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Preface to ”Purinergic Signaling in
Neuroinflammation”

It is currently apparent that the extracellular ATP’s physiological effect is mediated by

its interaction with specific purinergic receptors. All purinergic receptors are divided into

P1-purinoreceptors (the main ligand adenosine) and P2-purinoreceptors (the main ligands ATP/ADP,

UTP/UDP). Each of the subtypes is divided into a number of families. For instance, P2 receptors are

divided into P2X and P2Y receptors according to the mechanism by which their effect is realized: P2Y

are G-protein-coupled receptors, while P2X receptors are ligand-operated ion channels (or ionotropic

receptors). P2X receptors are important molecular therapeutic targets, the malfunctioning of which

leads to severe complications in the physiology of humans and animals and causes dangerous

diseases. The search for compounds that can modulate the function of purinergic receptors can

lead to the creation of new drugs that are effective in central and peripheral nervous system and

immune system disease treatment, including neuroinflammation, hypoxia/ischemia, epilepsy and

neuropathic pain. In this Special Issue, we wish to offer a platform for high-quality publications on the

latest advances in the identification of P2X/Y- and P1 (A1, A2A, A2B, A3)-receptor blockers, functions

and regulation by them; the characterization of these receptor signaling networks and crosstalk;

mechanisms underlying the role of purinoceptors in neurodegenerative illnesses as well as chronic

neuronal changes following acute noxious damage and therapeutic opportunities associated with

regulation of purinergic receptor activity. This issue will be of interest to researchers working on cell

signaling, neurology and immunology, and also to chemical biologists interested in drug discovery

as well as clinicians.

Dmitry Aminin and Peter Illes

Editors
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ATP is stored in millimolar concentrations within the intracellular medium but may be
released to extracellular sites either through the damaged plasma membrane or by means of
various transporters. Extracellular ATP or its enzymatic breakdown products, ADP, AMP,
and adenosine, may then stimulate a range of membrane receptors (Rs). These receptors are
classified as belonging to two types termed P2 or P1. P2Rs can be, in addition, subdivided
into the ligand-activated P2X and the G protein-coupled P2Y types. Adenosine acts on
the P1 type of receptor. A further classification identifies seven mammalian subtypes of
P2X1-7 and eight mammalian subtypes of P2YRs (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12,
P2Y13, P2Y14). P1Rs are either positively (A2A, A2B) or negatively (A1, A3) coupled to
adenylate cyclase via the respective G proteins. Already, such a high number of receptors
suggests that purine-mediated effects at the cellular but especially whole organism level
have an immense variability. Whereas P2XRs respond only the ATP, P2YRs are sensitive
to ATP/ADP, UTP/UDP, or UDP–glucose. Inspection of some articles in this Special
Issue will teach us that the nucleoside guanosine probably possesses a receptor of its
own, that nucleotides can be gradually degraded metabolically to functionally active
nucleotides/nucleosides (see above), and indirect effects by stimulating the synthesis or
decomposition of purines/pyrimidines may also increase functional diversity. Eventually,
P2/P1Rs may interact both with each other as well as with other neurotransmitter receptors.
It is, of course, important to note that, in many cases, receptor (sub)type-preferential
agonists and highly selective antagonists are available for pharmacological analysis.

The fascinating complexity of the “purinome” (the cluster of agonists, receptors, and
enzymes participating in purinergic signaling) and the involvement of its components in
(patho)physiological functions underline their regulatory importance. Defective P2XRs are
causative factors, e.g., in male infertility (P2X1), hearing loss (P2X2), pain/cough (P2X3),
neuropathic pain (P2X4), inflammatory bone loss (P2X5), and faulty immune reactions
(P2X7). Purinergic signaling may regulate immune reactions through P2/P1Rs situated
at immune cells in the periphery (macrophages, lymphocytes) and in the central nervous
system (microglia). P2X4,7 and P2Y4,6,12, as well as A2A,3Rs, are located at microglia in
the CNS. They steer microglial process motility, microglial migratory activity, microglial
phagocytosis (pinocytosis), and the release of pro-inflammatory cytokines, chemokines,
growth factors, proteases, reactive oxygen and nitrogen species, cannabinoids, and prob-
ably also the secretion of excitotoxic ATP and glutamate. Consequently, the “purinome”
is involved in the neurodegenerative illnesses Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, multiple sclerosis, amyotrophic lateral sclerosis, neuropathic pain,
post-epilepsy and post-ischemia neuronal damage, etc. These latter findings prompted the
two editors of this Special Issue to invite a few experts to contribute their ideas on puriner-
gically induced neuroinflammation. This choice of publications consists of two original
articles and eight reviews, providing new insights to our present knowledge.
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One of the original papers by Braune et al. [1] deals with the G protein-coupled
GPR17, which was initially discovered as an orphan receptor and was found to be a target
of both cysteinyl-leukotrienes and the uracil nucleotides uridine, UDP, and UDP–glucose.
Montelucast, a selective antagonist of GPR17, largely facilitated the outgrowth of neuronal
fiber networks from the substantia nigra/ventral tegmentum to the prefrontal cortex in an
organotypic co-culture system. This effect appeared to be due to antagonism of endogenous
ligands activating GPR17, because a selective agonist of this receptor, PSB-16484, reversed
growth promotion by the GPR17 antagonist Montelucast. Another original article of
Sophocleous et al. [2] proved the presence of P2Y2 and P2X4Rs at a canine macrophage cell
line. P2Y2Rs mediated the mobilization of Ca2+ from its intracellular stores, while the low
levels of P2X4Rs might modulate this effect. Canine cells are feasible alternatives to rodent
cell systems for drug approval procedures.

The residual review articles deal with ischemia, neonatal seizures, chronic pain, retinal
disorders, multiple sclerosis, and osteogenesis/adipogenesis. Coppi et al. [3] report on neu-
ronal damage generated by cerebral ischemia (occlusion of the middle cerebral artery) in
the whole animal or in vitro by oxygen–glucose deprivation in hippocampal slices. A2BRs
were found to participate in the early glutamate-mediated excitotoxicity responsible for
neuronal and synaptic loss in the CA1 hippocampal cells. By contrast, after the ischemic
stimulus, the same receptors have protective roles in tissue damage and functional impair-
ment. In this context, Chojnowski et al. [4] referred to the fact that guanosine, which is
released under brain ischemia or trauma into the extracellular milieu, counteracted the
destructive events occurring during ischemic conditions (e.g., glutamatergic excitotoxicity,
reactive oxygen and nitrogen species production). Neonatal seizures are a particularly
drug-resistant form of epilepsy. Menéndez Méndez et al. [5] provided data suggesting that
P2X7R antagonists, previously investigated in adult epilepsy, have the most promise in
neonatal seizures.

Vincenzi et al. [6] contributed extensively to the role of adenosine in pain regulation.
Most of the anti-nociceptive effects of adenosine have been found to depend upon A1Rs
located at peripheral, spinal, and supra-spinal sites. A2A and A2BRs have been found to be
more controversial, since their activation led to both pro- and anti-nociceptive consequences.
More recently, allosteric activators have been proposed to improve efficacy and limit side
effects of endogenous adenosine. Trapero et al. [7] have addressed endometriosis-associated
pain, which depended on inflamed endometrial tissue localized outside the uterine cavity.
Altered extracellular ATP hydrolysis, due to changes in ectonucleotidase activity, leads to
accumulation of ATP in the endometriosis microenvironment and activates pain-inducing
P2X3Rs at sensory neurons. Pharmacological inhibition of this receptor-type appears to be
an adequate therapeutic option.

Sidoryk-Wegrzynowicz and Struzyska [8] have dedicated their review to astroglial and
microglial purinergic P2X7Rs as major contributors to neuroinflammation in multiple scle-
rosis. Hársing et al. [9] discussed findings demonstrating that energy deprivation causes in
the retina an increased release of the excitotoxic ATP and glutamate, mediated by P2X7
and NMDARs, respectively. P2YR agonists facilitate the uptake of glycine by the glycine
transporter 1; the resulting lower extracellular concentrations of the NMDAR co-agonistic
glycine reduces neurodegenerative events in the retina. Finally, Eisenstein et al. [10] an-
alyze the dichotomous effects of the two G protein-coupled stimulatory and the two G
protein-coupled inhibitory adenosine receptors on adipogenesis and osteogenesis within
the bone marrow to maintain bone health, as well as its relationship to obesity.

We are confident that, already, this limited number of papers will emphasize the great
importance of purinergic signaling in neuroinflammation and the requirement for therapies
directed to the involved receptors, release mechanisms, and metabolizing enzymes. It is
our strong conviction that the subject deserves a subsequent Special Issue with the same or
even higher number of contributions. For this issue, we intend to invite further specialists
to elucidate research fields complementary to the presently discussed ones.
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Abstract: Chronic visceral pain can occur in many disorders, the most common of which is irritable
bowel syndrome (IBS). Moreover, depression is a frequent comorbidity of chronic visceral pain. The
P2X7 receptor is crucial in inflammatory processes and is closely connected to developing pain and
depression. Gallic acid, a phenolic acid that can be extracted from traditional Chinese medicine,
has been demonstrated to be anti-inflammatory and anti-depressive. In this study, we investigated
whether gallic acid could alleviate comorbid visceral pain and depression by reducing the expression
of the P2X7 receptor. To this end, the pain thresholds of rats with comorbid visceral pain and
depression were gauged using the abdominal withdraw reflex score, whereas the depression level of
each rat was quantified using the sucrose preference test, the forced swimming test, and the open
field test. The expressions of the P2X7 receptor in the hippocampus, spinal cord, and dorsal root
ganglion (DRG) were assessed by Western blotting and quantitative real-time PCR. Furthermore,
the distributions of the P2X7 receptor and glial fibrillary acidic protein (GFAP) in the hippocampus
and DRG were investigated in immunofluorescent experiments. The expressions of p-ERK1/2
and ERK1/2 were determined using Western blotting. The enzyme-linked immunosorbent assay
was utilized to measure the concentrations of IL-1β, TNF-α, and IL-10 in the serum. Our results
demonstrate that gallic acid was able to alleviate both pain and depression in the rats under study.
Gallic acid also reduced the expressions of the P2X7 receptor and p-ERK1/2 in the hippocampi, spinal
cords, and DRGs of these rats. Moreover, gallic acid treatment decreased the serum concentrations of
IL-1β and TNF-α, while raising IL-10 levels in these rats. Thus, gallic acid may be an effective novel
candidate for the treatment of comorbid visceral pain and depression by inhibiting the expressions of
the P2X7 receptor in the hippocampus, spinal cord, and DRG.

Keywords: gallic acid; P2X7 receptor; visceral pain; depression; hippocampus; spinal cord; dorsal
root ganglion

1. Introduction

Irritable bowel syndrome (IBS) is a gastrointestinal disorder that is characterized by
altered defecation habits, abdominal discomfort, and abdominal pain. It is said that IBS
affects the lives of 10–15% of the global population [1]. Since IBS is the most prevalent
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functional gastrointestinal disorder (FGID) in chronic visceral pain [2–5], we selected it as
the investigatory target in this study representing chronic visceral pain. The severity of
IBS symptoms varies from person to person, from enervating to mild [6]. Moreover, in IBS
patients, long-term neuroplastic changes have occurred in the brain–gut axis, which results
in chronic abdominal pain [7,8]. Visceral hyperalgesia may be related not only to peripheral
mechanisms within the intestinal wall but also to increased neurotransmitters released
in the spinal cord and brain [9]. Aside from the nociceptive symptoms, IBS is commonly
accompanied by other intestinal or non-intestinal comorbidities, 20–60% of which involve
anxiety or depression [2]. Both mucosal inflammation and neuroinflammation are involved
in the pathophysiology of IBS [10], which might be responsible for the comorbidity devel-
opment of visceral pain and depression. In this study, we constructed the comorbidity of
visceral pain and depression of IBS models for research purposes and tried to identify a
common effective target for the comorbid visceral pain and depression.

To date, increasing evidence suggests that purinergic receptors are strongly related to
visceral hyperalgesia; commonly studied ones are the P2X1, P2X3, P2X2/3, P2X7, P2Y1,
and P2Y2 receptors [11–16]. The P2X7 receptor, which is the central factor in the process
of inflammation [17], is found to have an enhanced effect in visceral hyperalgesia [15,18].
Furthermore, Antonio et al. observed that the inhibition of the P2X7 receptor expression at
the nerve terminals with oxidized ATP could suppress inflammation pain [19]. Additionally,
Jarvis proved that the P2X7 receptors in microglia participate in neuropathic pain [20]. It
was also suggested that the P2X7 receptors could regulate the production of IL-1β, thus
inducing inflammation and neuropathic pain [21,22]. Coincidentally, there is growing
evidence showing that the P2X7 receptor is a crucial player in depression. Various studies
have demonstrated the central role of the P2X7 receptor in the processes involved in
major depressive disorders, such as damaged monoaminergic neurotransmission [23,24],
enhanced glutamatergic neurotransmission [25], neuroinflammatory response [26], and
repressed neuroplasticity [24,27]. Additionally, our previous study demonstrated the
augmentative effect of the P2X7 receptor on comorbid diabetic neuropathic pain and
depression [28]. The close association between the P2X7 receptor and inflammation and the
fact that IBS patients display both mucosal and neural inflammation motivate us to assume
that, by inhibiting the P2X7 receptor, comorbid chronic visceral pain and depression could
be alleviated.

