVA revealed a highly signifi
cant effect of treatment (F(3,17) = 29.59, P < 0.0001). Newman-Keuls 
post hoc test showed a drastic reduction of MBP area in CPZ-treated 
mice compared to CTR (q = 8.932, ***P < 0.0001). Treatment with 
PSB effectively prevented this loss, restoring MBP levels to values 
comparable to CTR (P > 0.05). Conversely, BAY treatment did not 
prevent demyelination and actually showed a further reduction in MBP 
area compared to both CTR (q = 11.44, ***P < 0.0001) and CPZ groups 
(q = 3.453, #P < 0.05). A similar pattern was observed in the cortex (F 
(3,17) = 27.69, P < 0.0001). CPZ administration significantly decreased 
myelin density (q = 7.451, ***P < 0.001), an effect that was completely 
reversed by PSB (P > 0.05 vs CTR; q = 6.242, ###P < 0.001 vs CPZ). 
Again, BAY60-6583 treated mice exhibited the lowest MBP levels, 
significantly different from all other groups (#P < 0.01 vs CPZ; ***P <
0.0001 vs CTR). In the striatum, although the overall effect was less 
pronounced, it remained significant (F(3,17) = 6.904, P = 0.0030). CPZ 
mice showed a significant reduction in MBP area (q = 6.003, **P <
0.01), which was significantly attenuated by PSB 603 (q = 3.723, #P <
0.05 vs CPZ), bringing the values back to CTR levels (P > 0.05). No 

Fig. 4. Motor performance quantified using the Hole-board test and rotarod paradigm. A-C: Evaluation of spontaneous mobility, exploratory activity, and time spent 
in the center of the arena assessed by the Hole-board test. A: Animal spontaneous mobility is reduced in CPZ-treated mice, an effect reverted either by PSB 603 or 
BAY60-6583. B: Exploratory activity was not significantly different in all the groups. C: . CPZ increased the time spent in the center of the arena and this effect was 
significantly modulated by both A2BR ligands. D: The graph shows the time to first fall in the rotarod test in different experimental groups. CPZ intake significantly 
decreased this parameter and this effect was not modified either by PSB 603 or BAY60-6583. In all graphs data are expressed as mean ± SEM; *P < 0.05, **P < 0.01, 
***P < 0.001 vs CTR; #P < 0.05, ##P < 0.01 vs CPZ (one-way ANOVA followed by Newman-Keuls (Fig. 4A–C) or Dunnett post hoc test (Fig. 4D). CTR, n = 6; CPZ, n 
= 6; CPZ + PSB, n = 5; CPZ + BAY, n = 3-4.
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Fig. 5. Effect of A2BR modulation on MBP immunostaining in the CPZ demyelination model. A: Representative confocal images showing myelin basic protein (MBP) 
immunofluorescence in the corpus callosum medialis (CCM), motor cortex (CTX) and striatum (ST) in different experimental conditions. Scale bars: 200 μm. B-D: 
Quantitative analyses of the percentage of MBP-positive area (red) in CCM (B), CTX (C) and ST (D) in the four experimental groups: CPZ exposure induced a marked 
reduction of MBP immunofluorescence in all the regions investigated. Treatment with PSB significantly reverted CPZ effect in all regions investigated, while BAY60- 
6583 was not effective. *P < 0.05, **P < 0.01 and ***P < 0.001 vs CTR; #P < 0.05 and ##P < 0.01 vs CPZ (one-way ANOVA followed by Newman Keuls post hoc 
test). In all graphs data are expressed as mean ± SEM. CTR, n = 6; CPZ, n = 6; CPZ + PSB, n = 5; CPZ + BAY, n = 4. (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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significant recovery was observed for the BAY60-6583 group in this 
region (P > 0.05 vs CPZ).

3.3. Effect of A2BR ligands on CPZ–induced astrocytes reactivity in 
corpus callosum medialis, cortex, and striatum

Astrocytes were immunostained with anti-GFAP antibody in brain 
sections of the four experimental group; CCM, CTX and ST were our 
regions of interest for confocal microscopy acquisitions. From the 
representative confocal images shown in Fig. 6A it is apparent that as
trocytes were more numerous and more activated in the CCM of CPZ 
mice in comparison to CTR mice.

