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Cellular elements of maturing brain are vulnerable to insults, which lead to neurodevelopmental defects.
There are no established treatments at present. Here we examined the efficacy of selective adenosine A2A

receptor inhibitor SCH58261 to combat brain injury, particularly oligodendrocyte (OL) lineage cells, in
young rats. Wistar rats (n = 24, 6.5 days old) were randomly divided into equal groups of four. The sham
(SHAM) group received no treatment, the vehicle (VEHICLE) group received 0.1% dimethylsufoxide, the
injury (INJ) group was exposed to oxygen-glucose deprivation insult, and the injury+SCH58261 (INJ
+SCH58261) group was exposed to the insult and received 1 lM SCH58261. Immunocytochemical exper-
iments revealed that there was a significant reduction in the populations of mature OL (MBP+ OLs) and
immature OL precursors (NG2+ OPCs) in the INJ group compared to SHAM group. Furthermore, there
was also a significant increase in the percent of apoptotic MBP+ OL and NG2+ OPC populations as evi-
denced by TUNEL assay. In addition, there was a significant reduction in the proliferation rate among
NG2+ OPCs, which was confirmed by BrdU immunostaining. On the other hand, treatment with
SCH58261 significantly enhanced survival, evidenced by the reduction in apoptotic indices for both cell
types, and it is preserved the NG2+ OPC proliferation. Activation of adenosine A2A receptors may con-
tribute to OL lineage cell loss in association with decreased mitotic behavior of OPCs in neonatal brains
upon injury. Future investigations assessing ability of SCH58261 to regenerate myelin will provide
insights into its wider clinical relevance.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Brain injury often disrupts energy metabolism in neuronal cells,
leading to dramatic increases in extracellular levels of adenosine
(Sperlágh et al., 2000; Melani et al., 2003; Melani et al., 2009;
Chen et al., 2014; Chen et al., 2019). An inhibitory neurotransmit-
ter, adenosine modulates blood flow in the brain (Dunwiddie and
Masino, 2001; Illes et al., 2020), and four distinct G-protein cou-
pled receptors (A1, A2A, A2B and A3) are known to mediate its influ-
ence on brain tissues (Fredholm et al., 2001; Melani et al., 2009;
Chen et al., 2014). Notably, the A2A receptor may play an important
role in the damage incurred by strokes (Chen et al., 2007; Melani
et al., 2009; Vincenzi et al., 2020) as one contemporary investiga-
tion revealed that transgenic mice lacking the functional version
of this receptor experienced less brain damage than their healthy
counterparts (Gui et al., 2009), and a related study found they were
spared from harm to the striatum and cortex following transient
occlusion of the middle cerebral artery (Melani et al., 2003).

The various cellular elements of developing brain are separately
under ischaemic attack (Tekkök et al., 2007). The types of glia
which are most vulnerable to injury are those of the OL lineage
cells (Matute et al., 2007). OL express Ca2+-permeable GluRs and
have low resistance to oxidative stress, two main factors that make
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them particularly vulnerable to injury (Back et al., 1998; Fern and
Moller, 2000; Dewar et al., 2003; Wilke et al., 2004). Damage to
OPCs and/or mature OLs results in a loss of appropriate myelina-
tion (Arai and Lo, 2009). However, myelinating OLs can repair mye-
lin after injury-induced demyelination, and myelin repair derives
from recruitment and differentiation of an endogenous population
of OPCs (Baumann and Pham-Dinh, 2001; Levine et al., 2001;
McTigue et al., 2001; Suyama et al., 2007; Rivers et al., 2008).
The lineage of OLs traverses many distinct steps, from OPC express-
ing a characteristic set of markers including PDGFaR and the pro-
teoglycan NG2, to mature OLs expressing the myelin genes: myelin
associated glycoprotein (MAG), myelin oligodendrocyte glycopro-
tein (MOG), myelin basic protein (MBP), 20-30-cyclic nucleotide 30

phosphohydrolase (CNP), and proteolipid protein (PLP) and their
product proteins (Levine et al., 2001; McTigue et al., 2001; Rivers
et al., 2008). Modulation of the OL pathway is multifactorial, and
transcription factors such as bHLH Olig1 and Olig2, and home-
odomain Nkx2.2 play crucial roles during OPC differentiation and
remyelination (Fancy et al., 2004; Lin et al., 2006; Ligon et al.,
2006). Therefore, analysis of pharmacological agents promoting
myelin regeneration would need to study their effects on prolifer-
ation of OPCs, myelin gene expression, and transcription factors
that modulate OL development and myelination (Nicolay et al.,
2007).