Gallic acid (GA), which is found in a wide variety of fruits, nuts, and plants (e.g., rhubarb,
eucalyptus, Cornus), is a polyphenol organic compound that is also known as 3,4,5-
trihydroxy benzoic acid [29,30]. Its anti-inflammatory effects in various diseases have
been demonstrated in many studies [31], for example, diabetes mellitus [32], psoriasis [33],
gouty arthritis [34], paraquat-induced renal injury [35], etc. Gallic acid may prevent the
production of inflammatory factors downstream of NF-κB, such as IL-1β, TNF-α, and
thioredoxin-like protein-4B [36]. Moreover, gallic acid can also mitigate pro-inflammatory
responses by reducing the secretion of pro-inflammatory mediators, e.g., NO, PGE2, IL-6,
etc., in a dose-dependent manner [37]. In addition to the anti-inflammatory effect of gallic
acid, it was found that gallic acid could cross through the liposome membrane to react
with the 1,1-diphenyl-2-picryl-hydrazyl (DPPH) free radical and had an antioxidant effect
in preventing the injury of oxidative stress in neurodegenerative diseases [38]. Further-
more, it was shown to have anti-depressant properties in chronic stress mice models [39],
arsenic-induced brain injury rat models [40], and post-stroke depression rat models [41].
The anti-inflammatory and anti-depressive properties of gallic acid render it a possible
candidate to treat comorbid visceral pain and depression.

In this study, we aimed to study the potential beneficial effects of gallic acid on
comorbid visceral pain and depression, to determine whether gallic acid can alleviate the
comorbidity by affecting the P2X7 receptors in the hippocampus, spinal cord, and dorsal
root ganglion (DRG) and to investigate the possible mechanism.
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2. Results
2.1. Molecular Docking of Gallic Acid to P2X7 Receptors

The results of molecular docking show that gallic acid binds the P2X7 receptor at a
binding pocket made up by P2X7 receptor B and C chains via hydrogen bonds. Figure 1
shows the binding patterns of gallic acid and the P2X7 receptor in different fields, where
different colors represent different side chains. The results of molecular docking also show
that the binding affinity of gallic acid to the P2X7 receptor is 6.4 (kcal/mol) (Table 1). The
absolute value of binding affinity >6 kcal/mol being set as the standard, the binding affinity
of gallic acid to the P2X7 receptor was considered good.
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Figure 1. Molecular docking of gallic acid (GA) to the P2X7 receptor. The simulation modeling of GA
docking to the P2X7 receptor was performed by a computer. The molecular docking prediction of
GA to the P2X7 receptor was performed using AutoDock 4.2. The front view (A), top view (B) and
enlarged views (C,D) indicate the perfect match for GA to interact with the P2X7 receptor.

Table 1. Molecular docking score of P2X7 receptor docking and gallic acid.

Mode
Affinity Dist from Best Mode

(kcal/mol) rmsdl.b. rmsdu.b.

1 −6.4 0.000 0.000
2 −6.3 16.856 18.085
3 −6.1 1.228 3.775
4 −5.7 17.977 19.492
5 −5.6 10.916 13.051
6 −5.6 10.910 13.236
7 −5.6 10.866 12.913
8 −5.6 9.819 11.322
9 −5.5 27.190 27.842

The predicted binding affinity is in kcal/mol (energy). * rmsd: RMSD values were
calculated relative to the best mode and only used movable heavy atoms. Two variants of
RMSD metrics are provided: rmsd (RMSD lower bound: matches each atom in one confor-
mation with itself in the other conformation, ignoring any symmetry) and rmsd/ub (RMSD
upper bound: rmsd/lb [c1,c2] = max [rmsd’{c1,c2}, rmsd’{c2,c1}]; and rmsd’ matches each
atom in one conformation with the closest atom of the same element type in the other
conformation), which differ in how the atoms are matched in the distance calculation. There
was a strong reaction between ligand and protein, and the molecular docking of gallic acid
to P2X7 was stable.
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2.2. The Effect of Gallic Acid on Hyperalgesia Threshold of Rats with Comorbid Visceral Pain
and Depression

A total of 139 male seven-day-old suckling rats were selected for CRD. After 14 days
of CRD and normal feeding to adulthood (8 weeks), 51 male rats were fully consistent with
visceral pain and depression in behavioral tests, and the modeling rate was about 36%
(comorbidity/overall × 100%). All depressive behaviors were caused by natural visceral
pain rather than through manual intervention.

The pain threshold was assessed using the AWR score. The score for each rat was the
average score of two independent observers, each of whom conducted one observation
every 30 min for three rounds. The scores of rats in the model group were significantly
higher than those in the sham group under all pressures before treatment (p < 0.01),
indicating that the visceral pain model was successfully established with a decreased pain
threshold. The gallic acid intragastric administration (IA) protocol was performed once a
day for 28 days, while the P2X7shRNA and ncRNA injection protocols were performed
once a day for 7 days. The model group was intragastrically administered the same volume
of solvent (DMSO + pure water) as the gallic acid preparation in the model + GA group.
After 4 weeks of gallic acid IA on a daily basis or 1 week of P2X7shRNA intrathecal injection
on a daily basis, the AWR score was identified as being significantly lower than that in
the model group (p < 0.01) under the pressures of 20, 40, and 60 mm/Hg (Figure 2A–C).
However, under the pressure of 80 mm/Hg, the remission effects of the gallic acid and
P2X7shRNA were not evident (p < 0.05), as shown in Figure 2D. Under each pressure, the
scores of the model and model + ncRNA groups remained significantly higher than those
of the model + GA group and the model + P2X7shRNA group (p < 0.01), demonstrating
that hyperalgesia was diminished after treatment with gallic acid or P2X7 shRNA. This
indicated that both P2X7 knockdown and gallic acid could reduce the pain sensitivity of
rats with visceral pain.
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2.3. The Effect of Gallic Acid on Depression Levels of Rats with Comorbid Visceral Pain and
Depression

The weight of the selected rats was between 180 g and 250 g, and the rats were over
8 weeks old. The degree of depression was measured using three behavioral tests: the open
field test (OFT), the sucrose preference test (SCPT), and the forced swimming test (FST).
Before gallic acid IA, the results of the OFT demonstrated that the comorbidity model rats
moved over a shorter distance (Figure 3A) (p < 0.01) and spent less time in the center of the
field than those in the sham group (Figure 3B) (p < 0.01). After 4 weeks of gallic acid IA or
1 week of intrathecal injection of P2X7shRNA, the moving distances and time spent in the
center of the field significantly increased for model + GA and model + P2X7shRNA rats
(p < 0.01).
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Combining the results of the SCPT and FST, the depression levels of rats were rep-
resented in the SCPT rates (sugar water consumption volume/total liquid consumption
volume) and immobility time (IT). The results of the SCPT manifest that the comorbidity
model rats had no preferences between sugar water and pure water; therefore, the SCPT
rates were close to 50%. The comorbidity model rats presented shorter IT than sham rats,
suggesting that the model group rats were more likely to be desperate in such oppressive
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environment (p < 0.01). However, rats treated by gallic acid or P2X7shRNA exhibited
significantly increased SCPT rate values (Figure 3C) (p < 0.01) and reduced IT in the FST
(Figure 3D) (p < 0.01) as compared with the model group.

The above results from the three behavior tests, i.e., OFT, SCPT, and FST, indicated
that treatment with gallic acid or P2X7shRNA could relieve depression-like symptoms in
the model rats.

2.4. Confirming Established Rat Visceral Pain Model by H&E Staining

IBS is a type of functional bowel disorder (the intestinal expression of a gut–brain
interaction disorder [42]) and is one of the most common diseases to involve visceral pain.
However, CRD may damage the rectal structure in the process of modeling, resulting in
organ damage, such as ulceration. Therefore, H&E staining was performed to exclude
this. The results of H&E staining showed that the tissue structure of the colonic wall
in each group was complete and uniform; the mucosal surface was smooth; and the
intestinal glands in the lamina propria were regular. There were no obvious edemas in the
surrounding stroma and no infiltrations of neutrophils, monocytes, or macrophages. It was
shown that the modeling method did not lead to structural damages to the intestinal tracts
of the rats, which was in accordance with IBS manifestation (Figure 4). By combining the
behavioral test results of the rats (AWR score, OFT, SCPT, and FST), it can be inferred that
the rat model of visceral pain with depression was successfully established in this study.
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2.5. Effects of Gallic Acid on P2X7 Expression in the Hippocampi, Spinal Cords, and DRGs of Rats
with Comorbid Visceral Pain and Depression

The mRNA levels and protein concentrations of the P2X7 receptor in the hippocampi,
spinal cords, and DRGs of rats from each group were measured by qRT-PCR (Figure 5A–C)
and Western blotting (Figure 5D–F). In all three tissue types, the expression levels of the
P2X7 protein and mRNA in the model group were significantly higher than those in the
sham groups (p < 0.01). By contrast, the mRNA and protein levels of the P2X7 receptor in
the model + GA and model + P2X7shRNA groups were significantly lower than those of
the model group (p < 0.01). Nevertheless, no significant differences were observed between
the model + ncRNA group and the model group. These results demonstrated that gallic
acid and P2X7shRNA could significantly reduce the expression of the P2X7 receptor in
these tissues.
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Figure 5. The expression of P2X7 receptor mRNA in the hippocampus was confirmed by qRT-PCR
(F(5,30) = 131.475, p < 0.001) (A). The expression of P2X7 receptor mRNA in the spinal cord was
confirmed by qRT-PCR (F(5,30) = 84.012, p < 0.001) (B). The expression of P2X7 receptor mRNA
in the DRG was confirmed by qRT-PCR (F(5,30) = 31.043, p < 0.001) (C). β-Actin was used as the
housekeeper gene in all qRT-PCRs. The relative expression of the P2X7 protein was detected by
Western blotting in the hippocampus (F(5,30) = 68.997, p < 0.001) (D), spinal cord (F(5,30) = 62.397, p
< 0.001) (E), and DRG (F(5,30) = 15.084, p < 0.001) (F). Values are means ± SEM. N = 6 per group. ** p
< 0.01 vs. sham group; ## p < 0.01 vs. model group.

The alterations in the expressions of the P2X7 receptor in the hippocampus and DRG
were also confirmed in the immunofluorescence results. In the immunofluorescent image of
the hippocampus (Figure 6A), green represents the P2X7 receptor, and red represents GFAP.
However, in the DRG (Figure 7A), the colors are the opposite to facilitate differentiation.
Despite the changes in the P2X7 receptor levels in both the DRG and hippocampus, the
findings also show that, in the hippocampus, the levels and number of GFAP decreased
in the model with gallic acid and the P2X7shRNA administration groups as compared
with the model and ncRNA addition groups (p < 0.01). Additionally, the gallic acid and
the P2X7shRNA administration groups demonstrated a low intensity of co-expressions of
GFAP and P2X7 receptors, as was expected (Figures 6B and 7B). These results suggested that
gallic acid could reduce the co-expressions of GFAP and P2X7 receptors in hippocampus
and DRG.
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signal indicates the P2X7 receptor (A). The relative fluorescence intensity analysis (yellow) of the
DRG (B) (F(5,30) = 31.126, p < 0.001). Values are means ± SEM. N = 6 per group. ** p < 0.01 vs. sham
group; # p < 0.05 and ## p < 0.01 vs. model group.
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Figure 7. The effects of gallic acid on the co-expression of P2X7 and glial fibrillary acidic protein
(GFAP) in the hippocampus CA1 area. The blue signal indicates nuclei; the green signal indicates
the P2X7 receptor; and the red signal indicates GFAP (A). Relative fluorescence intensity analysis
(yellow) of the hippocampus (B) (F(5,30) = 54.229, p < 0.001). Values are means ± SEM. N = 6 per
group. ** p < 0.01 vs. sham group; ## p < 0.01 vs. model group.
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2.6. Effects of Gallic acid on ERK1/2 Phosphorylation in the Hippocampi, Spinal Cords, and DRGs
of Rats with Comorbid Visceral Pain and Depression

The levels of ERK1/2 and Phospho-ERK1/2 (p-ERK1/2) in the hippocampus, spinal
cord, and DRG were measured by Western blotting. The concentration of ERK1/2 in each
tissue from different groups was basically identical, but the levels of p-ERK1/2 in the
model and ncRNA groups were significantly higher than those in the sham group (p < 0.01).
This suggests that the phosphorylated (activated) state of the ERK1/2 protein performed
significantly in the course of the comorbidity. Meanwhile, the expressions of p-ERK1/2
in the model + GA and model + P2X7shRNA groups were greatly lower than that in the
model group. Therefore, gallic acid and P2X7shRNA treatments in rats with visceral pain
and depression largely reduced p-ERK1/2 expression (p < 0.01) (Figure 8). There were no
significant differences in the expression level of p-ERK1/2 between the model + ncRNA
group and the model group.
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2.7. Effects of Gallic Acid on Serum IL-1β, IL-10, and TNF-α in Rats with Comorbid Visceral Pain
and Depression

The concentrations of IL-1β, IL-10, and TNF-α in the serum of rats in each group
were detected by ELISA. Both IL-β and TNF-α are pro-inflammatory factors. The results
showed that IL-1β and TNF-α in the model group were significantly higher than those in
the sham groups (p < 0.01), whereas gallic acid and P2X7shRNA significantly decreased
IL-β and TNF-α levels as compared with the model groups (p < 0.01) (Figure 9A,B). As
an anti-inflammatory factor, the concentration of IL-10 exhibited an opposite trend; it was
significantly lower in the model group than in the sham group (p < 0.01), while gallic acid
and P2X7shRNA significantly increased serum IL-10 levels in visceral pain and depression
rats (p < 0.01) (Figure 9C). There were no significant differences between the model group
and the model + ncRNA group in all experiments. Therefore, the data demonstrated that
gallic acid and P2X7 shRNA had evident anti-inflammatory effects and attenuated the
comorbidity.
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(C) (F(5,30) = 56.655, p < 0.001) in the serum of rats in each group were assessed using ELISA. Values
are means ± SEM. N = 6 per group. ** p < 0.01 vs. sham group; ## p < 0.01 vs. model group.