Fig. 6B shows the results of quantitative analyses of GFAP immu
nostaining in the CCM of the four experimental groups.n the CCM of 
CPZ-treated mice GFAP immunostaining increased in comparison to 
CTR mice, an indication that astrocytes were more activated. PSB 603 
significantly reverted this effect, while BAY60-6583 further increased 
GFAP immunostaining: One-way ANOVA (F(3,16) = 16.29, P < 0.0001) 
and Newman-Keuls post hoc test: **P < 0.01 CPZ vs CTR (q = 5.610); 
***P < 0.001 CPZ + BAY vs CTR (q = 9.298); #P < 0.05 CPZ + PSB vs 
CPZ (q = 3.361); ##P < 0.01 CPZ + BAY vs CPZ (q = 4.280). Fig. 6C 
shows that in the CCM of CPZ-treated mice astrocytes density increased 
significantly in comparison to CTR mice. PSB 603 slightly, although not 
significantly, reverted this effect, while BAY60-6583 slightly increased 
astrocytes density: one-way ANOVA (F(3,16) = 9.578, P = 0.0007) and 
Newman-Keuls post hoc test: *P < 0.05 CPZ vs CTR (q = 5927); **P <
0.01 CPZ + PSB vs CTR (q = 3.721); ***P < 0.001 CPZ + BAY vs CTR (q 
= 6.878).

The representative confocal images of GFAP immunohistochemistry 
in the cortex (Fig. 6A), show that astrocytes were more numerous and 
more activated in the cortex of CPZ mice in comparison to CTR mice.

Fig. 6D shows that in the cortex of CPZ-treated mice GFAP immu
nostaining significantly increased in comparison to CTR mice. PSB 603 
completely reverted this effect. BAY60-6583 further increased, although 
slightly, GFAP immunostaining: one-way ANOVA (F(3,17) = 10.29, P =
0.0004) and Newman-Keuls post hoc test: *P < 0.05 CPZ vs CTR (q =
4.728); **P < 0.01 CPZ + BAY vs CTR (q = 6.579); ##P < 0.01 CPZ +
PSB vs CPZ (q = 4.280). Fig. 6E shows that in the cortex of CPZ-treated 
mice astrocyte density significantly increased in comparison to CTR 
mice. PSB 603 significantly reverted this effect, while BAY60-6583 did 
not have any effect:ne-way ANOVA (F(3,16) = 22.95, P < 0.0001) and 
Newman-Keuls post hoc test: **P < 0.01 CPZ + PSB vs CTR (q = 4.300); 
***P < 0.001 CPZ vs CTR (q = 10.91) and CPZ + BAY vs CTR (q =
8.426); ##P < 0.01, CPZ + PSB vs CPZ (q = 5.462).

The representative confocal images of GFAP immunohistochemistry 
in the striatum (Fig. 6A) show that astrocytes were more numerous and 
more activated in the striatum of CPZ mice compared to CTR mice.

The graphs in Fig. 6F shows that GFAP immunostaining in the 
striatum of CPZ-treated mice was significantly increased compared to 
CTR mice. PSB 603 completely reverted this effect, while BAY60-6583 
had no effect:one-way ANOVA (F(3,16) = 7.130, P = 0.0030) and 
Newman-Keuls post hoc test: *P < 0.05 CPZ vs CTR (q = 4.531); **P <
0.01 CPZ + BAY vs CTR (q = 5.592); #P < 0.05, CPZ + PSB vs CPZ (q =
3.319). Fig. 6G shows that in the striatum of CPZ-treated mice there was 
a significant increase of astrocytes density compared to CTR mice. PSB 
603 partially, although significantly, reverted the increase, while BAY 
60-6883 did not have any effect:one-way ANOVA (F(3,16) = 9.505, P =
0.0008) and Newman-Keuls post hoc test: **P < 0.01 CPZ vs CTR (q =
6.130) and CPZ + BAY vs CTR (q = 6.652).

3.4. Effect of A2BR ligands on CPZ–induced microglia reactivity in corpus 
callosum medialis, cortex and striatum

Microglia were immunostained with anti-IBA1 antibody in brain 
sections of the four experimental groups. CCM, CTX and ST were our 
regions of interest for confocal microscopy acquisitions. From the 

representative confocal images shown in Fig. 7A it is apparent that 
microglia were more numerous and more activated in the CCM of CPZ 
mice than in CTR mice.

