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Abstract

Differentiation of oligodendrocyte precursor cells (OPCs) into mature oligodendro-

cytes (OLs) is a key event for axonal myelination in the brain; this process fails during

demyelinating pathologies. Adenosine is emerging as an important player in oligoden-

drogliogenesis, by activating its metabotropic receptors (A1R, A2AR, A2BR, and A3R).

We previously demonstrated that the Gs-coupled A2BR reduced differentiation of

primary OPC cultures by inhibiting delayed rectifier (IK) as well as transient (IA) out-

ward K+ currents. To deepen the unclear role of this receptor subtype in neuron-OL

interplay and in myelination process, we tested the effects of different A2BR ligands

in a dorsal root ganglion neuron (DRGN)/OPC cocultures, a corroborated in vitro

myelination assay. The A2BR agonist, BAY60-6583, significantly reduced myelin basic

protein levels but simultaneously increased myelination index in DRGN/OPC cocul-

tures analyzed by confocal microscopy. The last effect was prevented by the selec-

tive A2BR antagonists, PSB-603 and MRS1706. To clarify this unexpected data, we

wondered whether A2BRs could play a functional role on DRGNs. We first demon-

strated, by immunocytochemistry, that primary DRGN monoculture expressed

A2BRs. Their selective activation by BAY60-6583 enhanced DRGN excitability, as

demonstrated by increased action potential firing, decreased rheobase and depolar-

ized resting membrane potential and were prevented by PSB-603. Throughout this

A2BR-dependent enhancement of neuronal activity, DRGNs could release factors to

facilitate myelination processes. Finally, silencing A2BR in DRGNs alone prevents the

increased myelination induced by BAY60-6583 in cocultures. In conclusion, our data

suggest a different role of A2BR during oligodendrogliogenesis and myelination,

depending on their activation on neurons or oligodendroglial cells.
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1 | INTRODUCTION

Oligodendrocytes (OLs) are the cells responsible for myelin production

in the central nervous system (CNS). Rapid communication between

neurons requires myelin enwrapping of nerve fibers to allow saltatory

propagation of electrical impulses (Cohen et al., 2020). In addition,

OLs promote neuronal metabolism, and stabilize axonal cytoskeleton

(Meyer et al., 2018; Philips & Rothstein, 2017). Differentiation of OL

precursor cells (OPCs) into mature OLs is a key event for axonal mye-

lination in the brain; this process fails during demyelinating patholo-

gies, such as multiple sclerosis (Tepavčevi�c & Lubetzki, 2022). Pre-OLs

lose their bipolarity when they interact with a target axon, developing

a ramified shape and beginning to produce filamentous myelin out-

growths (Kuhn et al., 2019). It was demonstrated that OPCs receive

synaptic inputs from neurons (Bergles et al., 2000; De Biase

et al., 2010; Kukley et al., 2010; Sun et al., 2016) and express neuro-

transmitter receptors, including those for glutamate (Bergles

et al., 2000; Gallo et al., 2008; Krasnow & Attwell, 2016), indicating a

physiological interaction between OLs and neurons. It is no wonder

that neuronal activity is a key event for white matter development

(Forbes & Gallo, 2017) as well for myelin thickness or internode length

rearrangement during synaptic plasticity (Suminaite et al., 2019). In

the last years different mechanisms have been suggested by which

neuronal activity controls OPC migration, proliferation, differentiation,

or survival (Arellano et al., 2016; Barres & Raff, 1993, 1999; Duncan

et al., 2021; Saab et al., 2016; Simons & Nave, 2015). In the CNS, it

has been demonstrated that myelination may be regulated, among

others, by the activity of the nearby neurons (Lundgaard et al., 2013).

In particular, axon-dependent myelination is a key event for myelin

remodeling, as well as for remyelination processes in the adult, since

both are reduced by N-methyl-D-aspartate (NMDA) blockers (Li

et al., 2013; Lundgaard et al., 2013). However, the role of NMDA it is

still under debate, as evidence also indicated that AMPA receptors

prevail in modulating oligodendrogliogenesis and myelination

(De Biase et al., 2011; Fannon et al., 2015; Krasnow & Attwell, 2016;

Zonouzi et al., 2011). Several factors, beyond glutamate and its recep-

tors, control the interplay between neurons and OLs. For example,

action potential (AP)-dependent release of growth factors or GABA

could modulate OPC proliferation, as well as axon myelination

(Barres & Raff, 1993; Cherchi, Bulli, et al., 2021; Marinelli et al., 2016).

Among the many oligodendrogliogenesis modulators, there is

adenosine and its metabotropic receptors (A1R, A2AR, A2BR, and A3R).

The A1R and A3R are coupled to Gi/o proteins while A2AR and A2BR

are coupled to Gs/olf proteins (Fredholm et al., 2011); however, A1R,

A3R, and A2BR can also activate phospholipase C through Gq protein

(Antonioli et al., 2013). All adenosine receptors are expressed during

the whole process of OPC maturation and exert a key role in oligo-

dendrogliogenesis (Cherchi, Pugliese, & Coppi, 2021; Fields, 2004;

Stevens et al., 2002). In 2002 Stevens and collaborators demonstrated

that adenosine is a potent axonal-dependent signal promoting OPC

differentiation and myelination (Stevens et al., 2002). However, they

might underestimate the role of A2BR, probably because of the pau-

city of selective ligands (Popoli & Pepponi, 2012). Of note, A2BR pre-

sents the lowest affinity for adenosine among the other receptors,

that is in the micromolar respect to nanomolar ranges (Pedata

et al., 2016). The high adenosine concentrations, that is 30–50 μM

during cerebral ischemia (Latini & Pedata, 2001), are reached under

pathological conditions, indicating A2BR as important therapeutic tar-

get (Coppi, Dettori, et al., 2020; Pedata et al., 2016). Different in vivo

models of demyelination link A2BR activation to a more severe symp-

tomatology. In particular, Wei and collaborators first observed an

upregulation of A2BR in peripheral blood leukocytes of multiple sclero-

sis patients, as well as in peripheral lymphoid tissues of experimental

autoimmune encephalomyelitis (EAE) mice (Wei et al., 2013). More-

over, they demonstrate that either blockade or deletion of A2BR leads

to a less severe EAE, by reducing adenosine-mediated Th17 lympho-

cyte differentiation and interleukin-6 (IL-6) release (Wei et al., 2013).