2.8. Effects of Gallic Acid on mRNA Levels of IL-1β, IL-10, TNF-α, and BDNF in the
Hippocampus of Rats with Comorbid Visceral Pain and Depression

The expressions of IL-1β, IL-10, TNF-α, and brain-derived neurotrophic factor (BDNF)
at the mRNA level in the hippocampus of rats in each group were detected by qRT-
PCR. The results showed that the expressions of both IL-1β and TNF-α in the model
and model + ncRNA groups were significantly higher than those in the sham group
(p < 0.01), while gallic acid and P2X7shRNA significantly decreased their expressions
(Figure 10A,B). However, the expression trend of IL-10 and BDNF was opposite to that of
IL-1β and TNF-α. Their expressions in both the model group and the ncRNA group were
downregulated as compared with the sham group (Figure 10C,D). By contrast, gallic acid
and P2X7shRNA were able to reverse the changes in IL-10 and BDNF. The data suggested
that neuroinflammation was crucial in the development of the comorbidity, which could be
significantly suppressed by gallic acid or P2X7 shRNA. The concentration change in BDNF
was negatively related to the depressive level. Therefore, we affirmed that the expression
of the P2X7 receptor was negatively associated with BDNF concentration, and gallic acid
could alleviate depression via P2X7 receptor downregulation and BDNF elevation.
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3. Discussion

The co-occurrence of pain and depression is commonly seen in clinics. It has been
reported that the depletion of both serotonin and norepinephrine seen in depression
patients interferes with the pain modulatory system [43]. Moreover, many patients with
chronic pain are found to suffer from major depressive disorder (MDD) [43,44]. It is well
substantiated that pain at baseline, pain severity, and chronicity are statistically related
to MDD [45]. Comorbid pain and depression patients show both unsatisfactory pain and
depression medication responses [46,47].

The incidence of visceral pain in patients suffering depression is very high. IBS is the
most common disease associated with chronic visceral pain, and it is estimated that 20–60%
of IBS patients also deal with depression [2]. In this study, a rat model of comorbid visceral
pain and depression was used to conduct experiments. Rats were treated with a series
of colorectal balloon distension (CRD) applications as neonates resulting in visceral pain
that persisted into adulthood [48]. The IBS model was verified by both abnormally high
AWR scores and structurally normal rectums in the H&E staining images of IBS rats. The
co-existence of depression was also testified by the apathetic performances in the SCPT,
OFT, and FST. It emerged that around 84.1% (visceral pain/overall × 100%) of SD rats
(male) developed visceral pain after neonatal CRD, of which 43.6% (comorbidity/visceral
pain × 100%) displayed both visceral pain and depression. The results of H&E staining
showed that the tissue structure of the colonic wall in each group was complete and
uniform, which demonstrated that the modeling method did not lead to structural damage
to the intestinal tract of the rats. Thus, the hypersensitivity of the nervous system is crucial
in visceral pain development in this study [49]. It has been reported that neonatal CRD
contributes to the vulnerability of hippocampal microglia, which are more susceptible to
being sensitized during adult CRD and to release a plethora of cytokines. This brings about
a reduction in the hippocampal glucocorticoid receptor [50], consequentially augmenting
corticotropin-releasing hormone (CRH), stimulating HPA, central neuronal sensitization,
and spinal sensitization [51]. Thus, in this study, many rats suffering from visceral pain
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naturally exhibited depression-like behavior without additional stimulation. However,
only few studies have established a model of comorbid visceral pain and depression as
the investigation subject. Thus, our work provides a novel approach that can be used to
understand the underlying molecular mechanisms involved in comorbid visceral pain and
depression.

Gallic acid is a phenolic acid that is anti-inflammatory, antioxidant, and
anti-depressive [37,38]. Previous findings show that the neuroprotective effect of gallic
acid has been verified under many pathological conditions, such as neurotoxicity related to
glutamate [52], cobalt chloride [53], arsenic [40], and aluminum chloride [54]; neurodegen-
eration induced by type-2 diabetes [55] and metabolic syndrome [56]; etc. Upon aflatoxin
B1 neural toxification, the application of gallic acid displays neuroprotective properties
via anti-inflammatory, antioxidant, and anti-apoptosis mechanisms [57]. Our laboratory
has been investigating the pharmacological effects of gallic acid and proved that it can
be neuroprotective against neuropathic pain via inhibiting the P2X7 receptor-mediated
NF-κB/STAT signaling pathway [58]. In our study, we showed the combination of gallic
acid and the P2X7 receptor by molecular docking analysis, which was also supported in a
report by Yang Runan et al. [58]. This study is aimed at investigating the effect of gallic
acid on the comorbid visceral pain and depression and determining whether gallic acid
could affect the expression of the P2X7 receptor.

In this study, we found that the expressions of the P2X7 receptor in the hippocampi,
spinal cords, and dorsal root ganglions (DRGs) of rats with visceral pain and depression
increased significantly as compared with normal rats. The results show that the P2X7 re-
ceptor could modulate IBS, which is consistent with previous reports in our laboratory [15].
As a potent mediator of inflammation, the P2X7 receptor’s relationship with inflammatory
markers has been well studied [59]. Resting cells originally possess the inactive precursor
of casp-1-procaspase-1 (procasp-1). Once ATP binds to the P2X7 receptor, the activated
P2X7 receptor conducts K+ efflux; then, procasp-1 is proteolytically activated into casp-1
in the “IL-1β inflammasome protein complex” [60]. Thereafter, casp-1 converts pro-IL-1β
(inactive) into IL-1β (active), and IL-1β is released into the pericellular space [61]. Addi-
tionally, it was also demonstrated that the P2X7 receptor could modulate the release of
IL-18 from monocytes [62]. The contact of IL-18 and the αβ heterodimeric receptor causes
the synthesis of other cytokines, e.g., IL-6, IL-8, TNF-α, IL-1, and IFN-γ [63]. Our results
support that IBS rats with depression exhibited higher P2X7 receptor expression in the
spinal cord and dorsal root ganglia—the key central factors in the lower portion of the GIT
sensory system [64]. Furthermore, the P2X7 receptor is vital for NLRP3 inflammasome
activation, which was found to facilitate depressive behaviors [65]. In this study, we also
witnessed significantly increased P2X7 receptor expression in the hippocampus of comor-
bidity model rats, suggesting that elevated hippocampal P2X7 receptor expression might
induce depressive behaviors. Thus, our findings substantiated that increased P2X7 receptor
expression in the hippocampus, spinal cord, and DRG may promote visceral pain and
depression. In this research study, we also investigated the effects of gallic acid and P2X7
shRNA treatment on visceral-pain-associated depression. Our results indicate that gallic
acid or P2X7 shRNA treatment can diminish spinal cord, DRG, and hippocampus P2X7
receptor expressions, further substantiating that gallic acid has a similar down-regulating
effect on the P2X7 receptor expression as P2X7 shRNA. Animal behavioral tests suggested
that a lowered pain threshold and elevated depression degree in models were restored
to normal via gallic acid or P2X7 shRNA administration. Therefore, the generation of
comorbid visceral pain and depression is associated with the elevation in P2X7 receptor
expression, which gallic acid helps restore to normal. Furthermore, serum and hippocampal
IL-1β and TNF-α exhibited a similar alteration trend among model rats as the P2X7 receptor,
while serum and hippocampal IL-10 and hippocampal BDNF exhibited an inverse tendency.
It has become common to treat depression according to the inflammatory mechanism and
pro-inflammatory cytokines (such as IL-1 β, IL-6, and TNF-α). The decrease in the IL-10
factor caused by low-grade colonic mucositis is considered to play an important role in the
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pathophysiology of IBS [66]. The levels of pro-inflammatory cytokines are often considered
to be screening biomarkers to predict whether the anti-depression treatment is effective
or not [67], as it has been widely shown that neuroinflammation promotes MDD [68].
Moreover, BDNF, a neurotrophin that is of great significance for the neurons in key brain
circuits associated with cognition and emotion, has anti-depressive activities [69,70]. In this
study, the changes in IL-1β, IL-10, and TNF-α ulteriorly show that gallic acid improves the
inflammatory environment both peripherally and centrally via the P2X7 receptor inhibition.
Treatments with gallic acid and P2X7 shRNA successfully increased the BDNF level in
the hippocampus of comorbid rats, indicating alleviated depression. The interaction of
gallic acid and the P2X7 receptor has been testified by whole-cell patch-clamp tests [58],
and the combination of gallic acid and the P2X7 receptor was found by molecular docking
analysis in our research study. Incorporating all the results mentioned, we may draw
the conclusion that the P2X7 receptor may be a common target for the comorbid visceral
pain and depression, and the protective effect of gallic acid in comorbid rats is related to
its anti-inflammatory property and increased BDNF in the hippocampus through P2X7
receptor inhibition.

To further investigate how gallic acid and P2X7 shRNA act on the mitigation of the
comorbidities, the phosphorylation of ERK1/2 was explored by Western blotting. Mitogen-
activated protein kinases (MAPKs) are a group of protein kinases that include p38, ERK1/2,
and c-Jun N-terminal kinase (JNK) [71], among which the ERK subfamily has been found
to be closely related to visceral pain and depression [28,72]. In a previous study, we found
that P2X7 receptor shRNA reduced the increased levels of p-ERK1/2 in the DRGs, spinal
cords, and hippocampi of rats with diabetic neuropathic pain and depression [28]. In our
visceral pain and depression rat model, higher p-ERK1/2 levels (the activated form of ERK)
were detected and could be blocked by treatment with either gallic acid or P2X7shRNA.
Thus, it could be postulated that the mechanism of gallic acid relieving comorbid visceral
pain and depression may be related to the inhibition of the ERK1/2 pathway.

One shortcoming of this study is that we did not investigate other possible pharmaco-
logical pathways of gallic acid. Gallic acid has multiple pharmacological effects, such as
anti-inflammatory, antioxidant, and anti-apoptosis effects [73]. However, whether gallic
acid acts on the P2X7 receptor alone or on other pathways remain to be defined in studies.
Furthermore, the exact molecular mechanism still needs further research in the future for
us to better understand the role of gallic acid in comorbid visceral pain and depression.
The P2X7 receptor is thought to participate in both innate and adaptive immunity due to its
wide presence on nearly all immune cells [74]. Many mechanisms of autoimmune diseases,
neoplastic diseases, and degenerative diseases have been found to be associated with the
P2X7 receptor [75–77]. Our study indicates that gallic acid can inhibit the P2X7 receptor,
thus improving inflammatory conditions, which are shared by a plethora of autoimmune,
neoplastic, and degenerative diseases. In order to determine whether gallic acid has ther-
apeutic effects on those diseases, more studies that focus on its therapeutic range and its
relationship with the P2X7 receptor are required.

4. Material and Methods
4.1. Molecular Docking

The P2X7.pdb file of the P2X7 receptor protein sequences was downloaded from
http://www.rcsb.org/pdb/home/home.do (Accessed on 16 June 2021), and the gallic
acid.sdf file was downloaded from https://pubchem.ncbi.nlm.nih.gov/. (Accessed on
19 June 2021). After pretreating with pyMOL software (The PyMOL Molecular Graphics
System, Version 2.0 Schrödinger, LLC.) to remove small molecule ligands, dehydrate,
and hydrogenate, autodock tools software (La Jolla, CA, USA) was applied for molecular
docking based on python [28].
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4.2. Animal and Treatment

SD rats were obtained from the Department of Animal Science, Jiangxi University of
Traditional Chinese Medicine. The procedures were approved by the Animal Care and Use
Committee at Nanchang University Medical School (SYKX2015-0001) and were performed
according to the International Association for the Study of Pain’s ethical guidelines for
pain research on animals. All the suckling rats along with their mother were housed in one
plastic cage until day 21 after birth. At this point, the male rats were separated into other
cages according to the experimental design, while the female rats were placed into other
cages for mating. Female rats were excluded because the menstrual cycle would affect pain
sensitivity [78].

Eight-day-old male suckling rats were selected to undergo neonatal colorectal dilation
(CRD) [79]. In total, 93 suckling rats (n = 139) were used to establish the group of visceral
pain combined with depression and 46 suckling rats to establish the sham operation group.
During the period from the 8th day to the 21st day, neonatal CRD was regularly performed
every day until the mother and baby were separated to establish the comorbidity (visceral
pain + depression). The sham operation (sham) group was stroked on the anus with
Vaseline at the same time.

The hyperalgesia threshold and the level of depression of the rats were determined
using behavioral tests (including OFT, FST, SCPT, and AWR scores as detailed below) when
the rats reached 8 weeks. During this period, the rats did not undergo any depression
treatment. After CRD treatment, rats that met the depressive requirements were named
model and selected to be divided into four groups. The rats in the model + GA group were
administered gallic acid (20 mg/kg) (Macklin Biochemical, Shanghai, China) intragastrically
for 28 days; the rats in the model group were administered the same amount of solvent
(DMSO + pure water) intragastrically for 28 days. The rats in the model + P2X7shRNA
group were injected with P2X7shRNA intrathecally every day for 1 week; the rats in
the model + ncRNA group were injected with non-code shRNA (ncRNA) intrathecally
every day for 1 week. All rats were subjected to the same behavioral tests after treatment.
The rats that underwent a sham operation during neonatal age were divided into two
groups. The sham group continued without any treatment, and the sham + GA group was
intragastrically administered the same concentration of gallic acid as mentioned above for
28 days. The experimental design is shown in Figure 11.
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4.3. Drugs and Chemicals

The transfection complex, consisting of shRNA (P2X7shRNA or non-code shRNA) and
transfection reagent at a ratio of 1:2 (µg/µL), was prepared using an Entranster™ in vivo
transfection kit (Engreen Biosystem Company of Beijing), according to the manufacturer’s
instructions. The complex was intrathecally injected into rats of the model + P2X7shRNA
and model + ncRNA groups. The P2X7shRNA sequences are as follows:

5′-CACCGTGCAGTGAATGAGTACTACGAATAGTACTCATTCACTGCAC-3′ and 3′-CA
CGTCACTTACTCATGATGCTTATCATGAGTAAGTGACGTGAAAA-5′.