The graph in Fig. 7B shows that IBA1 immunostaining in the CCM of 
CPZ-treated mice was significantly increased in comparison to CTR 
mice. PSB 603 slightly but significantly reverted this increase, while 
BAY60-6583 did not change IBA1 immunostaining in comparison to CPZ 
mice. Statistical analysis: one-way ANOVA (F(3,16) = 31.07, P <
0.0001) and Newman-Keuls post hoc test: ***P < 0.001 CPZ vs CTR (q =
11.51), CPZ + PSB vs CTR (q = 6.694) and CPZ + BAY vs CTR (q =
11.71); #P < 0.05, CPZ + PSB vs CPZ (q = 3.604). Fig. 7C shows that in 
the CCM of CPZ-treated mice microglia density significantly increased in 
comparison to CTR mice. PSB 603 completely reverted this effect, while 
BAY60-6583 did not change microglia density in comparison to CPZ 
mice. Statistical analysis:one-way ANOVA (F(3,16) = 12.45, P =
0.0002) and Newman-Keuls post hoc test: **P < 0.01 CPZ vs CTR (q =
5.967); ***P < 0.001 CPZ + BAY vs CTR (q = 7.334); ##P < 0.01, CPZ 
+ PSB vs CPZ (q = 4.484).

From the representative confocal images (Fig. 7A), it is apparent that 
microglia were more activated in the cortex of CPZ mice in comparison 
to CTR mice.

The graph in Fig. 7D show that IBA1 immunostaining show that in 
the cortex of CPZ-treated mice IBA1 immunostaining was slightly, but 
not significantly, increased compared to CTR mice. PSB 603 slightly 
reverted this effect. BAY60-6583 administration did not change IBA1 
immunostaining in comparison to CPZ mice. Statistical analysis: one- 
way ANOVA (F(3,17) = 2.522, P = 0.0923) and Newman-Keuls post 
hoc test showed that there was no significant difference among the four 
experimental groups. Fig. 7E shows that in the cortex of CPZ-treated 
mice microglia density significantly increased in comparison to CTR 
mice. PSB 603 completely reverted this effect, while BAY60-6583 
treatment had no effect in comparison to CPZ mice. Statistical anal
ysis: one-way ANOVA (F(3,17) = 3.926, P = 0.0268) and Newman-Keuls 
post hoc test: *P < 0.05 CPZ vs CTR (q = 4.079); #P < 0.05 CPZ + PSB vs 
CPZ (q = 3.643).

Representative confocal images in Fig. 7A show that microglia were 
more numerous and more activated in the striatum of CPZ mice in 
comparison to CTR mice.

The graph in Fig. 7F shows tshows that in the striatum of CPZ-treated 
mice there was a significant increase in IBA1 immunostaining compared 
to CTR mice. PSB 603 completely reverted this effect, while BAY60-6583 
did not change IBA1 immunostaining in comparison to CPZ mice. Sta
tistical analysis:one-way ANOVA (F(3,16) = 6.057, P = 0.0059) and 
Newman-Keuls post hoc test: *P < 0.05 CPZ vs CTR (q = 3.170) and CPZ 
+ BAY vs CTR (q = 4.307); #P < 0.05, CPZ + PSB vs CPZ (q = 4.144). 
Fig. 7G shows that in the striatum of CPZ-treated mice microglia density 
significantly increased in comparison to CTR mice. PSB 603 or BAY60- 
6583 did not revert this effect. Statistical analysis: one-way ANOVA (F 
(3,17) = 3.464, P = 0.0396) and Newman-Keuls post hoc test: *P < 0.05 
CPZ vs CTR (q = 3.670) and CPZ + PSB vs CTR (q = 4.071).

