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INTRODUCTION 

 

Promotion of brain repair, such as remyelination, represents an attractive strategy in numerous 

demyelinating disorders, including multiple sclerosis (MS). Remyelination requires the 

differentiation of proliferating oligodendrocyte progenitor cells (OPCs), which migrate to and 

repopulate the lesioned areas under opportune stimuli by differentiationg into mature 

oligodendrocytes (Simon et al., 2011). A number of pathways have been identified that may 

contribute to ameliorate/impair remyelination in MS lesions, among them are adenosine (Stevens et 

al., 2002) and sphingosine kinase/sphingosine 1-phosphate (SphK/S1P) signaling axis (Lin et al., 

2004; Yang et al., 2016). 

Data demonstrate that OPCs in culture possess a variety of voltage-gated ion channels whose 

functional expression changes during lineage progression (Coppi et al., 2015; Coppi et al., 2013b); 

furthermore, delayed rectifier K
+
 currents play an important role during OPC development since 

their selective block by tetraethyl-ammonium, a typical K
+
 blocker, decreases cell proliferation and 

differentiation to mature OLGs (Gallo et al., 1996). We have recently demonstrated that adeonisne 

A2A receptor activation reduces delayed rectifier K
+
 currents in cultured OPCs and, in turn, inhibits 

cell maturation (Coppi et al., 2013a). 

A very recent study demonstrated that Fingolimod, a S1P modulator, beyond its 

immunomodulatory effect, promotes OPC proliferation and differentiation in mice with EAE 

(Zhang et al., 2015). S1P is produced by the enzyme SphK1, which plays a crucial role in the 

stimulation of oligodendrocyte survival (Saini et al., 2005). Our aim will be to extend actual 

knowledge on repairing mechanisms in MS disease by revealing a new therapeutic target, in 

particular we will investigate the oligodendrogenetic potential of adenosine A2B receptors and their 

interaction with SphK/S1P signaling in this biological effect. Of note, data in the literature support a 

link between A2B and SphK /S1P signaling in human and mouse sick erythrocytes (Sun et al., 

2015). 

In the present work we tested the effects of the prototypical A2B adenosine receptor agonist BAY 

60-6583 in a model of purified cultured rat OPCs by means of patch clamp experiments coupled to 

Real-time PCR and Western Blot analysis in order to provide a functional characterization of the 

effects of this receptor on oligodendrogliogenesis and a possible cross-talk with SphK/S1P 

signaling axis as innovative therapeutic tools for the treatment of different demyelinating disorders. 

Our findings reveal a novel signaling network in rat cultured OPCs regulating A2B receptor 

activation and SphK1 signaling, which may be involved in remyelination process. 

 

 

MATERIALS AND METHODS 

 

Cell Cultures. Purified cortical OPC cultures were prepared as described elsewhere (Coppi et al., 

2013a; Coppi et al., 2013b). Briefly, Wistar rat pups (postnatal day 1-2) were killed and cortices 

removed, mechanically and enzimatically dissociated, suspended in DMEM medium containing 

20% fetal bovine serum (FBS), 4 mM L-glutamine, 1 mM Na-pyruvate, 100 U/ml penicillin, 100 

U/ml streptomycin (all products are from EuroClone, Milan, Italy), and plated in poly-D-lysin 

coated T75 flasks (1 flask per animal). After 2-3 days in culture, OPCs growing on top of a 

confluent monolayer of astrocytes were detached by 5 h horizontal shaking. Contaminating 

microglial cells were eliminated by 1 h pre-shake and by further plating detached cells on plastic 

culture dishes for 1 h. OPCs, which do not attach to plastic, were collected by gently washing the 

dishes and replated onto poly-DL-ornithine-coated (final concentration: 50 µg/ml, Sigma-Aldrich) 

13 mm-diameter glass coverslips lied in 24 multiwell chambers (l0
4
 cells/well: 

electrophysiological and immunocytochemical experiments). OPC cultures were maintained in 



Neurobasal medium (Invitrogen, S. Giuliano Milanese, Milan, Italy) containing 2% B27, 4 mM 

L-glutamine, 1 mM Na-pyruvate, 100 U/ml penicillin, 100 U/ml streptomycin, 10 ng/ml platelet 

derived growth factor (PDGF-BB) and 10 ng/ml basic fibroblast growth factor (bFGF; both grow 

factors were from PeproTech EC Ltd, London, UK) to promote cell proliferation (proliferating 

medium: PM). After 2-3 days in PM, cells were switched to a Neurobasal medium lacking growth 

factors in order to allow cell differentiation (differentiating medium: DM). As bipolar NG2
+
 

progenitors undergo differentiation under these conditions, they become multipolar and acquire 

O4
+
 immunoreactivity before the expression of MBP and MAG (Mann et al., 2008) proteins. No 

contaminating microglial cells and a very low percentage (<1%) of big-sized astrocytes were 

detected in OPC cultures when Iba1 or glial fibrillary acid protein (GFAP) staining, respectively, 

was performed (data not shown). 