According to the literature [29] and the preliminary results from our laboratory, we
decided to use gallic acid administrated intragastrically at a dosage of 20 mg/kg. The
composition of gallic acid solution was 80 mg gallic acid + 160 µL DMSO + 9840 µL pure
water (1:2:123).
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4.4. Neonatal CRD

The 8-day-old male suckling rats were divided into 2 groups for different treatments.
The model group was treated with neonatal CRD twice a day, from day 8 to day 21. This
was performed with an angioplasty balloon and a sphygmomanometer. Firstly, the balloon
smeared with Vaseline (Unilever, CT, USA) was inserted rectally into the descending colon
of each rat. Then, a sphygmomanometer was applied to add 60 mmHg of pressure to the
balloon for 1 min, after which the rat was released for a 30 min rest before the next round of
CRD applications. In the sham group, the rats underwent 2 rounds of anal smearing with
Vaseline on a daily basis from day 8 to day 21.

4.5. Adult CRD

After all the processed rats reached 8 weeks, adult CRD [79] was conducted to assess
the pain threshold of each rat. Before CRD, each rat was intraperitoneally injected with
10% chloral hydrate for sedation. Then, a Vaseline-smeared balloon catheter was inserted
rectally into the descending colon of each rat. After a 30 min interval for adaptation, the
rat was placed on a flat table, and a sphygmomanometer was used to add 20, 40, 60, and
80 mm/Hg of pressure in a serial order. The pain threshold of each rat was determined
by its behavior under each pressure level. According to the Abdominal Withdraw Reflex
(AWR) score [79], head shaking represents the first degree of pain; slight abdominal muscle
contraction without abdominal lifting represents the second degree of pain; abdominal
lifting represents the third degree of pain; and an arching back represents the fourth and
final degree of pain. By comparing the performance of the neonatal CRD group with the
sham group, the rats with visceral pain that perceived more intense pain and thus had a
lower pain threshold could be distinguished. These results were independently obtained
and averaged by two observers without knowing the experimental details.

4.6. Sucrose Preference Test (SCPT)

After 24 h of liquid fasting, rats were kept in distinct cages containing 2 identical
bottles holding 100 mL of sucrose water (10 g/L) and 100 mL of pure water. The sucrose
preference (SCP) value of each rat was noted 1 h after bottle placement by measuring both
pure water reduction (∆P) and sucrose water consumption (∆S) (SCP = ∆S/∆S + ∆P× 100%).
The sucrose preference test (SCPT) is commonly used to evaluate anhedonia in animals,
which refers to a reduced capacity to experience happiness [80]. By comparing the SCP
values of the visceral pain group and the sham group, the rats with naturally derived
comorbid visceral pain and depression were identified [28].

4.7. Open Field Test (OFT)

The open field test (OFT) imitates unsafe surroundings, evaluates animals’ autonomous
behavior, and reveals how tense the animals are [80]. A 30 min dark adaptation was con-
ducted before initiating the test. Then, one rat at a time was carefully placed in the center of
a 40 cm × 50 cm × 60 cm open field. Two seconds after the Canon Powershot A610 camera
(Canon Co. local distributer, Tehran, Iran) detected the animal, MATLAB (MathWorks Co.,
Natick, MA, USA) began to record the total traveled distance and the route for 5 min. The
field was sanitized with 75% ethanol solution before the initiation of the following test [28].

4.8. Forced Swimming Test (FST)

The forced swimming test (FST) rat model was used to test the desperate depressive
behavior [80]. An 80 cm high glass cylinder with an inner diameter of 40 cm containing
30 cm deep water at approximately 20 ◦C was utilized to hold one rat a time. Every rat was
forced to swim for 5 min, and their motions were recorded. Thereafter, the immobility time
(IT) of each test was calculated, which accounted for the total time the rat was immotile. By
incorporating the performances of individual rats in all 3 behavioral tests, the ascertained
visceral pain and depression rat models were separated [28].
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4.9. Tissue Extraction

After 4 weeks of intragastric administration of gallic acid, rats were anesthetized with
10% chloral hydrate. DRGs, L4-L5 spinal cords, and whole brains were removed from a
small number of rats and fixed in 4% PFA at 4 ◦C for 2 h. Subsequently, the tissues were
dehydrated with 30% sucrose solution (in 4% PFA) at 4 ◦C for 24 h, during which the liquid
was exchanged every 8 h. The other rats were beheaded for blood collection in a 20 mL
EP tube. After centrifugation (3000 rpm/min) for 15 min, the upper serum was moved
and stored at −80 ◦C. Then, their rectums, L4-L5 spinal cords, DRGs, and hippocampi
were extracted and flushed with phosphate-buffered saline (PBS). The rectums were kept
in EP tubes filled with PFA. Half of the remaining tissue was stored in EP tubes filled with
RNA storage solution; the other half was left in PBS. All tissues were stored at −20 ◦C for
further use.

4.10. Western Blotting

The stored spinal cords, DRGs, and hippocampi were put into different 2 mL homoge-
nizers for the first round of homogenization in 98% RIPA lysis buffer, which is a mixture
of 50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40,
0.02% sodium deoxycholate, 100 mg/mL phenylmethylsulfonyl fluoride, and 1 mg/mL
aprotinin. Next, 1% protease inhibitor and 1% phosphatase inhibitor were added into the
homogenizers for the second round of grinding until no solid tissues were visible. Sub-
sequently, all the homogenizers were left on ice for 30 min sedimentation before pouring
the liquid into EP tubes and centrifuging at 12,000 rpm at 4 ◦C for 10 min. Thereafter, the
supernatants were moved and mixed with 6 × loading buffer. The mixtures were heated in
boiling water before cooling. They were then stored at −80 ◦C.

Extracted proteins were loaded on 12% sodium dodecyl sulfate–polyacrylamide gel
for electrophoresis with a Bio-Rad system. The protein samples of the hippocampus and
spinal cord in each well were 5–10 µg, while the protein samples of the DRG were 15–20 µg.
Then, the protein bands were transferred onto polyvinylidene fluoride membranes (PVDF
membranes), which were then blocked with 5% skim milk in 1×TBST (Cwbio, Beijing,
China) for 2 h. After a gentle rinse, the membrane was immersed in the primary antibodies
against β-actin (ZSGB-Bio, Beijing, China), the P2X7 receptor (Alomone, Jerusalem, Israel),
extracellular signal–regulated kinases 1/2 (ERK 1/2) (Cell Signaling Technology, Danvers,
MA, USA), and phosphorylated (p)-ERK1/2 (Cell Signaling Technology, Danvers, MA,
USA) overnight at 4 ◦C. Thereafter, the membrane went through 3 rounds of 10 min washing
with TBST before incubation in second antibodies horseradish peroxidase–conjugated
secondary goat anti-rabbit IgG (ZSGB-Bio, Beijing, China) and goat anti-mouse IgG (ZSGB-
Bio, Beijing, China) in blocking buffer on ice. Following another 3 rounds of 10 min
washing, chemiluminescent solution (Advansta, Menlo Park, CA, USA) was dripped onto
the membrane, which was then placed in the exposure machine (BIO-RAD, Hercules, CA,
USA) for visualization of the protein bands. The grey density levels of the bands were
measured with ImageJ.

4.11. Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of IL-1β, TNF-α, and IL-10 in the collected serum samples were
measured using relevant ELISA kits (Boster Biological Technology, WuHan, China). In brief,
50 µL of blank control buffer and 6 diluted standard solutions (720, 360, 180, 90, 45, and
22.5 µg/L) were added into the 96-well plate in triplicates. A mixture of 10 µL of serum
samples of the different groups and 40 µL of standard solution were also added into the
plate in triplicate. Then, the plate was sealed using a sealing membrane and incubated in a
water bath for 30 min at 37 ◦C. Subsequently, the plate was washed for 5 times, and color
developing agents were added into each well, followed by 10 min incubation at 37 ◦C in
the dark. Finally, 50 µL of termination agent was added, and the absorbance of each well
was measured using a microplate reader at 450 nm.
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4.12. Quantitative Real-Time PCR (qRT-PCR)

The relevant materials were all ribozyme-free, and the homogenizers utilized went
through acid soakage, diethyl pyrocarbonate soakage, autoclaving, and drying before use.
The tissues (spinal cord, DRG, and hippocampus) were homogenized in RNA lysis solution,
and RNA extraction was performed using a kit, according to the manufacturer’s instructions
(Transgen, Beijing, China). Thereafter, 2 µL of the RNA from each sample was converted
into complementary DNA using a RevertAid™ HMinus First Strand cDNA Synthesis Kit
(TransGen, Beijing, China). The sequences of the primers used in the experiment were
constructed using Primer Express 3.0 Software (Thermo Fisher Scientific, CA, USA). The
sequences of the 6 pair primers were as follows.

β-actin forward 5′-TAAAGACCTCTATGCCAACA-3′ and reverse 3′-CACGATGGAGGG
GCCGGACTCATC-5′.

P2X7 forward 5′-GATGGATGGACCCACAAAGT-3′ and reverse 3′-GCTTCTT
TCCCTTCCTCAGC-5′.

IL-1β forward 5′-CCTATGTCTTGCCCGTGGAG-3′ and reverse 5′-CACACACTA
GCAGGTCGTCA-3′.

BDNF forward 5′-CCTCTGCTCTTTCTGCTGGA-3′ and reverse 5′-GCTGTGAC
CCACTCGCTAAT-3′.

TNF-α forward 5′-CACGTCGTAGCAAACCACCAA-3′ and reverse 3′-GTTGGTTGT
CTTTGAGATCCAT-5′.

IL-10 forward 5′-CGGGAAGACAATAACTGCACCC-3′ and reverse 5′-CGGTTAGCAG
TATGTTGTCCAGC-3′.

The concentration of cDNA from each independent sample was 1000 ng/µL–1200 ng/µL.
Quantitative real-time PCR was achieved using 0.1 mL 8-strip thin-wall PCR tubes with
300 ng of cDNA and 19.5 µL of master mix per well. β-Actin was used as housekeeper gene
in all qRT-PCRs. Quantitative real-time PCR was conducted using StepOne (ABI, Thermo
Fisher Scientific, CA, USA). The ∆∆CT method was used to quantify the expression of each
gene, with CT as the threshold cycle. The relative levels of target genes normalized to the
individual sample with the lowest CT are presented as 2−∆∆CT. Each independent sample
was tested three times to obtain the average value. The experimental results include six
groups of different independent samples.

4.13. Hematoxylin–Eosin Staining (H&E Staining)

A total of 10 µm of the specimens was prepared with the rectum tissues stored in
PFA. After splicing the wax blocks containing the rectums, the specimens were kept at
37 ◦C overnight. Then, the specimens were baked in an oven at 60 ◦C for 2–3 h before two
rounds of dewaxing in xylene I and xylene II, respectively. Subsequently, the specimens
went through a 5 min hydration in 100, 95, 75, and 50% ethanol in serial order, followed
by 5 min of washing with PBS. Thereafter, the specimens were dyed with hematoxylin,
which was followed by 5 min of rinsing under running water. Then, the specimens were
differentiated with 1% hydrochloric acid alcohol before another a 1 h rinse under running
water. Eventually, the specimens were colored for 15 s using eosin, dehydrated, and sealed
using neutral resin.

4.14. Double-Label Immunofluorescence

DRGs, spinal cords, and hippocampi were sliced into specimens. First, these under-
went 3 rounds of 5 min PBS washing and 4% paraformaldehyde fixation. Then, another
3 rounds of 5 min PBS washing were conducted before 1 h blocking with gout serum at
37 ◦C. Thereafter, the specimens were incubated in a mixed antibody solution containing
both anti-P2X7 (1:100) (Alomone, Jerusalem, Israel) and anti-GFAP (1:100) (Invitrogen,
Carlsbad, CA, USA) at 4 ◦C overnight. Subsequently, the specimens were washed with PBS
for 5, 10, and 15 min before being incubated in another mixed antibody solution for 60 min.
For this, 2 protocols were utilized: the first was goat anti-rabbit tetramethylrhodamine
(TRITC) 1:200 (Thermo Fisher Scientific, Carlsbad, CA, USA) and goat anti-mouse fluores-
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cein isothiocyanate (FITC) 1:200 (Thermo Fisher Scientific, Carlsbad, CA, USA); the second
was goat anti-mouse TRITC and goat anti-rabbit FITC 1:200. Then, the specimens were
washed 3 times in PBS for 5 min and stained with 4′,6-diamidino-2-phenylindole (DAPI)
for 5 min. The final products were sealed with anti-fluorescence attenuation agent.

4.15. Statistical Analysis

Statistical analyses were performed using SPSS26 software (IBM, New York, NY, USA)
and GraphPad Prism (8.0.2, GraphPad software, San Diego, CA, USA). Data were analyzed
by one-way analysis of variance (ANOVA) followed by the LSD post hoc test for multiple
comparisons. The results are expressed as the mean ± standard error of the mean (SEM)
and were considered statistically significant at p < 0.05.