4. Discussion

In the present study we assessed the potential protective role of A2BR 
modulation on CPZ-induced demyelination in the mouse, focusing on 
glial alterations associated with demyelinating damage, through the 
administration of PSB 603 or BAY60-6583. Our data demonstrate that 
the selective pharmacological blockade of A2BRs by PSB 603 exerted a 
protective effect, promoting myelin restoration in CCM, the primary site 
of CPZ-dependent demyelination in the brain, as well as in the CTX and 
ST. Since PSB603 was administered during the last two weeks of 
continuous CPZ exposure, the observed higher myelin density could 
result from an inhibition of myelin breakdown rather than active 
remyelination. Moreover, A2BR antagonism attenuated CPZ-dependent 
astrogliosis and microgliosis in the same brain regions.

The in vivo mouse model of CPZ-enriched diet represents a 
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substantiated tool for investigating demyelination processes in the 
brain. Research demonstrated that CPZ causes selective OLs apoptosis 
and subsequent demyelination without direct injury to OPCs and with 
minimal involvement of the immune/inflammatory systems in the pro
cess of disruption of the myelin sheet. For instance, Zoupi and co- 
workers highlighted that the CPZ model enables the study of demye
lination and remyelination processes while largely excluding immune 
system contributions to demyelination, making it an ideal tool to 
investigate direct OLs cytotoxicity (Zoupi et al., 2013). Indeed, as a 
copper chelator, CPZ selectively targets OLs inducing their apoptosis 
and triggering demyelination, predominantly in the corpus callosum 
(Gingele et al., 2020), but also in the striatum and cortex. After CPZ 
relief, OPCs are described to migrate to the lesion site and to differen
tiate into mature OLs triggering remyelination processes restoring 
myelin levels. This model provides valuable insight into the distinct 
responses of mature OLs and OPCs to CPZ-induced intoxication. 
Buschmann and colleagues reported that the selective OL death and 
decline in myelin-related genes expression occur rapidly after the onset 
of CPZ exposure, well before overt demyelination (Buschmann et al., 
2012).

Adenosine signaling plays a critical role in CPZ-induced demyelin
ation. The activation of adenosine receptors has been shown to modulate 
the inflammatory response and support OLs survival during demyelin
ation (Adebiyi and Bynoe, 2023). Evidence suggests that enhanced 
adenosine signaling through A1 receptors can promote OLs survival and 
facilitate in vitro myelination (Stevens et al., 2002), highlighting the 
relevance of targeting adenosine pathway as a therapeutic approach for 
demyelinating diseases (Adebiyi and Bynoe, 2023).

The A2BR subtype, coupled to Gs protein, is considered the most 
enigmatic as its pharmacological and physiological properties have long 
been challenging to study due to the absence of selective ligands and its 
low affinity for the endogenous ligand adenosine (Coppi et al., 2020). 
The role of this receptor subtype in oligodendrogliogenesis remains 
poorly understood. Recently, we demonstrated that A2BR activation 
inhibits OPC differentiation in vitro (Cherchi et al., 2024; Coppi et al., 
2020). In particular, the A2BR agonist BAY60-6583 reversibly sup
presses tetraethylammonium (TEA)-sensitive sustained IK and 4-amino
pyridine (4-AP)-sensitive transient IA conductances (Coppi et al., 2020). 
It is well established that these currents are essential for OPC differen
tiation, and their modulation could serve as a valuable therapeutic 
target in demyelinating pathologies (Cherchi et al., 2021a; Chittajallu 
et al., 2004; Gallo et al., 1996; Yuan et al., 2002). The temporal dy
namics of adenosine levels during CPZ treatment remain largely unex
plored. However, it is hypothesized that adenosine levels fluctuate 
between the demyelinating phase typical of MS. During the acute phase 
of CPZ exposure, which leads to demyelination (Buschmann et al., 
2012), an increase in adenosine levels may occur. As already mentioned, 
A2BRs are predominantly recruited under pathological conditions due 
to their low affinity for the endogenous ligand, and play a critical and 
controversial role in regulating OL survival and maintaining myelin 
integrity (Cherchi et al., 2024). Moreover, it has been demonstrated in 
cultured astroglial cells that A2BRs desensitize in a time dependent 
manner (Trincavelli et al., 2008) as a putative cell defense mechanism to 
counteract the A2BR-mediated effects during the acute phase of brain 
damage.