Accordingly, in an animal model of sensorineural hearing loss (SNHL)

the block of A2BR improves never fiber density and myelin compac-

tion in the auditory nerve (Manalo et al., 2020). On the other hand,

this article describes a protective effect of A2BR stimulation in a

demyelinating mouse model of schizophrenia induced by the NMDA

antagonist MK-801 (Ma et al., 2022), indicating an enigmatic role of

A2BR in these processes.

Our previous work demonstrated that the Gs-coupled A2BR

delays in vitro OPC maturation by inhibiting potassium delayed recti-

fier outward currents (IK) as well as transient outward K+ (IA) currents

(Coppi, Cherchi, et al., 2020). Both these currents are prominent in

OPCs, and it is well described their involvement in oligodendroglio-

genesis as their inhibition by pharmacological or genetic tools

decreases OPC differentiation and myelin production (Attali

et al., 1997; Cherchi, Bulli, et al., 2021; Chittajallu et al., 2002, 2004;

Coppi et al., 2013; Vautier et al., 2004). In addition, the A2BR-

mediated effect on K+ currents was mediated by intracellular cyclic

AMP (cAMP) rise, consistent with Gs protein activation (Coppi,

Cherchi, et al., 2020). Nevertheless, A2BRs are also expressed by neu-

ronal cells (Christofi et al., 2001; Corset et al., 2000; Gonçalves

et al., 2015) and it is well described that this receptor increases gluta-

mate release in hippocampal CA1 presynaptic terminals (Fusco

et al., 2019; Gonçalves et al., 2015). In addition, A2BRs are implicated

in mediating netrin-1-dependent axon outgrowth, indicating another

functional role of A2BRs in CNS beyond their known activity in neuro-

transmission (Corset et al., 2000). Recently, it was also demonstrated

that A2BRs promote axon regeneration and survival both in Drosophila

C3da and mice retinal neurons through stimulation of neuronal activ-

ity and gliotransmission (Wang et al., 2023).
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On these bases, the role of A2BRs in neuron-OLs interplay

appears unclear. To investigate this complex scenario we first studied

the role of A2BR in an in vitro model of dorsal root ganglion neurons

(DRGNs) cocultured with OPCs. We confirm that the selective stimu-

lation of A2BRs reduces OPCs differentiation, in accord with our previ-

ous findings (Coppi, Cherchi, et al., 2020), but unexpectedly it

increases axon myelination. We also found that rat DRGNs express

functional A2BRs and their stimulation increases neuronal activity, an

effect that might promote axon myelination. Moreover, downregula-

tion of this receptor subtype selectively in DRGNs prevents the

increase in myelination index, but not the reduction in OPC differenti-

ation, mediated by BAY60-6583. Our data suggest a different role of

A2BRs during oligodendrogliogenesis and myelination, depending on

their cellular localization. We hypothesize that A2BR localized

on OPCs negatively modulates cell maturation, while the same recep-

tor expressed on DRGNs, by increasing AP firing, seems to promote

OPC recruitment and myelination of active axons.

2 | METHODS

2.1 | Animals

Wistar rats (Envigo, Italy) were used for the preparation of primary

cultures of DRGNs and mixed glial cells. All animal experiments satis-

fied the regulatory requirements of the European Parliament

(Directive 2010/63/EU), European Union Council (September

22, 2010), and Italian Animal Welfare Law (DL 26/2014). The protocol

received approval from the Institutional Animal Care and Use Com-

mittee (Univ. Florence) and the Italian Ministry of Health. Animal suf-

fering and the animal number required for data reproducibility were

minimized, accordingly with the Ministerial notification (ser.

no. 211/2022).

2.2 | Cell culture preparation

2.2.1 | DRGN cultures

For electrophysiological recordings, DRGNs were prepared from 3 to

4 weeks old rats as described (Coppi et al., 2019). For OPC/DRGN

cocultures, DRGs were isolated from P5-6 pups. Briefly, ganglia were

bilaterally removed and dissociated with 2 mg/mL of type 1A collage-

nase (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 then pelleted and subjected

to mechanical digestion. After, the cells were centrifuged and sus-

pended in Dulbecco's Modified Eagle's Medium (DMEM; Euroclone,

Italy, #ECB750) supplemented with 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), 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 supplemented to remove eventual contaminating fibro-

blasts and glial cells. DRGNs were then plated on 13-mm glass cover-

slip (10,000 cells/well) coated by 8.3 mM poly-L-lysine (Merck,

Germany, #P4832) and 5 mM laminin (Merck, Germany, #L2020).

Cells were cultured for 1–2 days before being used for patch-clamp

experiments. For OPC/DRGN cocultures, DRGNs 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 plated at a density of 15,000 cells per well.

Following isolation, DRGNs were maintained in NB medium to permit

neurite out-growth for at least 1 weeks prior to seeding with OPC.

Two days before seeding OPCs onto DRGN culture, Ara-C was

removed.

2.2.2 | OPC cultures

OPCs were prepared from P1 to P2 rats, as described (Coppi, Cherchi,

et al., 2020). Briefly, rat pups were sacrificed, and cortices removed,

mechanically and enzymatically dissociated, suspended in DMEM con-

taining 20% FBS, 100 U/mL P/S, and 4 mM L-Gln, and plated in poly-

L-lysin 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 cultures by 5 h of horizontal shaking. Suspended

separated cells were then replated onto plastic culture dishes for an

additional 30 min, to allow adhesion of residual microglial cells. During

the last phase of OPC preparation (shaking), NGF was removed from

DRGN cultures since it was demonstrated to reduce OPC differentia-

tion (Chan et al., 2004; Lee et al., 2007; Vaes et al., 2021).

2.2.3 | DRGN/OPC cocultures

Purified OPCs were then suspended in the same NB medium

described above and seeded onto DRGNs at a density of 50,000 cells

per well. OPC/DRGN cocultures were maintained for a maximum of

21 days in the presence of the pro-myelinating hormone T3 (50 nM;

Merck, Germany, #T6397) (Calza et al., 2002). In order to study the

effect of A2BR 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.