5. Conclusions

In summary, our study suggests that the P2X7 receptor may be an effective target for
both visceral pain and depression, and gallic acid could alleviate visceral pain and depres-
sive behavior in rats by inhibiting the expression of the P2X7 receptor in the hippocampus,
spinal cord, and DRG. The possible mechanism of gallic acid may be closely related to the
inhibition of ERK1/2 phosphorylation and inflammatory cytokines. This study suggests
that gallic acid is an effective drug to alleviate visceral pain combined with depression and
is worthy of further clinical applications in the future.
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to therapy. Biomed. Pap. 2018, 162, 1–9. [CrossRef]

6. Enck, P.; Aziz, Q.; Barbara, G.; Farmer, A.D.; Fukudo, S.; Mayer, E.A.; Niesler, B.; Quigley, E.M.M.; Rajilic-Stojanovic, M.;
Schemann, M.; et al. Irritable bowel syndrome. Nat. Rev. Dis. Prim. 2016, 2, 1–24. [CrossRef]

23



Int. J. Mol. Sci. 2022, 23, 6159

7. Dothel, G.; Barbaro, M.R.; Boudin, H.; Vasina, V.; Cremon, C.; Gargano, L.; Bellacosa, L.; De Giorgio, R.; Le Berre-Scoul, C.; Aubert,
P.; et al. Nerve Fiber Outgrowth Is Increased in the Intestinal Mucosa of Patients with Irritable Bowel Syndrome. Gastroenterology
2015, 148, 1002–1011.e4. [CrossRef]

8. Vermeulen, W.; De Man, J.G.; Pelckmans, P.A.; De Winter, B.Y. Neuroanatomy of lower gastrointestinal pain disorders. World J.
Gastroenterol. 2014, 20, 1005–1020. [CrossRef]

9. Elsenbruch, S. Abdominal pain in Irritable Bowel Syndrome: A review of putative psychological, neural and neuro-immune
mechanisms. Brain Behav. Immun. 2011, 25, 386–394. [CrossRef]

10. Ng, Q.X.; Soh, A.Y.S.; Loke, W.; Lim, D.Y.; Yeo, W.-S. The role of inflammation in irritable bowel syndrome (IBS). J. Inflamm. Res.
2018, 11, 345–349. [CrossRef]

11. Ochoa-Cortes, F.; Liñán-Rico, A.; Jacobson, K.A.; Christofi, F.L. Potential for Developing Purinergic Drugs for Gastrointestinal
Diseases. Inflamm. Bowel Dis. 2014, 20, 1259–1287. [CrossRef] [PubMed]

12. Weng, Z.J.; Wu, L.Y.; Zhou, C.L.; Dou, C.Z.; Shi, Y.; Liu, H.R.; Wu, H.G. Effect of electroacupuncture on P2X3 receptor regulation
in the peripheral and central nervous systems of rats with visceral pain caused by irritable bowel syndrome. Purinergic Signal.
2015, 11, 321–329. [CrossRef] [PubMed]

13. Galligan, J.J. Enteric P2X receptors as potential targets for drug treatment of the irritable bowel syndrome. J. Cereb. Blood Flow
Metab. 2004, 141, 1294–1302. [CrossRef] [PubMed]

14. Luo, Y.; Feng, C.; Wu, J.; Wu, Y.; Liu, D.; Wu, J.; Dai, F.; Zhang, J. P2Y1, P2Y2, and TRPV1 Receptors Are Increased in Diarrhea-
Predominant Irritable Bowel Syndrome and P2Y2 Correlates with Abdominal Pain. Am. J. Dig. Dis. 2016, 61, 2878–2886.
[CrossRef]

15. Liu, S.; Shi, Q.; Zhu, Q.; Zou, T.; Li, G.; Huang, A.; Wu, B.; Peng, L.; Song, M.; Wu, Q.; et al. P2X7 receptor of rat dorsal root
ganglia is involved in the effect of moxibustion on visceral hyperalgesia. Purinergic Signal. 2014, 11, 161–169. [CrossRef]

16. Xu, G.-Y.; Shenoy, M.; Winston, J.H.; Mittal, S.; Pasricha, P.J. P2X receptor-mediated visceral hyperalgesia in a rat model of chronic
visceral hypersensitivity. Gut 2008, 57, 1230–1237. [CrossRef]

17. Adinolfi, E.; Giuliani, A.L.; De Marchi, E.; Pegoraro, A.; Orioli, E.; Di Virgilio, F. The P2X7 receptor: A main player in inflammation.
Biochem. Pharmacol. 2018, 151, 234–244. [CrossRef]

18. Liu, P.-Y.; Lee, I.-H.; Tan, P.-H.; Wang, Y.-P.; Tsai, C.-F.; Lin, H.-C.; Lee, F.-Y.; Lu, C.-L. P2X7 Receptor Mediates Spinal Microglia
Activation of Visceral Hyperalgesia in a Rat Model of Chronic Pancreatitis. Cell. Mol. Gastroenterol. Hepatol. 2015, 1, 710–720.e5.
[CrossRef]

19. Dell’Antonio, G.; Quattrini, A.; Cin, E.D.; Fulgenzi, A.; Ferrero, M.E. Relief of inflammatory pain in rats by local use of the
selective P2X7 ATP receptor inhibitor, oxidized ATP. Arthritis Care Res. 2002, 46, 3378–3385. [CrossRef]

20. Jarvis, M.F. The neural–glial purinergic receptor ensemble in chronic pain states. Trends Neurosci. 2010, 33, 48–57. [CrossRef]
21. Chessell, I.P.; Hatcher, J.P.; Bountra, C.; Michel, A.D.; Hughes, J.P.; Green, P.; Egerton, J.; Murfin, M.; Richardson, J.; Peck, W.L.;

et al. Disruption of the P2X7 purinoceptor gene abolishes chronic inflammatory and neuropathic pain. Pain 2005, 114, 386–396.
[CrossRef] [PubMed]

22. Clark, A.; Staniland, A.A.; Marchand, F.; Kaan, T.K.Y.; McMahon, S.; Malcangio, M. P2X7-Dependent Release of Interleukin-1 and
Nociception in the Spinal Cord following Lipopolysaccharide. J. Neurosci. 2010, 30, 573–582. [CrossRef] [PubMed]

23. Gölöncsér, F.; Baranyi, M.; Balázsfi, D.; Demeter, K.; Haller, J.; Freund, T.F.F.; Zelena, D.; Sperlágh, B. Regulation of Hippocampal
5-HT Release by P2X7 Receptors in Response to Optogenetic Stimulation of Median Raphe Terminals of Mice. Front. Mol. Neurosci.
2017, 10, 325. [CrossRef] [PubMed]

24. Csölle, C.; Baranyi, M.; Zsilla, G.; Kittel, Á.; Gölöncsér, F.; Illes, P.; Papp, E.; Vizi, E.S.; Sperlágh, B. Neurochemical Changes in the
Mouse Hippocampus Underlying the Antidepressant Effect of Genetic Deletion of P2X7 Receptors. PLoS ONE 2013, 8, e66547.
[CrossRef]

25. Mayhew, J.; Graham, B.; Biber, K.; Nilsson, M.; Walker, F. Purinergic modulation of glutamate transmission: An expanding role in
stress-linked neuropathology. Neurosci. Biobehav. Rev. 2018, 93, 26–37. [CrossRef] [PubMed]

26. Iwata, M.; Ota, K.T.; Li, X.-Y.; Sakaue, F.; Li, N.; Dutheil, S.; Banasr, M.; Duric, V.; Yamanashi, T.; Kaneko, K.; et al. Psychological
Stress Activates the Inflammasome via Release of Adenosine Triphosphate and Stimulation of the Purinergic Type 2X7 Receptor.
Biol. Psychiatry 2015, 80, 12–22. [CrossRef]

27. Otrokocsi, L.; Kittel, Á.; Sperlágh, B. P2X7 Receptors Drive Spine Synapse Plasticity in the Learned Helplessness Model of
Depression. Int. J. Neuropsychopharmacol. 2017, 20, 813–822. [CrossRef]

28. Guan, S.; Shen, Y.; Ge, H.; Xiong, W.; He, L.; Liu, L.; Yin, C.; Wei, X.; Gao, Y. Dihydromyricetin Alleviates Diabetic Neuropathic
Pain and Depression Comorbidity Symptoms by Inhibiting P2X7 Receptor. Front. Psychiatry 2019, 10, 770. [CrossRef]

29. Mansouri, M.T.; Soltani, M.; Naghizadeh, B.; Farbood, Y.; Mashak, A.; Sarkaki, A. A possible mechanism for the anxiolytic-like
effect of gallic acid in the rat elevated plus maze. Pharmacol. Biochem. Behav. 2013, 117, 40–46. [CrossRef]

30. Guo, P.; Anderson, J.D.; Bozell, J.J.; Zivanovic, S. The effect of solvent composition on grafting gallic acid onto chitosan via
carbodiimide. Carbohydr. Polym. 2016, 140, 171–180. [CrossRef]

31. Bai, J.; Zhang, Y.; Tang, C.; Hou, Y.; Ai, X.; Chen, X.; Zhang, Y.; Wang, X.; Meng, X. Gallic acid: Pharmacological activities and
molecular mechanisms involved in inflammation-related diseases. Biomed. Pharmacother. 2020, 133, 110985. [CrossRef] [PubMed]

32. Xu, Y.; Tang, G.; Zhang, C.; Wang, N.; Feng, Y. Gallic Acid and Diabetes Mellitus: Its Association with Oxidative Stress. Molecules
2021, 26, 7115. [CrossRef] [PubMed]

24



Int. J. Mol. Sci. 2022, 23, 6159

33. Zamudio-Cuevas, Y.; Andonegui-Elguera, M.A.; Aparicio-Juárez, A.; Aguillón-Solís, E.; Martínez-Flores, K.; Ruvalcaba-Paredes,
E.; Velasquillo-Martínez, C.; Ibarra, C.; Martínez-López, V.; Gutiérrez, M.; et al. The enzymatic poly(gallic acid) reduces pro-
inflammatory cytokines in vitro, a potential application in inflammatory diseases. Inflammation 2020, 44, 174–185. [CrossRef]
[PubMed]

34. Lin, Y.; Luo, T.; Weng, A.; Huang, X.; Yao, Y.; Fu, Z.; Li, Y.; Liu, A.; Li, X.; Chen, D.; et al. Gallic Acid Alleviates Gouty Arthritis by
Inhibiting NLRP3 Inflammasome Activation and Pyroptosis Through Enhancing Nrf2 Signaling. Front. Immunol. 2020, 11, 580593.
[CrossRef]

35. Nouri, A.; Heibati, F.; Heidarian, E. Gallic acid exerts anti-inflammatory, anti-oxidative stress, and nephroprotective effects
against paraquat-induced renal injury in male rats. Naunyn-Schmiedebergs Arch. Fur Exp. Pathol. Und Pharmakol. 2020, 394, 1–9.
[CrossRef]

36. Hsiang, C.-Y.; Hseu, Y.-C.; Chang, Y.-C.; Kumar, K.S.; Ho, T.-Y.; Yang, H.-L. Toona sinensis and its major bioactive compound gallic
acid inhibit LPS-induced inflammation in nuclear factor-κB transgenic mice as evaluated by in vivo bioluminescence imaging.
Food Chem. 2013, 136, 426–434. [CrossRef]

37. Bensaad, L.A.; Kim, K.H.; Quah, C.C.; Kim, W.R.; Shahimi, M.; Bensaad, L.A.; Kim, K.H.; Quah, C.C.; Kim, W.R.; Shahimi, M.
Anti-inflammatory potential of ellagic acid, gallic acid and punicalagin A&B isolated from Punica granatum. BMC Complement.
Altern. Med. 2017, 17, 47. [CrossRef]

38. Lu, Z.; Nie, G.; Belton, P.S.; Tang, H.; Zhao, B. Structure–activity relationship analysis of antioxidant ability and neuroprotective
effect of gallic acid derivatives. Neurochem. Int. 2005, 48, 263–274. [CrossRef]

39. Chhillar, R.; Dhingra, D. Antidepressant-like activity of gallic acid in mice subjected to unpredictable chronic mild stress. Fundam.
Clin. Pharmacol. 2012, 27, 409–418. [CrossRef]

40. Samad, N.; Jabeen, S.; Imran, I.; Zulfiqar, I.; Bilal, K. Protective effect of gallic acid against arsenic-induced anxiety−/depression-
like behaviors and memory impairment in male rats. Metab. Brain Dis. 2019, 34, 1091–1102. [CrossRef]

41. Nabavi, S.; Habtemariam, S.; Di Lorenzo, A.; Sureda, A.; Khanjani, S.; Daglia, M. Post-Stroke Depression Modulation and in Vivo
Antioxidant Activity of Gallic Acid and Its Synthetic Derivatives in a Murine Model System. Nutrients 2016, 8, 248. [CrossRef]
[PubMed]

42. Aboubakr, A.; Cohen, M.S. Functional Bowel Disease. Clin. Geriatr. Med. 2020, 37, 119–129. [CrossRef] [PubMed]
43. Bair, M.J.; Robinson, R.L.; Katon, W.; Kroenke, K. Depression and pain comorbidity: A literature review. Arch. Intern. Med. 2003,

163, 2433–2445. [CrossRef] [PubMed]
44. Williams, L.S.; Jones, W.J.; Shen, J.; Robinson, R.L.; Weinberger, M.; Kroenke, K. Prevalence and impact of depression and pain in

neurology outpatients. J. Neurol. Neurosurg. Psychiatry 2003, 74, 1587–1589. [CrossRef] [PubMed]
45. Hilderink, P.H.; Burger, H.; Deeg, D.J.; Beekman, A.T.; Voshaar, R.C.O. The Temporal Relation Between Pain and Depression:

Results from the longitudinal aging study Amsterdam. Psychosom. Med. 2012, 74, 945–951. [CrossRef]
46. Dworkin, R.H.; Gitlin, M.J. Clinical Aspects of Depression in Chronic Pain Patients. Clin. J. Pain 1991, 7, 79–94. [CrossRef]
47. Bair, M.J.; Robinson, R.L.; Eckert, G.J.; Stang, P.E.; Croghan, T.W.; Kroenke, K. Impact of Pain on Depression Treatment Response

in Primary Care. Psychosom. Med. 2004, 66, 17–22. [CrossRef]
48. Gil, D.W.; Wang, J.; Gu, C.; Donello, J.E.; Cabrera, S.M.; Al-Chaer, E.D. Role of sympathetic nervous system in rat model of chronic

visceral pain. Neurogastroenterol. Motil. 2015, 28, 423–431. [CrossRef]
49. Li, Q.; Zhang, X.; Liu, K.; Gong, L.; Li, J.; Yao, W.; Liu, C.; Yu, S.; Li, Y.; Yao, Z.; et al. Brain-derived neurotrophic factor exerts

antinociceptive effects by reducing excitability of colon-projecting dorsal root ganglion neurons in the colorectal distention-evoked
visceral pain model. J. Neurosci. Res. 2012, 90, 2328–2334. [CrossRef]

50. Zhang, G.; Zhao, B.-X.; Hua, R.; Kang, J.; Shao, B.-M.; Carbonaro, T.M.; Zhang, Y.-M. Hippocampal microglial activation
and glucocorticoid receptor down-regulation precipitate visceral hypersensitivity induced by colorectal distension in rats.
Neuropharmacology 2016, 102, 295–303. [CrossRef]

51. Meerveld, B.G.-V.; Johnson, A.C. Stress-Induced Chronic Visceral Pain of Gastrointestinal Origin. Front. Syst. Neurosci. 2017,
11, 86. [CrossRef] [PubMed]

52. Maya, S.; Prakash, T.; Madhu, K. Assessment of neuroprotective effects of Gallic acid against glutamate-induced neurotoxicity in
primary rat cortex neuronal culture. Neurochem. Int. 2018, 121, 50–58. [CrossRef] [PubMed]

53. Akinrinde, A.; Adebiyi, O. Neuroprotection by luteolin and gallic acid against cobalt chloride-induced behavioural, morphological
and neurochemical alterations in Wistar rats. NeuroToxicology 2019, 74, 252–263. [CrossRef] [PubMed]

54. Maya, S.; Prakash, T.; Goli, D. Evaluation of neuroprotective effects of wedelolactone and gallic acid on aluminium-induced
neurodegeneration: Relevance to sporadic amyotrophic lateral sclerosis. Eur. J. Pharmacol. 2018, 835, 41–51. [CrossRef] [PubMed]

55. Abdel-Moneim, A.; Yousef, A.I.; El-Twab, S.M.A.; Reheim, E.S.A.; Ashour, M.B. Gallic acid and p-coumaric acid attenuate type 2
diabetes-induced neurodegeneration in rats. Metab. Brain Dis. 2017, 32, 1279–1286. [CrossRef]

56. Diaz, A.; Muñoz-Arenas, G.; Caporal-Hernandez, K.; Vázquez-Roque, R.; Lopez-Lopez, G.; Kozina, A.; Espinosa, B.; Flores,
G.; Treviño, S.; Guevara, J. Gallic acid improves recognition memory and decreases oxidative-inflammatory damage in the rat
hippocampus with metabolic syndrome. Synapse 2020, 75, e22186. [CrossRef]

57. Adedara, I.A.; Owumi, S.E.; Oyelere, A.K.; Farombi, E.O. Neuroprotective role of gallic acid in aflatoxin B 1 -induced behavioral
abnormalities in rats. J. Biochem. Mol. Toxicol. 2020, 35, e22684. [CrossRef]

25



Int. J. Mol. Sci. 2022, 23, 6159

58. Yang, R.; Li, Z.; Zou, Y.; Yang, J.; Li, L.; Xu, X.; Schmalzing, G.; Nie, H.; Li, G.; Liu, S.; et al. Gallic Acid Alleviates Neuropathic Pain
Behaviors in Rats by Inhibiting P2X7 Receptor-Mediated NF-κB/STAT3 Signaling Pathway. Front. Pharmacol. 2021, 12, 680139.
[CrossRef]

59. Di Virgilio, F.; Dal Ben, D.; Sarti, A.C.; Giuliani, A.L.; Falzoni, S. The P2X7 Receptor in Infection and Inflammation. Immunity 2017,
47, 15–31. [CrossRef]

60. Martinon, F.; Burns, K.; Tschopp, J. The inflammasome: A molecular platform triggering activation of inflammatory caspases and
processing of proIL-beta. Mol. Cell 2002, 10, 417–426. [CrossRef]

61. Ferrari, D.; Pizzirani, C.; Adinolfi, E.; Lemoli, R.M.; Curti, A.; Idzko, M.; Panther, E.; Di Virgilio, F. The P2X7Receptor: A Key
Player in IL-1 Processing and Release. J. Immunol. 2006, 176, 3877–3883. [CrossRef] [PubMed]

62. Mehta, V.B.; Hart, J.; Wewers, M.D. ATP-stimulated release of interleukin (IL)-1beta and IL-18 requires priming by lipopolysac-
charide and is independent of caspase-1 cleavage. J. Biol. Chem. 2001, 276, 3820–3826. [CrossRef] [PubMed]

63. Dinarello, C.A. The IL-1 family and inflammatory diseases. Clin. Exp. Rheumatol. 2002, 20, S1–S13.
64. Mayer, E.A.; Raybould, H.E. Role of visceral afferent mechanisms in functional bowel disorders. Gastroenterology 1990, 99,

1688–1704. [CrossRef]
65. Xu, Y.; Sheng, H.; Bao, Q.; Wang, Y.; Lu, J.; Ni, X. NLRP3 inflammasome activation mediates estrogen deficiency-induced

depression- and anxiety-like behavior and hippocampal inflammation in mice. Brain Behav. Immun. 2016, 56, 175–186. [CrossRef]
[PubMed]

66. Chang, L.; Adeyemo, M.; Karagiannidis, I.; Videlock, E.J.; Bowe, C.; Shih, W.; Presson, A.P.; Yuan, P.-Q.; Cortina, G.; Gong, H.; et al.
Serum and Colonic Mucosal Immune Markers in Irritable Bowel Syndrome. Am. J. Gastroenterol. 2012, 107, 262–272. [CrossRef]

67. Roman, M.; Irwin, M.R. Novel neuroimmunologic therapeutics in depression: A clinical perspective on what we know so far.
Brain Behav. Immun. 2019, 83, 7–21. [CrossRef]

68. Troubat, R.; Barone, P.; Leman, S.; DeSmidt, T.; Cressant, A.; Atanasova, B.; Brizard, B.; El Hage, W.; Surget, A.; Belzung, C.; et al.
Neuroinflammation and depression: A review. Eur. J. Neurosci. 2020, 53, 151–171. [CrossRef]

69. Mondal, A.C.; Fatima, M. Direct and indirect evidences of BDNF and NGF as key modulators in depression: Role of antidepres-
sants treatment. Int. J. Neurosci. 2018, 129, 283–296. [CrossRef]

70. Phillips, C. Brain-Derived Neurotrophic Factor, Depression, and Physical Activity: Making the Neuroplastic Connection. Neural
Plast. 2017, 2017, 260130. [CrossRef]

71. Johnson, G.L.; Lapadat, R. Mitogen-Activated Protein Kinase Pathways Mediated by ERK, JNK, and p38 Protein Kinases. Science
2002, 298, 1911–1912. [CrossRef] [PubMed]

72. Li, Z.-Y.; Huang, Y.; Yang, Y.-T.; Zhang, D.; Zhao, Y.; Hong, J.; Liu, J.; Wu, L.-J.; Zhang, C.-H.; Wu, H.-G.; et al. Moxibustion eases
chronic inflammatory visceral pain through regulating MEK, ERK and CREB in rats. World J. Gastroenterol. 2017, 23, 6220–6230.
[CrossRef] [PubMed]

73. Zhou, D.; Yang, Q.; Tian, T.; Chang, Y.; Li, Y.; Duan, L.-R.; Li, H.; Wang, S.-W. Gastroprotective effect of gallic acid against
ethanol-induced gastric ulcer in rats: Involvement of the Nrf2/HO-1 signaling and anti-apoptosis role. Biomed. Pharmacother.
2020, 126, 110075. [CrossRef] [PubMed]

74. Burnstock, G.; Boeynaems, J.-M. Purinergic signalling and immune cells. Purinergic Signal. 2014, 10, 529–564. [CrossRef]
75. Lara, R.; Adinolfi, E.; Harwood, C.A.; Philpott, M.; Barden, J.A.; Di Virgilio, F.; McNulty, S. P2X7 in Cancer: From Molecular

Mechanisms to Therapeutics. Front. Pharmacol. 2020, 11, 793. [CrossRef]
76. Verderio, C.; Matteoli, M. ATP mediates calcium signaling between astrocytes and microglial cells: Modulation by IFN-gamma. J.

Immunol. 2001, 166, 6383–6391. [CrossRef]
77. Yi, Y.-S. Role of inflammasomes in inflammatory autoimmune rheumatic diseases. Korean J. Physiol. Pharmacol. 2018, 22, 1–15.

[CrossRef]
78. Greenspan, J.D.; Craft, R.M.; LeResche, L.; Arendt-Nielsen, L.; Berkley, K.J.; Fillingim, R.; Gold, M.; Holdcroft, A.; Lautenbacher,

S.; Mayer, E.A.; et al. Studying sex and gender differences in pain and analgesia: A consensus report. Pain 2007, 132 (Suppl. S1),
S26–S45. [CrossRef]

79. Al–Chaer, E.D.; Kawasaki, M.; Pasricha, P.J. A new model of chronic visceral hypersensitivity in adult rats induced by colon
irritation during postnatal development. Gastroenterology 2000, 119, 1276–1285. [CrossRef]

80. Hao, Y.; Ge, H.; Sun, M.; Gao, Y. Selecting an Appropriate Animal Model of Depression. Int. J. Mol. Sci. 2019, 20, 4827. [CrossRef]

26



Citation: Ren, W.; Rubini, P.; Tang, Y.;

Engel, T.; Illes, P. Inherent P2X7

Receptors Regulate Macrophage

Functions during Inflammatory

Diseases. Int. J. Mol. Sci. 2022, 23, 232.

https://doi.org/10.3390/

ijms23010232

Academic Editor: Bruno Guigas

Received: 24 November 2021

Accepted: 21 December 2021

Published: 26 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Inherent P2X7 Receptors Regulate Macrophage Functions
during Inflammatory Diseases

Wenjing Ren 1,2, Patrizia Rubini 1,2, Yong Tang 1,2 , Tobias Engel 3,4 and Peter Illes 1,2,5,*

1 International Collaborative Centre on Big Science Plan for Purinergic Signalling, Chengdu University of TCM,
Chengdu 610075, China; pathlesswoods@126.com (W.R.); patrizia.rubini@gmx.de (P.R.);
tangyong@cdutcm.edu.cn (Y.T.)

2 School of Acupunct3ure and Tuina, Chengdu University of TCM, Chengdu 610075, China
3 Department of Physiology and Medical Physics, Royal College of Surgeons in Ireland, University of Medicine

and Health Sciences, D02 YN77 Dublin, Ireland; tengel@rcsi.ie
4 FutureNeuro, SFI Research Centre for Chronic and Rare Neurological Diseases, RCSI University of Medicine

and Health Sciences, D02 YN77 Dublin, Ireland
5 Rudolf Boehm Institute for Pharmacology and Toxicology, University of Leipzig, 04107 Leipzig, Germany
* Correspondence: peter.illes@medizin.uni-leipzig.de

Abstract: Macrophages are mononuclear phagocytes which derive either from blood-borne mono-
cytes or reside as resident macrophages in peripheral (Kupffer cells of the liver, marginal zone
macrophages of the spleen, alveolar macrophages of the lung) and central tissue (microglia). They oc-
cur as M1 (pro-inflammatory; classic) or M2 (anti-inflammatory; alternatively activated) phenotypes.
Macrophages possess P2X7 receptors (Rs) which respond to high concentrations of extracellular
ATP under pathological conditions by allowing the non-selective fluxes of cations (Na+, Ca2+, K+).
Activation of P2X7Rs by still higher concentrations of ATP, especially after repetitive agonist appli-
cation, leads to the opening of membrane pores permeable to ~900 Da molecules. For this effect an
interaction of the P2X7R with a range of other membrane channels (e.g., P2X4R, transient receptor
potential A1 [TRPA1], pannexin-1 hemichannel, ANO6 chloride channel) is required. Macrophage-
localized P2X7Rs have to be co-activated with the lipopolysaccharide-sensitive toll-like receptor 4
(TLR4) in order to induce the formation of the inflammasome 3 (NLRP3), which then activates the
pro-interleukin-1β (pro-IL-1β)-degrading caspase-1 to lead to IL-1β release. Moreover, inflamma-
tory diseases (e.g., rheumatoid arthritis, Crohn’s disease, sepsis, etc.) are generated downstream of
the P2X7R-induced upregulation of intracellular second messengers (e.g., phospholipase A2, p38
mitogen-activated kinase, and rho G proteins). In conclusion, P2X7Rs at macrophages appear to be
important targets to preserve immune homeostasis with possible therapeutic consequences.