Experiments were performed on cells at different times in culture: just before switching to DM 

(t0), or at different times after switching to DM (i.e. after 1 day of culture in DM: t1). 

In all the text the term “OL cultures” (oligodendrocyte cultures) indicates primary purified OPC 

cultures at different times of maturation. The term “OPCs” (oligodendrocyte precursor cells) 

indicates either NG2
+
 OPCs or O4

+
 pre-OLGs (t0-t6 OL cultures) as immature stages preceding 

the phase of mature MAG
+
 OLGs (t10-t13 OL cultures). 

 

Electrophysiology. Whole-cell patch-clamp recordings were performed on purified primary 

OPCs from t2-t6 cultures. Cells grown on a poly-DL-ornithine-coated 13 mm-diameter glass 

coverslip were transferred to a small chamber (1 ml volume) mounted on the platform of an 

inverted microscope (Olympus CKX41, Milan, Italy) and superfused at a flow rate of 2 ml/min 

with a standard extracellular solution containing (mM): HEPES 5, D-glucose 10, NaCl 140, KCl 

5.4, MgCl2 1.2, and CaCl2 1.8 (pH adjusted to 7.3 with NaOH). Borosilicate glass electrodes 

(Harvard Apparatus, Holliston, Massachusetts USA) were pulled with a Sutter Instruments puller 

(model P-87) to a final tip resistance of 4–7 M. Standard pipette solution contained (in mM): K-

gluconate 130, NaCl 6, MgCl2 2, Na2-ATP 2, Na2-GTP 0.3, EGTA 0.6, HEPES 10 (pH adjusted 

to 7.4 with KOH). For K
+
-replacement experiments a Cs

+
-based pipette solution was used (in 

mM): CsCl 130, NaCl 6, MgCl2 2, Na2-ATP 2, Na2-GTP 0.3, EGTA 0.6, HEPES 10 (pH adjusted 

to 7.4 with CsOH). Data were acquired with an Axopatch 200B amplifier (Axon Instruments, CA, 

USA), low-pass filtered at 10 kHz, stored and analyzed with a pClamp 9.2 software (Axon 

Instruments, CA, USA). All the experiments were carried out at RT (20 –22°C). Protocols. 

Unless otherwise stated, cells were voltage-clamped at –70 mV. Series resistance (Rs), membrane 

resistance (Rm) and membrane capacitance (Cm) were routinely measured by fast hyperpolarizing 

voltage pulses (from -70 to -75 mV, 40 ms duration). Only cells showing a stable Cm and Rs 

before, during, and after drug application were included in the analysis. Immediately after 

breakthrough into whole-cell configuration, cell resting membrane potential (Vrest) was 

determined by switching to the current-clamp mode. A voltage ramp protocol (800 ms 

depolarization from -140 to +80 mV) was recorded every 15 s to evoke a wide range of overall 

voltage-dependent membrane currents before, during and after drug treatments. Variations of 

membrane potential (Vm) induced by drug treatments were measured by calculating the reversal 

potential (the “zero current” potential) of ramp-evoked currents before, during and after drug 

application. Outward K
+
 currents were evoked by two different depolarizing voltage-step 

protocols in order to separate delayed rectifier outward K
+
 currents (IK) from transient outward 

(IA) conductances. A first protocol was applied in which 10 depolarizing voltage steps (10 mV 

steps from –40 to +80 mV, 200 ms each) were preceded by a 60 ms pre-step potential (Vpre) at –

80 mV. This protocol activates a mixture of outward IK and IA currents in cultured OPs. Since 

transient IA currents present a voltage-dependent inactivation at potential positive to -80 mV, a 

second protocol was applied in the same cell with a Vpre at -40 mV which selectively inactivates 

IA leaving the IK component unchanged. Net IA current expressed in each cell was then obtained 

by digital subtraction of the two traces. Current-to-voltage relationships (I-V plots) of IK or IA 



currents were obtained by measuring current amplitude at the steady state (200-250 ms after step 

onset) or as a peak (1-20 ms after step onset), respectively. 