2.3 | Patch-clamp recordings

Whole-cell patch-clamp recordings have been performed on DRGNs

isolated from 3 to 4 weeks old rats. To this purpose, cells were trans-

ferred to a recording chamber (1 mL volume) mounted on the plat-

form of an inverted microscope (Olympus CKX41, Milan, Italy) and

superfused at a flow rate of 1.5 mL/min with a standard K+-contain-

ing extracellular solution (mM): NaCl 147; KCl 4; MgCl2 1; CaCl2 2;

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 10; and

CHERCHI ET AL. 1987
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D-glucose 10 (pH 7.4 with NaOH). Borosilicate glass electrodes

(Harvard Apparatus, Holliston, Massachusetts USA) were pulled with

a Sutter Instruments puller (model P-87) to a final tip resistance suit-

able for cell investigated (5 MΩ). The electrode was filled with stan-

dard K+-based pipette solution (mM): K-gluconate 130; NaCl 4.8; KCl

10; MgCl2 2; CaCl2 1; Na2-ATP 2; Na2-GTP 0.3; EGTA 3; and HEPES

10 (pH 7.4 with KOH). Then, 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 Instru-

ments, CA, USA). All the experiments were carried out at room tem-

perature (RT: 20–22�C). All drugs were dissolved in extracellular

solution and were applied by superfusion with a three-way perfusion

valve controller (Harvard Apparatus, Holliston, MA, USA) after a stable

baseline was obtained. A complete exchange of bath solution in the

recording chamber was achieved within 28 s. Whole-cell patch-clamp

recordings were performed on small-medium sized (Cm < 25 pF)

DRGNs (averaged Cm was 19.9 pF in 30 cells investigated).

For measuring the rheobase, the minimum current that elicits an

AP, a series of current steps (1200 ms) was injected, from �10 pA

with increments of 10 pA, until the AP firing accommodates, before

and after drug application. With this protocol, also input resistance

was measured, from the �10 pA step. To monitor the trend of resting

membrane potential (RMP) and the frequency of APs over time, a pro-

tocol consisting of a depolarizing step of 10 pA and lasting 10 ms,

repeated every 15 s, was also applied. From the third AP of three

depolarizing step, before and after drug application, the following AP

parameters was measured: amplitude, calculated as the difference

between the peak reached by the overshoot and the threshold; half-

width as the time to reach half AP amplitude (ms); upstroke and

downstroke phase as the maximum value of the rising slope (dV/dt)

and the maximum decay slope (dV/dt), respectively. Current-clamp

recordings were filtered at 10 kHz and digitized at 1 kHz.

2.4 | Constructs

Construct pAAV-CMV-EGFP expressing rat Adora2b (rA2B) short hair-

pin RNA (shRNA) was obtained using the following: shRNA sequence

50-CCATGAGCTACATGGTTTATTT-30 according to RNAi Consortium

of Broad Institute libraries. pAAV-CMV-EGFP-ratA2B[mir30-shRNA]

was generated with PCR amplification of a donor plasmid using two

oligonucleotides (FW 50-ACAGATGTAAAATAAACCATGTAGCTCATG

Gtgcctactgcctcggacttcaag-30 and REV: 50-GGCTTCACTAAAATAAA

CCATGTAGCTCATGTcgctcactgtcaacagcaatatacct-30). After purifica-

tion, PCR product was phosphorylated with T4 PNK (NEB, #M0201S)

and ligated and circularized with T4 ligase (Thermo Fisher #K1423).

shRNA expressing plasmid was validated with Sanger sequencing.

2.5 | AAV generation and DRGNs infection

Recombinant Adeno associated virus (rAAV) was generated as previ-

ously reported (Landini et al., 2023). Briefly, AAVpro HEK293 cells

(#632273, Takara, RRID:CVCL_B0XW) were triple transfected using

PEI (#23966, Polyscience) in a 1:3 ratio of DNA:PEI with pAAV-CMV-

EGFP-ratA2B[mir30-shRNA], pAdDeltaF6; (#112867, Addgene) and

pAAV Rep/Cap 2/5 (#104964 Addgene), 1:1:1 molar ratio. Seventy-

two hours posttransfection, rAAVs virions were collected, purified

with ultracentrifugation through an iodixanol gradient, concentrated

with Amicon Ultra-15 centrifugal filter units (molecular weight cutoff,

100 kDa; Merck Millipore) and quantified as 2 � 1010 gc/μL using

RT-qPCR assay (#6233 AAVpro Titration Kit, Takara). Two days after

DRGNs plating, rAAV was added in the culture medium (20 μL/well)

and was maintained for 72 h. Thereafter, medium containing AAV was

removed and fresh medium was added for 2 days, before

adding OPCs.

2.6 | Quantitative RT-PCR analysis

Total RNA was isolated using Trizol Reagent (Life Technologies,

Monza, Italy). One μg of RNA was retrotranscribed using iScript (Bio-

Rad, Milan, Italy). RT-qPCR was performed as reported (Buonvicino

et al., 2018). The following primers were used for: MAG: forward

50-AACTACCCGCCAGTGGTCTTCAAGTC-30 and reverse 50-ACGCTG

TGCTCCGAGAAGGTGTAC-30; MBP: FW: 50-CCATCCAAGAAGAT

CCCACAGCAGC-30 and RV: 50-GCGCACCCCTGTCACCGCTAAA-30;

Beta-actin: FW: 50-TCCCTGTATGCCTCTGGTCGTACC-30 and RV:

50-TCCCTCTCAGCTGTGGTGGTGAAG-30; A2B: FW: 50- GTGGGAGC

CTCGAGTGCTTTACAG �30 and RV: 50-GCCAAGAGGCTAAAGATG

GAGCTCTG-30. Primers were purchased from Integrated DNA Tech-

nologies (Iowa, USA).

2.7 | Immunocytochemistry

DRGNs cultures and OPC/DRGN cocultures were fixed with 4%

paraformaldehyde in 0.1 M phosphate-buffered saline (PBS, Corn-

ing, USA, #21-030-CV) for 10 min at RT. Cells were washed twice

with PBS and then incubated in PBS solution containing 0.25% Tri-

ton 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. Coverslips

were mounted with Fluoroshield (Merck, Germany, #F6057) con-

taining 40 ,6-diamidino- 2-phenylindole (DAPI) to stain cell nuclei.