Keywords: macrophages; P2X7R; pore formation; inflammasome activation; inflammatory diseases

1. Introduction

While millimolar concentrations of ATP are stored in the cell interior, where they are
used under anaerobic conditions as an energy supply, this nucleotide can also escape to the
extracellular space through discontinuities generated by metabolic/mechanical damage
to the cell membrane or by means of membrane transporters and channels. Extracellular
ATP has been characterized as a signaling molecule coordinating cellular and, thereby,
whole organism functions [1,2]. Extracellular ATP or its enzymatic breakdown products,
ADP, AMP and adenosine (see below), may then stimulate a range of membrane recep-
tors (Rs) [3]. These receptors are classified as belonging to two types termed P2 and
P1 (Figure 1). In addition, P2Rs can be subdivided into the ligand-activated P2X [2,4,5],
and the G protein-coupled P2Y receptor types [6,7]. Adenosine acts on the P1 receptor
type, which is also G protein-coupled. P1Rs are either stimulating (A2A, A2B) or in-
hibiting (A1, A3) adenylate cyclase production via the mediation of G proteins [8]. A
further classification identifies seven mammalian subtypes of P2XRs (P2X1-7) and eight
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mammalian subtypes of P2YRs (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, P2Y14).
Whereas P2XRs respond only to ATP, P2YRs respond to ATP/ADP, UTP/UDP, or UDP-
glucose. Signaling through P2/P1Rs is rapidly terminated by the conversion of ATP to
adenosine and eventually to the inactive inosine within the extracellular space by the
activity of ecto-nucleotidases [9,10]. The four major groups of ecto-nucleotidases are the
ecto-nucleoside triphosphate diphosphohydrolases (NPTDases), ecto-5’-nucleotidase, ec-
tonucleotide pyrophosphatase/phosphodiesterases, and alkaline phosphatases. Three
related family members of NPTDase are expressed in the mammalian brain [11]. NT-
PDase1 (CD39) hydrolyses nucleoside-5’-triphosphates and -diphosphates eventually
to nucleoside-5’-monophosphates equally well. Ecto-5’nucleotidase (CD73) degrades
nucleoside-5’monophosphates to the respective nucleoside, e.g., AMP to adenosine.
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widely distributed and functional at the innate cells of the adaptive immune system con-
stituting the first line of defense against invading pathogens. These cells are lymphocytes, 
granulocytes, macrophages, dendritic cells in peripheral tissues [15,16], and microglia, the 
resident macrophages of the central nervous system (CNS) [17]. An increasing number of 
studies show that P2X7Rs play a crucial role in the functions of macrophages by stimulat-
ing: (1) the inflammasome, leading to the production of interleukin-1β (IL-1β) and IL-18; 
(2) the stress-related protein kinase pathway, resulting in apoptosis; (3) the mitogen-acti-
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Figure 1. Classification of purinergic receptors. P1Rs consist of four subtypes and respond to the
endogenous agonist adenosine. P2Rs consist of two subtypes, the ligand-gated cationic channels P2X
(P2X1–7) responding to ATP only, and the G protein-coupled receptors P2Y (P2Y1,2,4,6,11,12,13,14). The
principal agonists of P2YRs are the following: ATP/ADP (P2Y1,11,12,13), UTP/UDP (P2Y2,4,6), and
UDP-glucose (P2Y14). Purinergic receptors were classified by the late Geoffrey Burnstock (see photo),
together with his colleague Maria Pia Abbracchio [3].

ATP binds to P2X and, after degradation into its metabolites ADP and adenosine,
indirectly activates P2Y and P1Rs, respectively; P2/P1Rs are located at virtually all subsets
of immune cells, which has been recognized to be related to a range of biological actions
in the immune system [12]. P2X7Rs are distinguished from other P2XRs by their longer
C-termini and a very low affinity for ATP when compared to the other P2XRs; this is
thought to be the cause of their participation in pathophysiological reactions [13,14]. The
P2X7R is widely distributed and functional at the innate cells of the adaptive immune
system constituting the first line of defense against invading pathogens. These cells are
lymphocytes, granulocytes, macrophages, dendritic cells in peripheral tissues [15,16], and
microglia, the resident macrophages of the central nervous system (CNS) [17]. An increasing
number of studies show that P2X7Rs play a crucial role in the functions of macrophages
by stimulating: (1) the inflammasome, leading to the production of interleukin-1β (IL-1β)
and IL-18; (2) the stress-related protein kinase pathway, resulting in apoptosis; (3) the
mitogen-activated protein kinase pathway, leading to generation of reactive oxygen and
nitrogen species; and (4) phospholipase D, initiating phagosome/lysosome fusion [18].
This review focuses on the state of our present knowledge about P2X7Rs in macrophages
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during inflammatory processes, and discusses the possibility of P2X7Rs as therapeutic
targets to alleviate the deleterious consequences of macrophage activation.

2. The P2X7R at Macrophages

Macrophages were first defined by Elie Metchnikoff (1845–1916) and characterized
by their phagocytotic activities to maintain tissue repair and integrity [19]. They are
unique innate immune cells that play a prominent role in the host defense by virtue of
their ability to rapidly recognize, engulf, and kill pathogens and apoptotic cells critically
required for the maintenance of homeostasis. Macrophages are remarkable mononuclear
phagocytes that efficiently clear approximately 2 × 1011 erythrocytes each day and remove
the worn-out cells and debris generated by tissue remodeling [20]. Macrophages are derived
from monocytic precursors in the blood and bone marrow. However, growing evidence
suggests that tissue-resident, or tissue-specific, macrophages are embryonically derived
and self-renewing [21]. The tissue-resident macrophages are also generated from yolk sac
progenitors in spleen, liver, lung, skin, and brain [22]. These macrophages are persistent
and are maintained into adulthood by embryonic progenitors, without being replaced by
bone marrow- and blood monocyte-derived cells [23]. Macrophages are distributed to
various organs and are spread over the whole body, including Langerhans cells of the skin,
Kupffer cells of the liver, marginal zone macrophages of the spleen, alveolar macrophages
of the lung, and microglia of the CNS [20,24].

The ability of the immune system to recognize molecules that are broadly shared by
pathogens is, in part, due to the presence of immune receptors called toll-like receptors
(TLRs). In response to TLR ligands (e.g., lipopolysaccharide [LPS], a constituent of the cell
membrane of gram negative bacteria) and the cytokine interferon-γ (IFN-γ), macrophages
undergo activation to a pro-inflammatory, classic type termed M1 [25,26]. M1 macrophages
are amoeboid in shape, are able to phagocytose pathogenic bacteria, and typically release
destructive inflammatory mediators such as pro-inflammatory cytokines (interleukin-1β
[IL-1β], tumor necrosis factor-α [TNF-α]), chemokines, proteases, reactive oxygen/nitrogen
species, and probably also the excitotoxic ATP and glutamate by vesicular exocytosis [27,28].
Macrophages may also undergo M2 activation, which clear cellular debris through phago-
cytosis and release numerous protective factors (IL-4, IL-13, nerve growth factor [NGF],
fibroblast growth factor [FGF]) [25,26]. M2 macrophages, which can be further divided into
M2a, M2b, M2c, and M2d, are characterized by promotion of tissue remodeling, and tumor
progression that are associated with resolution of chronic inflammation [25,29,30]. These
highly specialized cells often contribute to tissue homeostasis in all organs.

P2XRs show similar tertiary and quaternary architecture, further confirming the hy-
pothesis that all P2XRs belong to the same structural and evolutionary group (Figure 2) [31].
The P2X7R is a non-selective cationic channel gated by high concentrations of ATP leading
to permeation of Na+, K+, and Ca2+ [13,14]. While already somewhat lower concentrations
of ATP open the cationic channel, still higher concentrations, especially on repeated appli-
cation, will create a much larger aqueous pore and allows permeation to molecules of up
to 900 Da [13,32] (see later). The P2X7R, similar to the other members of the P2XR family,
consists of three subunits (one large extracellular loop, two transmembrane regions, and N-
and C-terminal ends) forming a receptor, but each subunit has a much longer C-terminus
than that of the other P2XRs [14,33]. The agonist-binding pouch is located at the contact
points of two neighboring subunits. There is an increasing recognition that P2X7Rs plays a
pivotal role in virtually all immune cell types, especially macrophages [12].
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hP2X3R is shown in blue; ATP is shown as spheres in a–d (carbon is yellow, oxygen is red, nitrogen
is blue, and phosphorus is orange). Horizontal grey bars indicate the approximate location of the
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intracellular sides. Reproduced from [31] with permission.

The P2X7R is widely expressed by myeloid and lymphoid immune cells, as well as by
mast cells [15,31]. P2X7Rs can be detected in the majority of blood monocytes, and the ex-
pression of immunoreactive P2X7Rs is greatly enhanced, almost 10-fold, as these monocytes
develop into differentiated macrophages [38]. Thus, the expression of P2X7Rs is augmented
after inflammation, triggering monocytes to differentiate into macrophages [32,39]. The
expression of P2X7Rs on monocytes/macrophages was four- to five-fold greater than on
lymphocytes because of the larger size and surface area of the former cell type. In con-
trast, P2X7Rs have been shown to be weakly expressed on neutrophils and platelets [40].
The increased expression of P2X7Rs in activated macrophages was associated with the
ability of these cells to differentiate into multinucleated giant cells to form syncytia [39].
The proliferation, differentiation, and apoptosis of macrophages were also mediated by
P2X7R activation [41,42]. Recently, it became increasingly apparent that P2X7Rs play a
potential role in the macrophage immune responses to pathogens and disorders, such as
inflammation [43], cancer [44], oxidative stress [45], and virus infection [46].

3. The Regulation of Pore Formation on Macrophages via P2X7Rs

The P2X7R is abundantly expressed on macrophages and exhibits a variety of func-
tions in innate and adaptive immune responses. Numerous studies reveal that the sequelae
of P2X7R activation on macrophages includes the generation of membrane currents [47,48],
membrane permeabilization, uptake of large molecules [49], massive perturbations of
Na+, K+, and Ca2+ homeostasis [24,50], inflammasome activation, and interleukin pro-
cessing [51–53]. Cell membrane blebbing [47,54] and spontaneous cell fusion [55] of
macrophages are also mediated by P2X7Rs.

As already mentioned, the activation of P2X7Rs has an ability to open a typical ion
channel for small cations, including Ca2+, and subsequently a particular membrane pore

30



Int. J. Mol. Sci. 2022, 23, 232

for larger molecules (e.g., the fluorescent dyes YO-PRO-1 and ethidium bromide). It
has been shown that intracellular Ca2+ in murine peritoneal macrophages [52] or human
macrophages [47] is elevated after the activation of P2X7Rs by a high concentration of
ATP. Although a current carried by the inward flux of Na+ and Ca2+ is generated after the
stimulation of all P2XRs (including P2X7Rs), the degree of current desensitization is quite
diverse [56]. Noteworthy, P2X7Rs are considered slow desensitizers and, therefore, their
activation leads to a continuous, long-lasting influx of Ca2+.

Repetitive activation of P2X7Rs with ATP evoked a biphasic membrane current in
human macrophages, which is supposed to reflect large plasma membrane pore generation
for the polyatomic cationic dye YO-PRO-1 [47]. Upon stimulation with ATP, a whole-cell
membrane current is activated immediately that initially desensitizes and subsequently
facilitates upon prolonged channel opening; P2X7Rs promote cation-selective dye uptake
while excluding anions (such as anionic calcein) [47]. The application of P2X7R antagonists,
such as A-438079 and A-804598, prevents both the current responses to ATP and the ATP-
induced uptake of large cationic fluorescent dyes in cultured human microglia [57]. This
process is related to several other immunological functions, especially in inflammasome
activation [58,59]. Some other effects, such as activation of p38 MAP kinase [60,61], activa-
tion of phospholipase D [62,63], the production of reactive oxygen/nitrogen species [56],
and killing of Mycobacterium tuberculosis [64,65] were also involved in the opening of large
membrane pores. P2X7R occupation was further associated with the release of IL-1β,
interferon-γ, and reactive oxygen/nitrogen species in murine macrophages. Pore formation
is essential for triggering ATP-induced interleukin processing in the immune system.

A particularly intensively discussed issue is whether the initially opened cationic
channel dilates and, thereby, establishes the larger diameter pore permeable to cationic
dyes or whether two different channels are involved in this effect [66]. Originally, it was
suggested, based on equilibrium potential (Vrev) measurements with the whole-cell patch
clamp technique, that the ion conducting pathway undergoes progressive dilation [67].
However, this suggestion was recently refuted, because the shift in Vrev in a medium in
which the counter ion of intracellular K+ was NMDG+ instead of Na+, emerged due to
time-dependent alterations in the concentration of intracellular ions rather than channel
dilation [68]. Moreover, during long-lasting activation of P2X7Rs, the single-channel current
amplitude and the permeation characteristics remained constant [69].

The P2X7R C-terminal tail constitutes about 40% of the whole protein; it distinguishes
P2X7Rs from the other P2XR types and plays a key role in P2X7R ion channel function [70].
The deletion or massive truncation of the C-terminus prevents effects mediated by receptor
activation, such as dye uptake and membrane blebbing, but also alters channel kinetics [71].
In addition, there is indication that P2X7R-induced cytolytic pore formation at macrophages
is regulated by its unique C-terminal domain [72].

Pannexins are a family of vertebrate proteins identified by their homology to the
invertebrate innexins [73]. While innexins are responsible for forming gap junctions in in-
vertebrates, the pannexins have been shown to predominantly exist as large transmembrane
channels connecting the intracellular and extracellular space, allowing the passage of ions
and small molecules between these two compartments. In contrast to pannexins, connexins
are gap junction forming proteins in mammals which may also exist in the hemichan-
nel form exerting analogous effects to pannexins. Pannexin-1 has been identified as a
P2X7R-associated protein [74,75]; it is an ATP-permeable channel ubiquitously expressed
in macrophages and activation of the pannexin-1 channel mediates ATP release to induce
macrophage cell death [76] (Figure 3). This channel was suggested to be responsible for the
activation of the large pore induced by P2X7Rs in macrophages and was identified as an up-
stream molecule essential for the activation of the inflammasome/caspase-1/IL-1β complex
in macrophages [59]. The same authors reported that pannexin-1 co-immunoprecipitates
with the P2X7R protein, and selective inhibition of pannexin-1 reverses P2X7R-mediated
dye uptake without altering P2X7R protein expression [59]. Thus, pannexin-1 in the
macrophage membrane has been identified to be a large pore stimulated by P2X7Rs.
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Figure 3. Role of P2X7Rs in macrophages in inducing inflammation. The activation of P2X7Rs by high
concentrations of ATP drives the influx of Na+/Ca2+ and efflux of K+ through this plasma membrane-
localized receptor channel. A decrease in the intracellular K+ concentration is, in co-operation with
the stimulation of the toll-like receptor 4 (TLR4) by lipopolysaccharide, a stimulus for the composition
and activation of the nucleotide-binding, leucine-rich repeat, pyrin domain containing 3 (NLRP3).
NLRP3 then activates caspase-1, which degrades pro-interleukin-1β (pro-IL-1β) to IL-1β. IL-1β
is released from macrophages either by membrane diffusion or packed in extracellular vesicles.
P2X7R stimulation also leads to the activation of phospholipase A2 (PLA2), p38 mitogen-activated
kinase (MAPK), and rho family G-proteins. The pro-inflammatory cytokines IL-1β and IL-18 cause
inflammation. In addition, the stimulation of P2X7Rs initiate the opening of large membrane pores in
co-operation with the extracellular matrix (ECM), transient receptor potential A1 (TRPA1) channels,
P2X4R-channels, pannexin-1 hemichannels, and anoctamin (ANO6) Cl- channels. These membrane
pores allow the uptake of otherwise non-permeable cationic molecules of up to 900 Da, triggering
the already-mentioned further effects of the P2X7R. Figuratively spoken, P2X7Rs provide bullets to
NLRP3/caspase 1, and NLRP3 triggers the gun to release the pro-inflammatory cytokines (see the
central part of the lower panel).