CPZ intake has been associated with a significant reduction in body 
weight. In accordance with literature (Ye et al., 2013; Krauthausen et al., 
2014), mice exposed to CPZ showed a marked reduction in weight gain 

that became significant within three weeks. This result suggests that CPZ 
induced a reduction in food intake or may have a direct effect on fat 
metabolism and distribution even if the pathophysiological mechanisms 
of the toxin are not yet defined. The decrease in body weight variation 
persisted during the 2-weeks of pharmacological treatment. However, 
neither PSB 603 nor BAY60-6583 significantly modified weight decrease 
in CPZ-treated mice, suggesting that modulation of the A2BR does not 
have major influence on body weight changes. In research conducted by 
D'Antongiovanni et al., BAY60-6583 was shown to modulate metabolic 
pathways, leading to reductions in cholesterol and triglycerides levels, 
key factors in managing obesity-related cardiovascular diseases 
(D’Antongiovanni et al., 2021). BAY60-6583 could influence weight 
changes independently of the toxic effects of CPZ. However, as A2BRs 
are known to have a role in obesity, a direct effect of A2BR ligands on 
lipid metabolism cannot be excluded, leading to possible interference 
with body weight changes during or after CPZ treatment. The lack of 
effect of the A2BRs ligands is possibly due to the dominant toxic effect of 
CPZ that masks potential metabolic changes.

Consistent with previous findings (Zhang et al., 2020), behavioural 
tests further confirmed that CPZ exposure induced several motor alter
ations. In particular, the Hole-board test revealed in CPZ-fed mice a 
longer time spent in the center of the arena.This effect may be consid
ered either an index of increased avoidance of the perimeter of the arena 
(source of fear for the mouse) or a consequence of a reduced mobility 
after toxin intake. Surprisingly, behavioural outcomes revealed that 
both groups of mice treated with PSB 603 or BAY60-6580 spent more 
time in the center of the arena. Exploratory activity, defined as the 
number of episodes in which the animal moved its head within the holes 
in the arena, was not significantly affected by the CPZ treatment. 
Furthermore, locomotor impairment is a key feature of CPZ treatment 
which correlates with OLs depletion. Khodanovich reported that 10 
weeks CPZ treatment led to decreased locomotion (Khodanovich et al., 
2019), aligning with findings from earlier studies. In 2012, Magalon 
et al. specifically reported that mice exhibit significant impairment in 
motor coordination during CPZ treatment, as measured by the Rotarod 
test (Magalon et al., 2012). Here we demonstrated that CPZ induced 
significant alteration of locomotor activity in the Hole-board test. In the 
CPZ treated mice, administration of PSB 603 or BAY60-6583 was able to 
prevent this deficit, restoring locomotion to control levels. To corrobo
rate these findings, we performed the Rotarod test and, as expected, we 
found that CPZ-treated mice had a significantly shorter latency to the 
first fall. However, neither PSB 603 nor BAY60-6583 were able to 
recover this deleterious effect brought about by CPZ treatment. It is 
possible that motor coordination, balance, and grip, necessary to 
perform the Rotarod test, are coordinated by a system that does not 
necessitate of the adenosinergic system through A2BR.

In this context, it is known that adenosine levels and signalling play a 
critical role in demyelination. In particular, adenosine is a key regulator 
of oligodendrogliogenesis, exerting receptor-specific actions on OPC 
proliferation and differentiation (Cherchi et al., 2021b; Fields and 
Burnstock, 2006; Stevens et al., 2002). In line with the literature, 
immunohistochemical analyses in our study confirmed extensive 
demyelination in different brain regions of CPZ-treated mice, with sig
nificant reduction of MBP expression in CCM, CTX and ST (Buschmann 
et al., 2012; Guglielmetti et al., 2016; Tanaka et al., 2013). Importantly, 
we found that PSB 603 rescued myelin damaged induced by CPZ in all 
brain areas examined, consistent with reports showing that A2BR 
blockade preserves myelin integrity and improves clinical outcomes in 