For primary DRGN cultures the following primary antibodies were

used: mouse anti-βIII-Tubulin (1:200; Invitrogen, USA, #MA1-118X)

and rabbit anti-A2BR (1:200; Alomone, Israel, #AAR-003; Chemicon,

USA, #AB1589P). For OPC/DRGN coculture: 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,

1988 CHERCHI ET AL.
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#A21206) and AlexaFluor 555 donkey anti-mouse (1:500; Invitro-

gen, USA, #A31570) were used as fluorescent secondary anti-

bodies. Coverslip were mounted with Fluoroshield containing DAPI

to stain cell nuclei. Concerning those experiments in which DRGNs

have been infected with AAV expressing shA2BR and GFP, GS was

replaced by 10% donkey serum (DS; Merck, Germany, #S30). Cells

were then incubated for 1.5 h at RT with the goat anti-GFP

(1:2000; Abcam, UK, #ab5450) dissolved in BB and washed three

times with PBS. Samples were incubated 1 h at RT with 488 donkey

anti-goat (1:500; Abcam, UK, #ab150129), washed three times with

PBS and incubated 2.5 h with the primary antibodies mentioned

above. After three washes with PBS, cells are incubated with

555 goat anti-rabbit (1:500; Abcam, UK, #ab150078) and 647 goat

anti-mouse (1:500; Abcam, UK, #ab150115). Coverslip were

mounted with Fluoroshield containing DAPI to stain cell nuclei.

Control experiments were performed by incubating fixed cells only

with the secondary antibodies and DAPI to exclude nonspecific

signals.

2.8 | Confocal microscopy and quantitative
analysis

Immunocytochemical images were captured by a Leica SP8 laser

scanning confocal microscope (Leica Microsystems, Mannheim,

Germany). In order to visualize A2BR expression on DRGNs, a

63�/1.40 oil-immersed objective was used and the following

parameters of acquisition were applied: 2048 � 2048 pixels format,

scanning speed 200 Hz, z-step 0.5 μm. OPC/DRGN coculture

images were acquired with a 20�/0.40 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 immu-

nofluorescence 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, esti-

mated 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 & 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.” Sholl ramification analysis was performed

for MBP+ cells that were segmented and transformed into a binary

mask before tracing the cellular processes by using Simple Neurite

Tracer tool (Gensel et al., 2010). Total length of the oligodendrocyte

ramifications and the number of primary branches were measured.

Concentric circles were placed around the traced cell starting from

the soma and radiating outward at increasing radial increments of

5 μm. The number of intersections was enumerated as points where

cellular processes of each cell cross a concentric Sholl ring. The

number of intersections per circle was also plotted against radial

distance from the soma. Mean A2BR fluorescent intensity was quan-

tified in each ROI drawn around the βIII-Tubulin+-DRGN soma in

3 random fields per coverslip using ROI 1-click tools. GFP-negative

DRGNs were excluded from the analysis.

2.9 | Drugs

The A2BR agonist 2-[[6-amino-3,5-dicyano-4-[4-(cyclopropylmethoxy)

phenyl]-2-pyridinyl]thio]-acetamide (BAY60-6583; Tocris, UK,

#4472), the A2BR antagonist 8-(4-(4-(4-Chlorophenyl) piperazide-

1-sulfonyl) phenyl)-1-propylxanthine (PSB-603; Merck, Germany,

#3198), the A2BR inverse agonist N-(4-Acetylphenyl)-2-[4-(2,3,6,7-tet-

rahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8-yl)phenoxy]acetamide

(MRS1706; Tocris, UK, #1584) were used. All drugs were dissolved

in dimethyl sulphoxide (DMSO; Merck, Germany, #472301). Stock

solutions, of 1,000–10,000 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 DRGNs (data not

shown).

2.10 | Statistics

All data were expressed as mean ± SEM (standard error of the mean).

Normality distribution of data was checked by Shapiro–Wilk test.

Two-tailed Student's paired t-tests and one-way ANOVA followed by

appropriate posthoc test was performed as indicated in the figure leg-

end in order to determine statistical significance (set at p < .05). Data

were analyzed using GraphPad Prism 8th edition (GraphPad Software,

San Diego, CA, USA) software.

3 | RESULTS

3.1 | Adenosine A2B receptor activation inhibits
OPC differentiation and promotes myelination in
dorsal root ganglion neuron/OPC cocultures

To determine the role of A2BRs during myelination in vitro, rat OPCs

were cocultured with rat DRGNs (n = 26 from 13 OPC/DRGN cocul-

tures) in the presence of the pro-differentiating T3 hormone (50 nM)

to improve myelination (Calza et al., 2002). In the first series of experi-

ments, we evaluated the time-dependence of myelination processes

during cell growth by measuring different parameters in OPC/DRGN

cocultures stained by myelin- and axon-targeting specific antibodies

(MBP and βIII-tubulin, respectively). We also evaluated, at different

times in culture, that is at 7-; 10-; 14-; and 21-days cocultures (t7; t10;

t14, and t21, respectively) modifications in OL morphology, as indicated

CHERCHI ET AL. 1989

 10981136, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24593 by U

niversita D
i Firenze Sistem

a, W
iley O

nline L
ibrary on [20/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



both in microphotography and in corresponding binary images of

MBP signal (Figure 1a). A progressive increase in MBP expression

(Figure 1b) and M1 coefficient (Figure 1c) were observed from t7 to

t21. No significant changes in βIII-Tubulin expression were observed at

any time point investigated (Figure 1d). Based on these data, we

investigated the effects of adenosinergic compounds in OPC/DRGN

F IGURE 1 Time course of oligodendrocyte precursor cell (OPC) maturation in a dorsal root ganglion neuron (DRGN) and OPCs coculture
model. (a) Upper panels: Representative images of OPC/DRGN coculture stained for myelin basic protein (MBP, red) and βIII-tubulin (green) at
different time points (t7, t10, t14, and t21). Magnification: �20. Scale bar = 50 μm. Middle panels: Magnification of the region of interest (ROI)
indicated in the upper panels, to visualize overlapping between MBP and βIII-tubulin. Lower panels: MBP+ images are converted into binary
images to better clarify the oligodendrocyte morphology of the same ROI mentioned above. Scale bar = 25 μm. (b–d) Quantification of MBP
(b) and βIII-tubulin (d) expression at different time points (t7, t10, t14, and t21). MBP is reported as percentage change to t14. Values are expressed
as mean ± SEM in different experimental conditions. (c) Mander's coefficient (M1 coefficient) quantified as the overlap of MBP+ pixels on βIII-
tubulin+ pixels, is reported as percentage change to t14. *p < .05; **p < .01; ***p < .001; ****p < .0001; Nested One-way ANOVA; Dunnet's
posttest versus t14.