Current amplitude (measured as pA) was normalized to respective cell capacitance (measured in 

pF) and expressed as current density (pA/pF) in averaged results. All drugs were applied by 

superfusion with a three-way perfusion valve controller (Harvard Apparatus, Holliston, 

Massachusetts US) after a stable baseline of ramp-evoked currents was obtained. A complete 

exchange of bath solution in the recording chamber was achieved within 30 s. 

Immunofluorescence and electrophysiological experiments were run in parallel in order to 

correlate the current profile with maturation stages of cultured cells. 

Drugs. BAY 60-6583 was purchased from SIGMA. All drugs were stored at -20°C as 10
3
 to 10

4
 

times more concentrated stock solutions in distilled water, dissolved daily in the extracellular 

solution to the final concentration and applied by bath superfusion. 

 

Data analysis. Data are expressed as mean ± SEM (standard error of the mean). Student’s paired 

or unpaired t-tests or One-way ANOVA followed by Newman-Keuls or Bonferroni post-test 

analysis were performed, as appropriated, in order to determine statistical significance (set at 

P<0.05). Data were analyzed using software package GRAPHPAD PRISM (GraphPad Software, San 

Diego, CA, USA). 

 

 

 

RESULTS 

 

The interaction between adenosine A2B receptors and S1P/SphK signaling on oligodendrogenesis in 

rat cultured OPCs, at different times of maturation, was investigated. For this aim we used patch 

clamp experiments coupled to Real-time PCR and Western Blot analysis. Stimulation of A2B 

receptors by the selective agonist BAY 60-6583 reduced the amplitude of outward currents elicited 

by a voltage ramp protocol (from -80 mV to +120 mV, 800 ms duration: Fig. 1A). The effect was 

statistically significant in 18 cells tested (Fig. 1B: **P<0.01, Student’s paired t-test). BAY-inhibited 

currents were abolished when K
+
 was replaced by equimolar Cs

+
, indicating that they are K

+ 

currents (Fig. 2). Western Blot analysis revealed an overexpression of the phosphorylated form of 

SphK1, but not SphK2, isoform when OPCs were exposed to the selective A2B receptor agonist 

BAY60-6583 (10 µM: Fig. 3). 

 

CONCLUSIONS 

 

Our data indicate that adenosine A2B receptor activation in purified rat cultured oligodendrocytes 

inhibits outward K
+
 currents which are known to modulate cell differentiation (Coppi et al., 2013a; 

Gallo et al., 1996) and myelin production (Shrager and Novakovic, 1995). Furthermore, we provide 

the first evidence for a cross-talk between A2B and SphK/S1P signaling pathway in oligodendroglial 

cells in vitro since acute exposure of cultured OPCs to the selective A2B adenosine receptor agonist 

BAY 60-6583 promotes SphK1 phosphorilation and activation. 
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Figure 1. The A2B agonist BAY 60-6583 (BAY) inhibits ramp-evoked currents in cultured 

OPCs 

A. Left Panel: time course of ramp-evoked currents (ramp protocol: -120/+80 mV, 800 ms) at +80 

mV in a typical OPC in culture (t2). Right Panel. Original current traces recorded by whole-cell 

patch clamp technique in the same cell before (ctrl) and after BAY 60-6582 (BAY: 10 µM) 

application. B. Pooled data demonstrating that the amplitude of ramp-evoked current at +80 mV is 

significantly reduced by BAY in 18 cells tested. **P<0.01 paired Student’s t-test. 
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Figure 2. Electrophysiological ionic profile of A2B-inhibited currents. 

Averaged current traces recorded by whole-cell patch clamp technique in three OPC cell before 

(ctrl) and after BAY 60-6582 (BAY: 10 µM) application in Cs
+
 replacement experiments. 
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Figure 3. Acute application (10 minutes) of 10 µM BAY  enhances SphK1 phosphorylation in 

cultured OPCs. A. Western Blot analysis of phospho-SphK1 (upper panel) and phospho-SphK2 

(lower panel) was performed in total cell lysates of OPC cultured cells after 10 min application of 

10 µM BAY 60-6583. B. In the histogram band intensity corresponding to phosphorylated form of 

SphK1 or SphK2 was normalized to SphK1 or SphK2 total content and reported as mean ± SEM of 

three independent experiments, -fold change over control. Data reported are expressed as fold 

increase of the respective control (Ctrl). 
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