In recent years, antagonists of the A2A receptor have helped to
minimise the severity or side effects of brain injuries by reducing
release of excitatory amino acids that accelerate ischaemic and
post-ischaemic cell death (Xu et al., 2016). For example,
SCH58261 has consistently succeeded in attenuating the outflow
of glutamate from the striatum in rats (Corsi et al., 2000; Chiodi
et al., 2016), selective A2A receptor agonists have been shown to
stimulate its release from the cortex under ischaemic conditions
(Calabresi et al., 2000; Beggiato et al., 2016), and treatment with
DMPX has preserved neurons in the hippocampus (Latini and
Pedata, 2001; Yu-liang et al., 2016). For this study, we investigated
how inhibition of the A2A receptor, using SCH58261, might impact
the viability of OLs in rats after a transient deprivation of oxygen
and glucose.

Among the adenosine receptors cloned so far, A1, A2A and A3

receptors are shown to mediate neuroprotective effects of adeno-
sine (Fredholm et al., 2001; Melani et al., 2009; Chen et al.,
2014). The protective effects of A1 adenosine receptor against cere-
bral hypoxia–ischaemia is well established, while those of A2A and
A3 remains controversial (Latini and Pedata, 2001; Pedata et al.,
2005; Pedata et al., 2007; Yu-liang et al., 2016; Kratimenos et al.,
2017; Zhou et al., 2019). Recently it was shown that striatal and
cortical damage, and neurological deficit induced by transient mid-
dle cerebral artery occlusion were absent in A2A receptor knock-out
mice demonstrating the pivotal role of A2A receptors in the inci-
dence of ischemic and hypoxic damage (Melani et al., 2003).
2. Materials and methods

2.1. Animals and treatment details

A total of 24 immature Wistar rats, aged 6.5 days and weighing
34.2 ± 2.6 g, were used in this study. They were housed in a venti-
lated facility with an ambient temperature (26 ± 2 �C) and 12-hour
light/dark cycles. All rats had free access to a standard diet and
water.

Prior to the experiments, animals were randomly divided into
equal groups of four. The sham (SHAM) group received no treat-
ment, the vehicle (VEHICLE) group received 0.1% dimethylsufoxide
(DMSO) (Sigma, Germany), the injury (INJ) group was exposed to
20 min of oxygen-glucose deprivation (OGD) and the
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injury + SCH58261 (INJ + SCH58261) group was exposed to
20 min of OGD and received 1 lM SCH58261 (7-(2-phenylethyl)-
5-amino-2-(2-furyl)-pyrazole-[4,3-e]-1,2,4-triazolo[1,5-c]pyrimi
dine, Tocris Bioscience, Germany). All research was performed
according to regulations by the Research Ethics Committee at the
Biotechnology Research Center of the University of Tripoli, Libya
(approval number: BEC-BTRC 8–2019).

2.2. Induction of brain tissue injury

Brain tissues for the INJ and INJ+SCH58261 groups were injured
via OGD (Al-Griw and Solter, 2014; Raffa et al., 2020). In brief, they
were subjected to a sterilised, deoxygenated, glucose-free 50%
Eagle’s minimum essential medium (Sigma, Germany) in a
37 �C ± 0.5 �C anaerobic chamber with 95% N2/5% CO2 for
20 min. The tissues were then washed at least three times with
fresh, oxygenated medium containing 5 mg/mL D-glucose with
2% B27 and returned to their culture conditions under normoxic
atmosphere (5% CO2) at 37 �C. Control cultures were maintained
under identical conditions. They were further incubated for 72 h
at 5% CO2 and 37 �C to mimic in vivo conditions of reperfusion
before being fixed for analysis.

2.3. Viability assay

A Live/Dead Viability/Cytotoxicity kit (Molecular Probes, Invit-
rogen, Germany) was used to evaluate cell survival and death, as
previously described (Al-Griw et al., 2014). In brief, tissues were
incubated in a solution containing 4 mM ethidium homodimer-
AM and 2 mM calcein-AM at 37 �C for 35 min, and then were fixed
in phosphate-buffered saline (PBS) (Oxoid, Germany) with 4%
paraformaldehyde (PFA) (Sigma, Germany) for 30 min.