1990 CHERCHI ET AL.

 10981136, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24593 by U

niversita D
i Firenze Sistem

a, W
iley O

nline L
ibrary on [20/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



F IGURE 2 Legend on next page.

CHERCHI ET AL. 1991
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cocultures at t14, as this is the time point at which oligodendrocyte

morphology modifications, induced by pro- and anti-differentiating

ligands, are more detectable.

As shown in Figure 2, the A2BR agonist BAY60-6583 (1 μM),

added for 2 weeks in the culture medium, reduced MAG and MBP

gene expression, as well MBP+ cells, in OPC/DRGN cocultures

(Figure 2b,c). This result demonstrates that the selective stimulation

of this receptor subtype reduces OPC maturation, in accordance with

our previous data obtained by using purified OPC cultures (Coppi,

Cherchi, et al., 2020). However, this effect was not prevented by

A2BR antagonists, MRS1706 (5 μM) and PSB-603 (10 nM;

Figure 2a,c). Despite the decrease in MBP expression, we surprisingly

observed a significant increase in M1 coefficient when cocultures

were grown in the presence of BAY60-6583 (Figure 2a,c), indicating a

higher degree of MBP signal aligned with βIII-Tubulin-positive neuro-

nal processes, that is increased axonal myelination. Differently from

what observed for total MBP expression, both the A2BR antagonists

tested, MRS1706 (5 μM) and PSB-603 (10 nM), were able to prevent

the increase in axonal myelination induced by BAY60-6583

(Figure 2c). In addition, OL morphology appears more compacted

when cells were grown in the presence of BAY60-6583, in compari-

son to control conditions, as shown in binary images (Figure 2a). The

morphological complexity of oligodendrocyte processes was quanti-

fied by Sholl analysis (Figure 2e–i). This analysis revealed significant

differences in process complexity between control and BAY-treated

cells. In particular, BAY60-6583 reduces total length of the ramifica-

tion (Figure 2f) as well as the total number of intersections with Sholl

rings (Figure 2h), without affecting the number of primary branches

(Figure 2g). None of the tested compounds modified βIII-Tubulin

expression (Figure S1).

These results indicate that A2BR activation could promote a more

efficient axonal enwrapping by myelin sheaths, while reducing total

MBP levels. This discrepancy could suggest a differential role of

A2BRs on myelin production depending on the site of expression

of the receptor in the coculture.

3.2 | Adenosine A2BRs are expressed on DRGNs
where they enhance cell excitability

As first demonstrated by Li et al. (2022) in DRGNs innervating the

acupoint Zusanli (ST36), we confirmed and expanded data demon-

strating the expression of A2BRs on DRGNs, as shown by immunoflu-

orescence staining of DRGN monocultures (Figure 3).

In a second set of experiments, we investigated eventual effects

induced by selective A2BR activation on the excitability of DRGNs by

performing current-clamp recordings. To assess intrinsic excitability of

DRGNs, we evoked AP discharge by current pulses of increasing

amplitude (from �10 to +40 pA, 1200 ms). We found that, after

5-min of 1 μM BAY60-6583 application, the number of APs evoked

by depolarizing inputs at +10 pA and +20 pA was significantly

increased, as shown by the event frequency/current curve

(Figure 4a,b). We then applied a single depolarizing step (+10 pA)

every 15 s and we observed a significant effect of BAY60-6583 at

5-min application and this increase was reversible after washout

(Figure 4c). In addition, we tested different concentrations of A2BR

agonist (0.1–10 μM) and we found an increase in AP firing from

0.3 μM concentration (Figure 4d). As shown in Figure 4e,f,

BAY60-6583 depolarized RMP in a concentration-dependent manner

(0.1–10 μM) in isolated DRGNs, (EC50 = 0.4 μM; confidence limits:

0.15–0.97 μM), similar to our previous observations in OPC monocul-

tures (EC50 = 0.6 μM; Coppi, Cherchi, et al., 2020).

In order to deepen the effect of BAY60-6583 on single AP wave-

form, we quantified the peak amplitude, half width, maximal rise slope

and maximal decay slope before and after BAY60-6583 application

(Figure 5a,b). We did not find significant changes in any of the AP

parameter measured (Table 1). In addition, the increase in AP firing

evoked by 1 μM BAY60-6583 was associated with a decrease in

rheobase (from 5.63 ± 1.12 to 3.51 ± 0.65 pA) and in RMP (from

�61.66 ± 1.84 to �57.72 ± 1.91 mV), thus confirming enhanced

excitability (Figure 5c–e and Table 1). We observed a significant

increase in input resistance (from 506.7 ± 102.0 to 583.3

F IGURE 2 Pharmacological activation of adenosine A2B receptor reduces myelin basic protein expression but increases myelination
coefficient in OPC/DRGN cocultures. (a) Representative images of OPC/DRGN cultures stained for myelin basic protein (MBP, red) and βIII-
tubulin (green) in different experimental conditions: Control (CTRL); vehicle (DMSO 1:1000), 1 μM BAY60-6583 (BAY, a selective A2BR agonist),
10 nM PSB-603 (PSB, a selective A2BR antagonist), BAY + PSB and BAY + 5 μM MRS1706 (MRS, a selective A2BR antagonist). Magnification:
�20. Scale bar = 50 μm. Middle panels: Magnification of the region of interest (ROI) indicated in the upper panels. Lower panels: MBP+ images
are converted into binary images to better clarify the oligodendrocyte morphology of the ROI indicated in upper panels. Scale bar = 25 μm.
(b) Effect of BAY on the gene expression of myelin associated glycoprotein (MAG; left panel) and MBP (right panel) in OPC/DRGN cocultures at
t14. Data were normalized to β-actin and reported as mean ± SEM of 5 independent experiments performed in duplicate. **p < .01; ****p < .0001;
Unpaired Student t-test. (c) Quantification of MBP expression in different experimental conditions at t14. MBP expression is reported as
percentage change to CTRL at t14. (d) Mander's coefficient (M1 coefficient), quantified as the overlap of MBP+ pixels on βIII-tubulin+ pixels, is
reported as percentage change to CTRL at t14 in the same experimental conditions. **p < .01; ***p < .001; ****p < .0001; Nested One-way