Fig. 6. Analysis of astrocytes in the corpus callosum medialis (CCM), in the cortex (CTX) and in the striatum (ST) of CTR, CPZ, CPZ + PSB, and CPZ + BAY mice. A: 
Representative confocal images of GFAP immunostaining of astrocytes (green) in CCM, CTX and ST of a CTR, a CPZ, a CPZ + PSB and a CPZ + BAY mouse. Scale bar: 
150 μm. B-C: Quantitative analysis of GFAP immunostaining (arbitrary units) and GFAP + astrocyte density (cells/mm2) in the CCM of each experimental group. D-E: 
Quantitative analysis of GFAP immunostaining (arbitrary units) andGFAP + astrocyte density (cells/mm2) in CTX of each experimental group). F-G: Quantitative 
analysis of GFAP immunostaining (arbitrary units) andGFAP + astrocyte density (cells/mm2) in ST of each experimental group. Data reported in all graph bars are 
expressed as mean ± SEM. CTR (n = 6), CPZ (n = 6), CPZ + PSB (n = 4) and CPZ + BAY mice (n = 4). (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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demyelinating conditions such as EAE (Wei et al., 2013).
We found a significant increase in astrocyte density and GFAP 

immunofluorescence in the three ROIs following exposure to CPZ, in line 
with previous findings that report strong astrogliosis in CPZ-treated 
mice (Buonvicino et al., 2021; Matsushima and Morell, 2001; Skripu
letz et al., 2008) a hallmark of the demyelinating process. Single-cell 
RNA sequencing (RNA-seq) data from the mouse brain (Zeisel et al., 
2018) show that Adora2b, one of the two paralogous genes Adora2a and 
Adora2b, is strongly expressed in astrocytes, consistent with the recently 
published evidence indicating the A2B receptor as one of the highly 
expressed G protein-coupled receptors in astrocytes in the brain (Endo 
et al., 2022). On the contrary, the RNA-seq data suggest that astrocytes 
do not express Adora2a gene.

Treatment with PSB 603 significantly reduced activation and 
increased density of astrocytes induced by CPZ, whereas BAY60-6583 
had no significant effect or tended to further increase astrocytes acti
vation, especially in the CCM. The significant attenuation of astrocytes 
activation by PSB 603 is consistent with studies showing that A2BR 
signaling participates in astrocyte metabolic and reactive responses 
(Endo et al., 2022; Theparambil et al., 2024), indicating that blocking 
this receptor may modulate astrocytes reactivity. Indeed, metabolic 
activation of astrocytes is mediated by adenosine acting on astrocytic 
A2BRs, and knockdown of A2BRs in astrocytes leads to a major 
reprogramming of brain energy metabolism (Theparambil et al., 2024). 
During aging, progressive impairment of brain energy homeostasis may 
contribute to the development of neurodegenerative diseases (Cunnane 
et al., 2020) and treatments that can rescue and preserve brain ener
getics may prove effective in counteracting them. Modulation of A2BRs 
in brain astrocytes could potentially be an effective therapeutic strategy 
to support brain energy metabolism to promote brain longevity. There is 
increasing evidence that astrocytes are key players in complex in
teractions with OPC, mature oligodendrocytes, and microglia support
ing remyelination at least in the CPZ model.

The clearance of myelin debris by microglia phagocytosis from the 
site of demyelination is important to achieve adequate remyelination 
and to slow the progression of the disease. Microglia activation is a well- 
characterized feature of the CPZ model (Hiremath et al., 1998a; Mason 
et al., 2004), where it plays a dual role, being essential for debris 
clearance and remyelination. However, how microglia phagocytose the 
myelin debris, and why their clearance is impaired in MS, is not fully 
known. Furthermore, there is continuous debate whether microglia play 
a deleterious or beneficial role in CNS diseases (Schwartz et al., 2006; 
Block et al., 2007; Hanisch and Kettenmann, 2007; Boche et al., 2013; 
Chhor et al., 2013).