2.4. Nuclear staining and cell scoring

Tissue sections were stained with the fluorescent dye, DAPI
(4,6-Diamidino-2-Phenylindole, Vector Laboratories, UK), to exam-
ine nuclear alterations in cells undergoing apoptosis, as previously
described (Bossenmeyer-Pourié et al.; 2000, Toriuchi et al., 2020)

2.5. Terminal deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) assay

A TUNEL assay was utilised to evaluate DNA fragmentation
(Chemicon, ApopTag Fluorescein in Situ Apoptosis Detection Kit,
Germany). Briefly, tissue sections were treated in the dark with a
TDT enzyme at 37 �C for one hour. They were then washed with
a buffer to terminate the reaction and stained with DAPI. To iden-
tify the TUNEL cells, both TUNEL staining and MBP+ or NG2+

immunostaining were performed.

2.6. Immunocytochemistry

Tissue sections from all groups were fixed in 4% PFA at room
temperature for one hour. They were then washed with PBS,
mounted on glass and incubated in a solution of 10% normal goat
serum in PBS (MP Biomedical, UK) and 0.25% Triton X-100 (Sigma,
Germany) for one hour. Next, the tissues were incubated with
100 mL of a primary antibody (anti-MBP, MBL, anti-NG2 and anti-
OX-42; Millipore, Germany) at room temperature for 90 min or
in the dark at 4 �C overnight. They were washed three times with
PBS and stained with secondary antibodies (Alexa Fluor� 633 and
488, Invitrogen, Germany) that were diluted in PBS (1:100). Of
note, a few tissue sections were processed without primary anti-
bodies in order to examine the specificity of immunolabelling with
the antibodies, and this resulted in no immunostaining.
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2.7. Proliferation assay

A BrdU (5-bromo-2‘-deoxyuridine) Assay Kit (Aldrich-Sigma)
was utilised to assess the mitotic behaviour of neuronal cells. In
brief, tissue sections were incubated in a medium containing
20 mM BrdU for 24 h. Next, tissues were fixed and incubated with
1 N HCl on ice for 10 min, incubated with 2 N HCl at room temper-
ature for 10 min, and then placed in an incubator at 37 �C for
20 min. To neutralise the acid, the tissues were incubated in
0.1 M borate buffer (pH of 8.5) at room temperature for 12 min,
and then washed three times in a solution of PBS and 1% Triton
100-X. Following this, the tissues were permeabilised in a solution
containing 1 M glycine, 5% normal goat serum, PBS, and 1% Triton
100-X for an hour, and then incubated overnight with anti-BrdU
mono-antibody (eBioscience) in PBS (1:50). Finally, they were
stained with DAPI and double immunostained to examine the phe-
notype of the new cells.
2.8. Microscopy and cell scoring

For each tissue section, three areas of interest were scanned and
imaged using confocal microscopy (Leica, Germany). In z-axis, one
mm thickness of 1024 � 1024 pixel sized 30 sections were collected
in a single microscopic field with 63X objective lens under pinhole,
fixed gain, PMT, and laser power, settings.

To maintain accuracy and compare differences detected by
immunostaining, tissue sections were processed together. Flat-
tened image stacks were opened in ImageJ software (NIH, USA),
thresholded with constant pixel intensity level settings to a white
background and then analysed. All quantifications were performed
by an individual blinded to the study.

Five visual fields from each tissue section were analysed, yield-
ing a total of 30 measurements per condition. Cells containing
DAPI-stained nuclei were considered immunoreactive and
included in the assessment. To avoid the possibility of miscounting
the number of cells in each group, the number nuclei in each group
was tabulated and compared between groups. Immunoreactive
cells and DAPI-labelled pyknotic nuclei were counted in the same
fields, and the percentage of immunoreactive cells against the
number of nuclei present were indicated as cell count.
2.9. Statistical analyses

Analysis of variance was employed to compare differences in
cell viability and death between the groups, followed by Dunnett’s
post hoc test to determine which differences were significant. The
Kolmogorov-Smirnov test evaluated normality. Values are pre-
sented as mean ± standard error of the mean (SEM), derived from
at least five independent experiments. All data were analysed
using SPSS software (Chicago, IL, USA) and statistical significance
was set at p < 0.05.
3. Results

3.1. SCH58261 attenuates neural cell survival post-injury

The survival rate for neural cells in the INJ group was 4-fold
lower than that of the SHAM group (p < 0.001; Fig. 1A and B); no
difference was detected between the SHAM and VEHICLE groups.
Treatment with SCH58261 increased the survival of cells in the
INJ+SCH58261 group by 71.94 ± 3.47% when compared against
the INJ group. Of note, administration of SCH58261 and DMSO
(0.1%) had no effect on the survival of cells not exposed to any
insult.
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Regarding apoptosis, there was an increase in the percentage of
pyknotic nuclei for the INJ group in contrast to the SHAM group
(Fig. 1C). Moreover, pyknotic nuclei percent was 2.9-fold higher
in the INJ group than the SHAM group (37.99 ± 5.91% vs. 13.91 ± 2
.36%, p < 0.001) (Fig. 1D). On the other hand, SCH58261 treatment
minimised an increase in pyknotic nuclei counts, which were com-
parable to those in the SHAM group (Fig. 1D).