ANOVA; Dunnet's posttest versus CTRL group. (e) Sholl dendritic analysis of reconstructed oligodendrocytes in different experimental conditions.
Scale bar: 50 μm. (f–h) Pooled data of different parameters measured by Sholl dendritic analysis of reconstructed oligodendrocytes in control
(CTRL, gray columns, n = 16 from 8 independent experiments), BAY (blue columns, n = 14 from 7 independent experiments) and BAY coapplied
with PSB (BAY + PSB, red columns, n = 6 from 3 independent experiments). *p < .05; One-way ANOVA; Dunnet's posttest versus CTRL group.
(i) Plots of number of intersections as a function of Sholl distance from the oligodendrocyte soma in different experimental conditions: CTRL,
BAY, and BAY + PSB. Data are expressed as mean ± SEM. **p < .01; ***p < .001; ****p < .0001; Two-way ANOVA; Dunnet's posttest versus
CTRL group. Data are expressed as mean ± SEM.
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± 112.6 MΩ), that could indicate a channel closure (Figure 5f and

Table 1). All these effects were prevented by the selective A2BR

antagonist, PSB-603 (10 nM; Figure 5).

Altogether, these data demonstrate that A2BRs are expressed on

DRGNs where their activation increases neuronal firing. Hence, as

neuronal firing is known to promote the release of chemoattractant/

promyelinating factors for OPCs and/or OLs (Arellano et al., 2016;

Barres & Raff, 1993, 1999; Duncan et al., 2021; Saab et al.,

2016; Simons & Nave, 2015) this could be a mechanism by which

BAY60-6583 increases myelination in DRGN/OPC cocultures, as

observed in the present work.

To strengthen our hypothesis, we silenced A2BRs by infecting

DRGNs with AAV2/5 expressing a shRNA (short hairpin RNA) to tar-

get Adora2B and GFP as infection reporter (Mason et al., 2010) before

adding OPCs. First, we confirmed that both the infection and the

A2BR silencing have occurred by receptor expression analysis with

immunofluorescence (reduction of 31.33 ± 5.21%; Figure 6a,b) and its

transcript levels with RT-qPCR (reduction of 52.85 ± 15.72%; Figure 6c).

Afterward, we added OPCs to DRGNs infected with AAV2/5 expressing

shRNA against A2BR (shA2BR-DRGNs) and maintained the cocultures for

14 days in the absence or presence of BAY60-6583 (Figure 6d). In these

conditions, the A2BR agonist reduced MBP levels, as expected upon the

activation of this receptor expressed on OPCs alone (Figure 6e). MBP

levels notwithstanding were increased in OPC/shA2BR-DRGN co-

cultures, but we are not yet in the position to explain this effect that

surely needs to be deepened. However, given the notoriously low affinity

of this receptor for the endogenous ligand adenosine, we exclude the

hypothesis that A2BR could be activated by adenosine released in the

DRGN/OPC cocultures under control conditions, since we did not

observe any modification in MBP levels when the A2BR antagonist PSB-

603 was applied alone (Figure 2). For the same reason, the constitutive

activation of A2BR is also improbable. We cannot exclude the hypothesis

that A2BRs, expressed on DRGNs, may interact with other G-proteins

coupled receptors and/or alternative pathways that also modulate OPC

differentiation. Hence, the lack of A2BRs on DRGNs may change the

overall balance of neuron-to-glial interaction and unmasks a pro-

differentiating effect on OPCs. Moreover, in the OPC/shA2BR-DRGN

cocultures, BAY60-6583 did not modify M1 coefficient (Figure 6e),

strengthening our hypothesis that the myelination increase was due to

A2BR activation on DRGNs.

4 | DISCUSSION

In this study, we showed that A2BR activation decreases OPC dif-

ferentiation but, on the other hand, increases myelination of DRGN

axons cocultured with OPCs, probably by increasing neuronal

activity.

Adenosine orchestrates several phases of oligodendrogliogenesis

through the activation of its metabotropic receptors (A1R, A2AR, A2BR,

and A3R) with different outcomes depending on the receptor subtype

involved (Cherchi, Pugliese, & Coppi, 2021; Fields & Burnstock, 2006;

Stevens et al., 2002). The A2BR is the most enigmatic P1 adenosine

receptor, since its pharmacological and physiological characterization

has long been precluded by the lack of suitable ligands (Coppi, Dettori,

et al., 2020; Popoli & Pepponi, 2012). Little is known about the role of

A2BRs in oligodendrogliogenesis. Recently, we demonstrated that

A2BRs are expressed at each stage of oligodendrogliogenesis and the

A2BR agonist, BAY60-6583, reversibly inhibits tetraethylammonium-

(TEA-) sensitive, sustained IK, and 4-aminopyridine- (4-AP) sensitive,

transient IA, conductances (Coppi, Cherchi, et al., 2020). It is known

that these currents are necessary to OPC differentiation, and their

modulation could represent an important target in demyelinating

pathologies (Cherchi, Bulli, et al., 2021; Chittajallu et al., 2002, 2004;

Gallo et al., 1996; Zhang et al., 2021). Indeed, BAY60-6583 also inhib-

ited the differentiation of primary OPC cultures, as demonstrated by

the reduced expression of MBP and MAG (Coppi, Cherchi,

et al., 2020) after 7 days of OPCs culture growth in the presence of

the compound. We have to consider that OPC monocultures recapitu-

late several features of OL differentiation, including the production of

myelin components as MBP and MAG. However, they do not repre-

sent a myelination model due to the absence of neuronal axons

(Marangon et al., 2021). For these reasons, we first wanted to deepen

knowledge of the role of A2BRs during myelination in DRGN/OPC

cocultures, which represent a more sophisticated system than OPC

monocultures.