Our results suggest that A2BR antagonism may exert a modulatory 
effect on microglia reactivity, potentially creating a more favourable 
environment for repair. In primary murine microglia the A2BR stimu
lates microglia proliferation and increases the production of both anti- 
inflammatory IL-10 and pro-inflammatory IL-6 cytokines (Fiebich 
et al., 1996; Koscsó et al., 2012; Merighi et al., 2017). These results are 
consistent with previous research, which demonstrates the role of 
adenosine receptors in the regulation of neuroinflammation and glial 
responses (Cherchi et al., 2021b; Coppi et al., 2020), and that pharma
cological blockade of A2BRs prevents myelin disruption and neurolog
ical impairment in demyelinating models (Manalo et al., 2020; Wei 
et al., 2013). In the healthy adult brain, the phenomic of microglia as 
well as their distribution varies between different brain regions (Lana 
et al., 2023). In line with these data, the extent of microglia 

accumulation during CPZ-induced demyelination is not uniform among 
brain structures. These differences in microglia phenomic may explain 
the differential effects of the adenosinergic drugs we found. Likely due 
to the higher amount of myelin content/debris, a significantly stronger 
microgliosis can be observed in the white matter as compared to the gray 
matter (Skripuletz et al., 2008; Gudi et al., 2009).

Since so far no clear expression of A2BR has been demonstrated in 
microglia, the possibility exists that the effects of the adenosinergic 
drugs we observed are not direct on microglia, but may be secondary to 
their effect on astrocytes. Indeed, astrocytes play an important role in 
the phagocytic process by recruiting microglia to the site of demyelin
ation and producing regenerative mediators (Sen et al., 2022).

This study confirms that the CPZ model reproduces many of the 
pathological hallmarks of demyelination, including impaired weight 
gain, behavioural deficits, astrogliosis, microglial activation (Hiremath 
et al., 1998b; Mason et al., 2004; Sen et al., 2022; Skripuletz et al., 
2011). These results are consistent with previous researches, implicating 
adenosine receptors in the regulation of neuroinflammation and glial 
responses (Cherchi et al., 2021b; Coppi et al., 2020), and they align with 
studies demonstrating that pharmacological blockade of A2BRs prevents 
myelin disruption and neurological impairment in demyelinating 
models (Manalo et al., 2020; Wei et al., 2013). It is known that PSB 603 
crosses the blood brain barrier (Lindemann et al., 2021). However, we 
cannot exclude that at least part of the effects of the drugs used are due 
to their possible peripheral actions.

In order to explain the discrepancy between behavioral responses 
and immunohistochemistry results following A2BR ligands administra
tion, we hypothesized that chronic A2BR stimulation could induce a 
receptor desensitization leading to a similar response between BAY60- 
6583 and the antagonist PSB 603. In addition, it is important underly
ing that a different cellular localization of A2BR may subtend the similar 
response induced by both agonist and antagonist, accordingly to Cherchi 
and coll. (Cherchi et al., 2024). Finally, we may hypothesize that 
BAY60-6583 restorative effect on spontaneous mobility is due to an 
integrated action on unexamined brain/cortical areas that govern and 
regulate associative, exploratory/motivational behavior. The effect of 
BAY60-6583 on these areas may lead to compensation for the myelin 
deficit caused by CPZ.

Overall, our findings highlight the potential of A2BR antagonism as 
therapeutic tool in demyelinating disorders in line with emerging 
literature, suggesting that targeting adenosine signaling may promote 
oligodendrocyte survival, remyelination, and neuroprotection (Cherchi 
et al., 2024; Coppi et al., 2020), although further experiments are 
needed to better understand the complexity of adenosinergic signaling 
in the process of demyelination.
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- Università degli Studi di Firenze, Grant/Award Number: RICATEN: 
AMP, MGG, EC, DL.

- Next Generation European Union, in the context of the National 
Recovery and Resilience Plan, M4C2 Investment 1.5 (THE - Tuscany 
Health Ecosystem), CUP B83C22003920001: AMP.

- National Recovery and Resilience Plan M4C2 Investment 1.4 
(CN00000041 CN3 “National Center for Gene Therapy and Drugs 
based on RNA Technology” Spoke #3 CUP:13C22001010001): AMP, 
MGG.

- FISM – Fondazione Italiana Sclerosi Multipla – cod. 2024/R-Single/ 
038 and financed or co-financed with the ‘5per mille’ public 
founding: EC.

- Daniele Lana current position is supported by #NEXTGENER
ATIONEU (NGEU) and funded by the Ministry of University and 
Research (MUR), National Recovery and Resilience Plan (NRRP), 
project MNESYS (PE0000006) (DR. 1553 11.10.2022): DL.