3.2. SCH58261 restores MBP+ OL loss post-injury

Under SHAM condition, there was a high number of mature
MBP+ OLs (Fig. 2A). In contrast, there was a roughly 60%
(33.2 ± 8.13 cell per filed) reduction (P < 0.01) in the mean number
of the MBP+ OLs in INJ group compared to SHAM group (Fig. 2A),
but VEHICLE alone had no significant effect when administrated
under control condition. There was also a significant elevation
(p < 0.001) in the counts of pyknotic nuclei among MBP+ OL popu-
lation. SCH58261 application showed higher MBP+ OLs 1.9-fold
(63.17 ± 6.48 cell per filed) post-insult (Fig. 2B). There was also
decrease in the counts of pyknotic nuclei among MBP+ OL popula-
tion (p < 0.001; Fig. 2C).

3.3. SCH58261 protects NG2+ OPCs post-injury

The results showed that there was a high number of NG2+ OPCs
in the SHAM group compared to INJ group (Fig. 3A). SCH58261
application after injury showed higher NG2+ OPCs 1.9-fold (63.17
± 6.48 cell per filed) compared to INJ group (Fig. 3B). In addition,
there was also a reduction in the percent of pyknotic nuclei among
NG2+OPC population from 73.8 ± 5.2% to 3.3 ± 0.7% (Fig. 3C).

3.4. SCH58261 preserves the mitotic behaviour of NG2+ OPCs post-
injury

We next evaluated the SCH58261 effect on neural cell mitotic
behavior in response to injury. To this end, BrdU assay was carried
out (Fig. 4A). We found that there was a significant (p< 0.001;
Fig. 4B) reduction in the population of BrdU+ nuclei/cells in the
INJ group compared to SHAM group, and that SCH58261 treatment
significantly preserved their density (p< 0.05, Fig. 4B). Because
inhibition of adenosine A2A receptor activity with SCH58261
enhanced OPC survival in our model, we postulated that
SCH58261 treatment might also affect OPC proliferation. To this
end, BrdU-NG2 double staining was carried out. A significant dif-
ference in the percentage of proliferating NG2+ OPCs was observed
between the INJ and INJ+SCH58261 groups (p = 0.03; Fig. 4C and
D), suggesting that SCH58261 preserving the mitotic behaviour
of OPCs, and may involve in enhancing remyelination after injury.
4. Discussion

The novel finding from this study was that treatment with the
selective A2A receptor inhibitor, SCH58261, following a brain injury
helped defend against apoptosis in OLs and enhanced proliferation
of their precursors in white matter. To our knowledge, this is the
first investigation to show that A2A receptor inhibition helps pre-
serve neural development and viability after injury.

Damage to OLs, evidenced by the emergence of axolemma or
occurrence of demyelination, has been observed three hours after
induction of middle cerebral artery occlusion in mice and rats
(Hase et al., 2018). Consistently, myelinated fibres and OLs seem
to be extremely vulnerable to stress and injury, leading them to
experience early changes in white matter (Hase et al., 2018). In
specific, maturing OLs will extend myelin sheaths around their
axons (Naruse, 2019) and participate in stroke-related white mat-



Fig. 1. SCH58261 enhances neural cell survival post-injury. The SHAM group received no treatment, the INJ group was exposed to 20 min of oxygen-glucose deprivation
(OGD), and the INJ+SCH58261 group was exposed to 20 min of OGD and received 1 lM SCH58261. (A) Immunofluorescent images of dead (red areas) and living (green areas)
cells. (B) Quantification of neural cell survival. (C) Immunofluorescent images of pyknotic nuclei (refer to the white arrows pointing to the dense, brighter nuclei). (D)
Quantification of apoptosis. Scale bar: 20 mm. Data are shown as mean ± SEM (n = 6 per group). (*) indicates p < 0.05, (**) indicates p < 0.01, and (***) indicates p < 0.001.