F IGURE 3 DRGNs express adenosine A2B receptors. Confocal images of immunofluorescence staining for A2BR (red) and βIII-tubulin (green)
in primary purified neuronal DRGN cultures. Cell nuclei are marked with DAPI (blue). Objective: �63. Scale bar: 75 μm.
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F IGURE 4 Stimulation of adenosine A2B receptors increases action potential firing in primary neuronal DRGN cultures. (a) Original voltage traces
evoked by a current-step protocol (from�10 to +40 pA, 1200 ms) in a representative DRGN before (black traces, left panels) or 5-min after the
application of 1 μMBAY60-6583 (BAY: blue traces, right panels). (b) Averaged number of action potentials (APs)-to-current injected relationship
recorded in the absence (CTRL: black circles) or in the presence (BAY: blue circles) of 1 μMBAY60-6583 in 7 cells investigated. **p < .01; paired
Student's t-test. (c) Time course of firing rate evoked in a typical DRGN by a 1200 ms depolarizing step current injection 10 pA (every 30 s) recorded
before, during and after 5-min 1 μMBAY60-6583 application. (d) Pooled data of AP frequency (event frequency; Hz) measured before or after a 5-min
BAY60-6583 (0.1–10 μM) application. *p < .05; **p < .01; paired Student's t-test. (e) Pooled data of resting membrane potential (RMP) difference in
absence or presence of BAY60-6583 (BAY-sensitive RMP) at different concentrations (0.1–10 μM). *p < .05; **p < .01 versus 0.1 μMBAY60-6583, one-
way ANOVA, Dunnet's posttest. (f) Concentration-response curve of BAY60-6583 effect on RMP (expressed as percentage of baseline) in cultured
DRGNs (EC50 = 0.38 μM, confidence limits: 0.15–0.97 μM). Data are expressed as mean ± SEM.
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To this aim, we took advantage of a DRGN/OPC cocultures to

quantify the level of MBP expression and myelination index

(M1 coefficient). In this in vitro model, we observed, in the present

research, a time-dependent increase both in MBP levels and M1 coef-

ficient from t7 to t21. Then we chose t14 as our reference time point

to evaluate the effects of different A2BR compounds, since at this

time oligodendrocyte morphology modifications, induced by pro- and

anti-differentiating ligands, are more detectable. First, we observed

that the selective A2BR antagonist, PSB-603, did not modify MBP

levels nor M1 coefficients when added to the cocultures for 14 days,

indicating that micromolar concentrations of adenosine, needed to

activate the A2BR subtype, are not reached in our experimental model,

that is in the absence of insults. In line with our previous data (Coppi,

Cherchi, et al., 2020), we found that a chronic treatment (14 days)

with the selective A2BR agonist BAY60-6583 reduces MBP expres-

sion, indicating a decreased OPC differentiation capacity. Neverthe-

less, even if minor in number, the OLs formed in the presence of the

A2BR agonist were significantly more prone to myelinate axons in the

F IGURE 5 The selective adenosine A2B receptor antagonist, PSB-603, prevents the effects induced by BAY60-6583 on different excitability
parameters of isolated DRGNs. (a) Example traces of the third action potential (AP) waveform before (CTRL: black trace) and 5-min after 1 μM
BAY60-6583 (BAY: blue trace) on an expanded time scale. (b) First derivate of voltage versus time (mV/ms) of AP traces represented in (a). (c–f)
Pooled data of AP frequency (c), rheobase (d), resting membrane potential (RMP, e), and input resistance (f) measured before or after a 5-min
1 μM BAY application, alone or in the presence of the selective A2BR antagonist (0.01 μM PSB-603). *p < .05; **p < .01; Paired Student's t-test.
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coculture system compared with control conditions, as proved by the

increase in M1 coefficient. Our results also showed that exposure to

BAY60-6583 lead to a significant reduction in cellular arborization

and morphological changes of oligodendrocytes (Barateiro et al.,

2013; Simons & Nave, 2015).

It must be considered that oligodendrogliogenesis is a process

finely tuned at different time points. Regarding myelination, OLs have

to synthetise, sort and traffic a vast number of proteins in a short time

(in the range of 12–18 h) (Barres, 2008; Bradl & Lassmann, 2010). For

example, Fitzner and collaborators demonstrate that proteolipid pro-

tein (PLP), one of the major myelin-related proteins alongside MBP

and MAG, is predominantly intracellular in OLs monocultures (Fitzner

et al., 2006). However, when OLs are cocultured with neurons, PLP

colocalized with MBP, indicating a higher density of myelin components

exposed on the surface of OL membrane when neurons are pre-

sent in the coculture (Bradl & Lassmann, 2010; Fitzner

et al., 2006). Moreover, data in the literature demonstrate that

OLs produce PLP in advance and store it intracellularly, until the

onset of myelination stimulates its translocation to the membrane

(Bradl & Lassmann, 2010; Simons & Trajkovic, 2006).

Interestingly, common A2BR antagonists, PSB-603 and MRS1706,

are able to prevent the increased myelination index, but not the

reduction in total MBP levels induced by BAY60-6583. We do not

have any obvious explanation for the lack of effect of PSB-603 or

MRS1706 on BAY60-6583-dependent reduction in total MBP

levels. However, it appears from our data that the increase in axo-

nal myelination index induced by BAY60-6583 is an event distinct

from inhibition of OPC differentiation induced by the same

compound. Since A2BRs are expressed either on OPCs or DRGNs,

we can hypothesize that distinct effects of BAY60-6583 might

emerge as a consequence of different cellular localization of this

receptor subtype. In our experiments, the increase in myelination

coefficient could be attributed to A2BRs expressed on DRGNs,

which are sensitive to PSB-603 antagonism, as confirmed by our

patch-clamp recordings. On the contrary, the decrease in total

MBP levels is likely due to the activation of A2BRs expressed on

OPCs, in line with our previous data on OPC monocultures (Coppi,

Cherchi, et al., 2020), and this effect is not prevented by the tested

antagonists. Hence, on these bases, we can hypothesize that neu-

ronal A2BRs are sensitive to common A2BR antagonists, in accor-

dance with other data (Fusco et al., 2018, 2019), whereas

oligodendroglial A2BRs might present isoform/s with a different

sensitivity to canonical antagonists. In confirm, Thimm and col-

laborators suggest that the lack of specific aminoacidic residues

(i.e., Leu81) from A2BR could prevent the binding of some antago-

nists, especially for larger ligands such as PSB-603 (Thimm

et al., 2013). Indeed, to our knowledge, no data are available in the

literature about the block of BAY-mediated effects on oligoden-

droglial cells by PSB-603. Moreover, we cannot exclude that

BAY60-6583 could have independent effects from the A2BR acti-

vation, as demonstrated in peripheral T cells (Tang et al., 2021).