CRediT authorship contribution statement

Federica Cherchi: Conceptualization, Data curation, Investigation, 
Methodology, Supervision, Visualization, Writing – original draft, 
Writing – review & editing. Martina Venturini: Conceptualization, 
Data curation, Investigation, Methodology, Supervision, Visualization, 
Writing – original draft, Writing – review & editing. Lucia Frulloni: 
Data curation, Investigation, Methodology. Federica Panozzi: Data 
curation, Investigation, Methodology. Giada Magni: Formal analysis, 
Methodology. Clara Santalmasi: Formal analysis, Methodology. 
Camilla Maestrelli: Formal analysis, Methodology. Maria Grazia 
Giovannini: Funding acquisition, Supervision, Writing – original draft, 
Writing – review & editing. Elisabetta Coppi: Funding acquisition, 
Supervision, Writing – review & editing. Daniele Lana: Conceptuali
zation, Data curation, Funding acquisition, Supervision, Writing – re
view & editing. Anna Maria Pugliese: Conceptualization, Data 
curation, Funding acquisition, Resources, Supervision, Writing – review 
& editing.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

Confocal microscopy acquisitions were carried out at the 
Cnr—Istituto di Fisica Applicata “Nello Carrara,” (Florence, Italy).

References

Adebiyi, O.E., Bynoe, M.S., 2023. Roles of adenosine receptor (subtypes A1 and A2A) in 
cuprizone-induced hippocampal demyelination. Mol. Neurobiol. 60, 5878–5890. 
https://doi.org/10.1007/S12035-023-03440-6.

Block, M.L., Zecca, L., Hong, J.S., 2007. Microglia-mediated neurotoxicity: uncovering 
the molecular mechanisms. Nat. Rev. Neurosci. 8, 57–69. https://doi.org/10.1038/ 
nrn2038.

Boche, D., Perry, V.H., Nicoll, J.A., 2013. Review: activation patterns of microglia and 
their identification in the human brain. Neuropathol. Appl. Neurobiol. 39, 3–18. 
https://doi.org/10.1111/nan.12011.

Bot, Ilze, de Vries, Henk, Korporaal, Suzanne J.A., Foks, Amanda C., Bot, Martine, et al., 
2012. Adenosine A2B Receptor Agonism Inhibits Neointimal Lesion Development 
After Arterial Injury in Apolipoprotein E–Deficient Mice. Arteriosclerosis, 
Thrombosis, and Vascular Biology 32 (9), 2197–2205. https://doi.org/10.1161/ 
atvbaha.112.252924. https://www.ahajournals.org/doi/10.1161/ATVBAHA.11 
2.252924.

Buonvicino, D., Ranieri, G., Chiarugi, A., 2021. Cuprizone-dependent De/Remyelination 
responses and functional correlates in mouse strains adopted to model relapsing, 
chronic and progressive experimental autoimmune encephalomyelitis. Neurotox. 
Res. 39, 658–666. https://doi.org/10.1007/S12640-021-00331-3.

Buschmann, J.P., Berger, K., Awad, H., Clarner, T., Beyer, C., Kipp, M., 2012. 
Inflammatory response and chemokine expression in the white matter corpus 

callosum and gray matter cortex region during cuprizone-induced demyelination. 
J. Mol. Neurosci. 48, 66–76. https://doi.org/10.1007/S12031-012-9773-X.

Cherchi, F., Bulli, I., Venturini, M., Pugliese, A.M., Coppi, E., 2021a. Ion channels as new 
attractive targets to improve Re-Myelination processes in the brain. Int. J. Mol. Sci. 
22. https://doi.org/10.3390/IJMS22147277.

Cherchi, F., Pugliese, A.M., Coppi, E., 2021b. Oligodendrocyte precursor cell maturation: 
role of adenosine receptors. Neural Regen. Res. 16, 1686–1692. https://doi.org/ 
10.4103/1673-5374.306058.

Cherchi, F., Venturini, M., Magni, G., Frulloni, L., Chieca, M., Buonvicino, D., 
Santalmasi, C., Rossi, F., De Logu, F., Coppi, E., Pugliese, A.M., 2024. Adenosine A2B 
receptors differently modulate oligodendrogliogenesis and myelination depending 
on their cellular localization. Glia 72, 1985–2000. https://doi.org/10.1002/ 
GLIA.24593.
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