Fig. 2. SCH58261 protects against loss of MBP+ OLs post-injury. The SHAM group received no treatment, the INJ group was exposed to 20 min of OGD, and the INJ+SCH58261
group was exposed to 20 min of OGD and received 1 lM SCH58261. (A) Immunofluorescent images of MBP+ OLs (red areas) and pyknotic nuclei (refer to the white arrows
pointing to the dense, brighter green nuclei). (B) Quantification of viable MBP+ OLs. (C) Quantification of apoptotic MBP+ OLs. Scale bar: 10 mm. Data are shown as mean ± SEM
(n = 6 per group). (**) indicates p < 0.01 and (***) indicates p < 0.001.
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ter destruction and axonal conduction (Sasaki et al., 2007; Hwang
et al., 2019). Within the demyelination region, surviving OLs will
not assist in remyelination since they are not stimulated to divide
(Levine et al., 2001; Zhang et al., 2020). Precursors to mature OLs,
on the other hand, will respond to insults by increasing their cell
division (Skaper et al., 2018). In this study, immunohistochemistry
revealed a definitive staining of MBP+ and NG2+ cells in white mat-
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ter, and the antibodies for their immunolabels were easily detect-
able (Kuhlmann et al., 2008; Espitia Pinzón et al., 2019).
Additionally, a large decrease in the number of pyknotic nuclei
was observed, indicating a higher reactivity of OLs to injury. Here
we report that under the hypoxic conditions, A2A receptor inhibi-
tion led to the apoptosis of OLs. Overactivation of the A2A receptor
has been identified on both neurons and microglia in the same



Fig. 3. SCH58261 protects against loss of NG2+ OPCs post-injury. The SHAM group received no treatment, the INJ group was exposed to 20 min of OGD, and the
INJ + SCH58261 group was exposed to 20 min of OGD and received 1 lM SCH58261. (A) Immunofluorescent images of NG2+OPCs (red areas) and pyknotic nuclei (refer to the
white arrows pointing to the dense, brighter green nuclei). (B) Quantification of viable NG2+ OPCs. (C) Quantification of apoptotic NG2+ OPCs. Scale bar: 10 mm. Data are
shown as mean ± SEM (n = 6 per group). (*) indicates p < 0.05 and (***) indicates p < 0.001.

Fig. 4. . SCH58261 preserves the mitotic behaviour in NG2+ cells post-injury. The SHAM group received no treatment, the INJ group was exposed to 20 min of OGD, and the
INJ+SCH58261 group was exposed to 20 min of OGD and received 1 lM SCH58261. (A) Immunofluorescent images of NG2+ cells (green areas). (B) Quantification of
BrdU+nuclei/cells . (C) Co-stained cultures for BrdU (green areas) and NG2+ OPCs (refer to the white arrows pointing to the red areas). Scale bar: 50 mm. (D) Quantification of
proliferating NG2+ cells. Data are shown as mean ± SEM (n = 6 per group). (*) indicates p < 0.05, (**) indicates p < 0.01, and (***) indicates p < 0.001.
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mouse model (Trincavelli et al., 2008; Chen et al., 2014), and since
glia and neurons are differentially affected by stress or injury, it
can be postulated that different regions of the brain will be acti-
vated simultaneously in response to ischaemia.

Increased expression of JNK and NF-kB has been reported in
OLs, which are major targets in multiple sclerosis (Licht-Mayer
et al., 2015). Accordingly, inhibition of JNK by selective inhibitors
helps prevent cell death induced by OGD in vitro and in vivo
(Melani et al., 2009; Chen et al., 2014). OLs are extremely sensitive
to the presence of adenosine and inflammatory cytokines (Back,
2006; Carloni et al., 2020); therefore, JNK activation in response
to ischaemia could be attributed to toxicity and oxidative stress.
In one study using cultured OLs from the cortex, application of
the pan-JNK inhibitor, SP600125, was found to significantly reduce
glutamate toxicity (Rosin et al., 2004; Chen et al., 2018). Moreover,
it was previously shown that release of glutamate was reduced by
an adenosine A2A receptor antagonist within the first hour of
ischaemia (Melani et al., 2009). By reducing release of this excita-
tory amino acid, such antagonists may reduce JNK activation and
allow for better functionality and/or survival of pre- and myelinat-
ing OLs (Melani et al., 2009; Chen et al., 2014).

Therefore, better functionality and/or survival of mature myeli-
nating OLs, could be attributed to reduced glutamate due to inhibi-
tion of JNK activation by A2A receptor antagonists as evident from
the normalisation of MAG staining in the ischaemic striatum. Also,
protection of developing OL precursors from damage might be a
resultant of reduced JNK activation.
5. Conclusions

This study demonstrates that selective A2A receptor inhibitor
SCH58261 has significant protective roles upon brain injury in
young rats. However, we were incapable of finding the precise
mechanism/s by which SCH58261exerts its actions. Nevertheless,
our findings imply that some effects may be mediated by preserv-
ing survival and mitotic behavior of OPCs.
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