To gain insight into the functional role of A2BR on neurons in our

experimental model, we tested the unexplored effects of

BAY60-6583 on primary DRGN monoculture excitability. We found

that rat DRGNs expressed A2BRs, and its activation increases neuronal

firing, decreases rheobase, depolarizes resting membrane potential

and increases input resistance, indicating increased excitability and

ionic channels closure. Other experiments are needed to identify the

channel/s involved. All these effects were prevented in the presence

of the selective A2BR antagonist, PSB-603. Since increased neuronal

firing promotes the release of neurotransmitters (such as glutamate;

Cherchi, Bulli, et al., 2021; Krasnow & Attwell, 2016; Zonouzi

et al., 2011) and/or neuromodulators, the A2BR activation on DRGNs

could promote OPC recruitment and myelination of actively firing

axons in the OPC/DRGN cocultures.

For this purpose, we downregulated A2BRs by infecting DRGNs

with AAV2/5 expressing shRNA against A2BR (Mason et al., 2010)

before adding OPCs, and maintaining the coculture for 14 days. In

these experimental conditions, BAY60-6583 still induced a decrease

in MBP expression but did not increase myelination of shA2BR-

DRGN axons. It therefore appears that the increase in myelination

was due to the presence of A2BRs on DRGNs, while the reduction

in MBP levels was induced by the activation of this receptor sub-

type on OPCs. These findings consolidate our hypothesis about

the differential role of A2BRs depending on their cellular localiza-

tion. Only few data in the literature reported the presence and/or

functional effects of A2BRs on neurons (Li et al., 2022; Wang

et al., 2023). Wang and collaborators demonstrated that, in

Drosophila, the activation of the only adenosine receptor subtype

expressed (AdoR), a Gs-coupled receptor with high sequence simi-

larity with A2AR and A2BR, increases neuronal activity and axon

TABLE 1 Effects of BAY60-6583 on action potential properties in
DRGNs.

Bsl (n = 9)

1 μM BAY

(n = 9)

P Student's

paired t-test

Peak amplitude

(mV)

89.0 ± 6.4 89.9 ± 5.6 0.847

Half width

(ms)

6.8 ± 0.8 5.8 ± 0.9 0.174

Max rise slope

(mV/ms)

88.3 ± 12.8 93.8 ± 11.8 0.533

Max decay slope

(mV/ms)

�81.8 ± 10.0 �82.2 ± 11.0 0.999

Latency

(ms)

210.4 ± 38.9 154.3 ± 20.6 *0.044

Rheobase

(pA)

5.6 ± 1.1 3.5 ± 0.7 *0.019

RMP

(mV)

�61.7 ± 1.8 �57.7 ± 1.9 *0.025

Input resistance

(MΩ)
506.7 ± 102.0 583.3 ± 112.6 **0.001

Note: Each value is expressed as mean ± SEM before (bsl) and after 5-min

BAY60-6583 (BAY, 1 μM) application. *p < .05; **p < .01; Paired Student's

t-test.

Abbreviation: RMP, resting membrane potential.
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regeneration (Wang et al., 2023). In the same article, the activation

of A2BR also promotes axon regeneration and survival in retinal

ganglion cells of adult mice. Furthermore, Li and collaborators

found the immune signal for A2BRs in rat ST36 DRGNs, which rep-

resents neurons innervating acupoints in L4 and L6 DRGNs, where

its activation by BAY60-6583 inhibited outward delayed rectifier

potassium currents in 53.57% of cells (Li et al., 2022). It is worth to

note that the block of potassium channels is coherent with the

increased neuronal excitability, depolarized RMP and increased

input resistance of DRGNs induced by BAY60-6583 in the

present work.

In conclusion, we demonstrate here that chronic (t14)

BAY60-6583 treatment decreases MBP levels and increases axon

myelination in OPC/DRGN cocultures. This last effect was pre-

vented by the downregulation of A2BRs on DRGNs. Furthermore,

acute (5-min) BAY60-6583 application increases neuronal excitabil-

ity in primary DRGN monocultures. Above data could be accounted

for the fact that: (1) activation of A2BRs expressed on OPCs pre-

vents their differentiation, indicated by a decrease in MBP expres-

sion, and (2) activation of A2BR on DRGNs increases their

excitability, promoting OPC recruitment, differentiation, and myeli-

nation possibly by releasing pro-myelinating factors.

F IGURE 6 The downregulation of adenosine A2B receptor in primary DRGNs prevents the increased myelination, but not the reduction in
MBP expression, induced by BAY60-6583 in OPC/DRGN cocultures. (a) Representative �63 fluorescent images staining for DAPI (blue), βIII-
tubulin (gray), green fluorescence protein (GFP; green; used as reporter tag) and A2BR (red) in control (upper panels) or AAV-shA2B infected
(shA2BR; lower panels) DRGN monocultures. Scale bar: 75 μm. (b) Data for the mean fluorescent intensity of A2BR (red) was quantified as mean
± SEM of at least 5 neurons per image in 3 individuals replicates in control (CTRL; n = 51) or cultures infected with shA2BR (shA2BR; n = 44).
****p < .0001 unpaired Student t-test. (c) Quantification of the gene expression of A2BR normalized to β-actin. Data were reported as mean
± SEM of 5 independent experiments performed in duplicate. *p < .05 by unpaired Student t-test. (d) Upper panels: Representative images of
OPC/DRGN coculture stained for myelin basic protein (MBP, red) and βIII-tubulin (green) where DRGNs were or were not transfected with AAV-
shA2BR from 3 independent experiments. Magnification: �20. Scale bar = 50 μm. Middle panels: Magnification of the ROI indicated in the upper
panels. Lower panels: MBP+ images are converted into binary images to better clarify the oligodendrocyte morphology of the ROI indicated in
upper panels. Scale bar = 25 μm. (e) Quantification of MBP expression (left panel) and M1 coefficient (right panel) in different experimental
condition. *p < .05; **p < .01; Nested One-way ANOVA; Dunnet's posttest.
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