However, pannexin-1-induced dye uptake is also observed independent of P2X7R
occupation by ATP [77]. Moreover, it was also reported (in contrast to the previously
mentioned data [74]) that the pannexin-1 antagonist probenecid and interference RNA
(RNAi) targeting of pannexin-1 did not affect the P2X7R macroscopic current in mouse
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peritoneal macrophages [75]. Similarly, it was found that a range of pannexin-1 inhibitors
did not block the ATP-induced cationic dye uptake in cultured human microglia [57].

However, the activation of Cl− channels appears to be necessary for ATP-induced
dye uptake in mouse and human macrophages, and the activity of caspase-1, which is
essential for interleukin release, is also blocked by Cl− channel antagonists [57]. Anoctamin
6 (ANO6), a putative Ca2+-activated Cl− and non-selective anionic channel, contributes to
P2X7R pore formation, and YO-PRO-1 uptake produced by P2X7R activation is attenuated
by knockdown of ANO6 [54]. ANO6 may, therefore, constitute another downstream target
of P2X7Rs in macrophages. Moreover, P2X7Rs interact with P2X4Rs via their C-termini
and disruption of the P2X7/P2X4R interaction hinders responses to high concentrations of
ATP in murine macrophages [78].

These rather conflicting results regarding the P2X7R pore formation suggest that more
than one channel is probably responsible for dye uptake, and pannexin-1 and/or ANO6
associated with P2X7Rs participate to a certain extent in this process. Nevertheless, a
possibility that pannexin-1 allows dye uptake by altering the function of plasma mem-
brane lipids and membrane transporters cannot be ruled out either. In fact, the panda
P2X7R, when purified and reconstituted into liposomes, forms a dye permeable pore in
the absence of other cellular components [79]. P2X7R channel activity is facilitated by
phosphatidylglycerol and sphingomyelin, but dominantly inhibited by cholesterol. Thus,
the P2X7R constitutes a lipid composition-dependent dye-permeable pore, whose opening
is facilitated by palmitoylated cysteines near the pore-lining helix.

Along this line of thinking, it was recently suggested that current facilitation and
macropore formation involve functional complexes comprised of P2X7R and TMEM16,
a family of Ca2+-activated ion channel/scramblases [80]. Macropore formation entails
two distinct large molecular permeation components, one of which requires functional
complexes featuring the TMEM16F subtype, the other likely being direct permeation
through the P2X7R pore itself. This idea perfectly complements the previous view that
the P2X7R channel allows the passage of large cationic molecules immediately from its
initial activation, but at a much slower pace than that of the small cations Na+, K+, and
Ca2+ [16,81].

Membrane blebbing is a characteristic feature of injured cells [82]. Extensive mem-
brane blebbing in murine and human macrophages occurs after prolonged activation
of P2X7Rs [54,55,83]. This process is completely blocked by the P2X7R antagonist A-
804598 [47], and is associated with reversible disruption of the cytoskeleton, activation of
phospholipase A2 (PLA2), p38 MAPK, and Rho G-proteins [47,60,84]. P2X7R driven K+

efflux and Ca2+ influx is also involved in macrophage membrane blebbing.
The macrophage exocytosis, proliferation and cell morphology are regulated by

P2X7Rs as well. Convincing evidence proves that P2X7Rs play a crucial role in macrophage
exocytosis induced by single-walled carbon nanotubes [85]. The proliferation of microglia
almost completely depends on P2X7Rs, and microglia density is also decreased in P2X7R
deficient embryos [86]. Additionally, IL-1β, mediated by activation of the P2X7R pore,
is crucial for microglial proliferation [87]. Ionized calcium binding adaptor molecule
1(Iba1), as a cytoskeleton protein specific only for microglia and macrophages, is frequently
involved in cell migration, and Iba1 silencing enhances P2X7R function [88].

4. The Role of P2X7Rs at Macrophages in Inflammatory Diseases

The P2X7R pore is believed to be an essential component of regulating inflammasome
activation in macrophages [33,89]. Inflammation leads to cell damage and massive outflow
of ATP into the extracellular space. Macrophages are equipped with a battery of pattern
recognition receptors that stereotypically detect pathogen-associated molecular patterns
(PAMPs), such as LPS, from bacterial infection or danger-associated molecular patterns
(DAMPS), such as ATP [66,90,91]. Activation of macrophages stimulates the release of
IL-1β in a two-steps process: the first being the stimulation of toll-like receptor 4 (TLR4)
by LPS, leading to accumulation of cytoplasmic pro-IL-1β, and the second being the ATP-
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dependent stimulation of P2X7Rs, promoting nucleotide-binding, leucine-rich repeat, pyrin
domain containing 3 (NLRP3) inflammasome-mediated caspase-1 activation and secretion
of IL-1β [92–95]. Caspase-1 generates IL-1β from pro-IL-1β by enzymatic degradation. It
is important to note that the decrease of intracellular K+ after P2X7R stimulation initiates
P2X7R-dependent NLRP3 inflammasome activation [15,96].

Indeed, brief stimulation of P2X7Rs is sufficient to initiate the processing of IL-1β in
macrophages [97,98]. There is considerable evidence linking P2X7R function with caspase-1
and TLR4 signaling pathways, and prolonged P2X7R-ion channel stimulation is known
to induce cytolytic cell death and Ca2+ overload as a macrophage death trigger [99]. The
release of the typical pro-inflammatory cytokines IL-1β and IL-18 can be observed after
about 20–30 min of P2X7R activation and leads to macrophage death [100].

P2X7R signaling also protects against bacterial infections through enhancing bacterial
killing by macrophages, which is independent of the inflammasome. ATP release through
connexin channels is instrumental in inhibiting inflammation and bacterial burden, and
ATP protects against sepsis through activation of P2X7Rs in macrophages by enhancing
intracellular bacterial killing [101].

In addition to the classic inflammatory pathways, the interaction between the P2X7R
and other proteins located on macrophages is also essential for the inflammatory process.
The P2X7R cross-talk with the extracellular matrix (ECM) can be exerted via paxillin.
Paxillin is a multi-domain protein that localizes at the ECM; ATP triggers a P2X7R-paxillin
interaction in murine and human macrophages to promote NLRP3 deubiquitination and
K+ efflux [102].

Additional inflammasome-independent but P2X7R-dependent pro-inflammatory mech-
anisms have also been described. (1) A recent study suggested that transient receptor
potential ankyrin 1 (TRPA1) was considered to co-localize with P2X7Rs in human cultured
macrophages; it mediates Ca2+ influx in response to BzATP, partly inhibited by pharmaco-
logical blockers of TRPA1 [103]. This process is related to ATP-induced oxidative stress and
inflammation. (2) P2X7Rs mediate the pro-inflammatory function of human beta-defensin
2 (HBD2) and human beta-defensin 3 (HBD3), although none of these molecules interact
directly with P2X7R but rather induce the release of ATP [104]. (3) The stimulation of
P2X7Rs by ATP enhances the transport of extracellular cGAMP into macrophages and
subsequently activates STING, which is crucial for the anti-tumor immune response [44].

In contrast to their role in pro-inflammation, P2X7Rs might play an anti-inflammatory
role in M2 macrophages [105]. The P2X7R function on anti-inflammation depends on
the release of potent anti-inflammatory proteins, such as Annexin A1 [105]. Furthermore,
in intermediate M1/M2-polarized macrophages, extracellular ATP acts through its py-
rophosphate chains, to inhibit IL-1β release by other stimuli through two independent
mechanisms: (1) inhibition of ROS production and (2) trapping of the inflammasome
complex through intracellular clustering of actin filaments [106,107].

5. Peripheral Inflammatory Diseases

Multiple studies indicate that the activation of P2X7Rs in macrophages is involved
in peripheral inflammatory diseases, including rheumatoid arthritis [53], Crohn’s dis-
ease [108], liver fibrosis [109,110], sepsis [101,111], renal inflammation [112,113], and pul-
monary inflammation [114]. Almost all peripheral inflammatory diseases share the same,
classic inflammatory pathway in macrophages with the following components: P2X7R
stimulation, NLRP3 and caspase-1 activation, and IL-1β/IL-18 release. However, the fine
tuning of the inflammatory pathways is different in various diseases and pathological
states.

In rheumatoid arthritis patients, ATP release and P2X7R activation are significantly
increased by anti-citrullinated protein antibodies (ACPAs) which are targeted against
citrullinated proteins/peptides utilized as rheumatoid arthritis biomarkers [53]. ACPAs
promoted IL-1β production by macrophages derived as peripheral blood mononuclear
cells. ACPAs interacted with CD147 to enhance the interaction between CD147 and integrin
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β1 and, in turn, activated the Akt/NF-κB signaling pathway. The nuclear localization of
p65 promoted the expression of NLRP3 and pro-IL-1β, resulting in priming.

The involvement of P2X7R-mediated NLRP3 inflammasome activation in IL-1β pro-
duction in mouse macrophages supplemented with human hepatic stellate cells might con-
tribute to extracellular matrix deposition and suggests that blockade of the P2X7R-NLRP3
inflammasome axis represents a potential therapeutic target for liver fibrosis [109,110].
P2X7Rs have been shown to modulate human THP-1 macrophages interacting with human
hepatocytes in cell culture, thereby regulating lipid accumulation in hepatocytes [52].

However, P2X7Rs play a totally different role in sepsis. P2X7R activation on mice
peritoneal macrophages suppresses sepsis-induced inflammation and augments killing
of intracellular bacteria; connexin hemichannels may have a role in this process [101].
However, an opposite idea was also presented. In sepsis, a systemic blockade of P2X7Rs
mitigates inflammatory responses and maintains intestinal barrier function partly by in-
hibiting the activation of M1 macrophages via the ERK/NF-κB pathway [111].

Cytokine storm, defined as macrophage activation syndrome (MAS), is characterized
by the release of multiple pro-inflammatory cytokines (IL-1β, IL-18, IL-6, IL-2, IL-7, TNF-α)
and chemokines (CCL2, CCL3) from macrophages [115]. MAS is involved in coronavirus
disease-19 (COVID-19), and the blockade of pro-inflammatory cytokines by an anti-IL-6 or
IL-6R antibody, such as Tocilizumab, has already been employed for the treatment of MAS
and COVID-19 in patients [116,117]. The recombinant human IL-1 receptor antagonist
Anakinra is also considered to be a possible therapy for COVID-19 in patients [118]. The
numerous similarities between COVID-19 symptoms and those induced by P2X7R activa-
tion make it likely that low molecular weight P2X7R antagonists are probably appropriate
therapeutic approaches for this disease [119].

6. Neuroinflammation

In the meantime, it is a well-known fact that P2X7Rs amplify CNS damage in neurode-
generative diseases, such as Alzheimer’s Disease, Parkinson’s disease, amyotrophic lateral
sclerosis, multiple sclerosis, post-ischemic conditions, and neurodegeneration as a cause or
consequence of epilepsy [120]. It is equally broadly accepted that the resident macrophages
of the brain, the P2X7R-bearing microglial cells, mediate this effect. Extracellular β-amyloid
(Aβ), a pathognomonic hallmark of Alzheimer’s disease, is surrounded by microglia, and
the stimulation of P2X7Rs by high local concentrations of ATP originating from damaged
CNS cells results in degeneration of nearby neurons [121]. Genetic depletion or pharmaco-
logical inhibition of P2X7Rs ameliorated the symptoms observed in various Alzheimer’s
disease mouse models [122].

The expression of microglial P2X7Rs has been enhanced in a rat model of Parkinson’s
disease, induced by the intranigral injection of LPS; the application of the P2X7R antagonist
Brilliant Blue G (BBG) reduced the activation of microglia and the loss of nigral dopamine
neurons by decreasing the phosphorylation level of p38 MAPK [123]. Under these con-
ditions, the deleterious effects of microglial activation are due to the release of cytokines,
nitric oxide, and reactive oxygen species [124].

P2X7Rs play a two-fold role in the course of amyotrophic lateral sclerosis (ALS)
depending on the disease state [125]. BBG decreased microgliosis in an ALS mouse model at
late pre-onset rather than at the asymptomatic or pre-symptomatic phases [125]. Consistent
with the previous results, the application of the P2X7R antagonist A-804598 also alleviated
disease progression in late pre-onset ALS by blocking the phagocytotic activity of SOD-1-
G93A mouse microglia [126]. P2X7R antagonists modulate ALS progression by changing
the polarization of microglia in SOD1-mutant mice [125,126]. At the late pre-onset phase
of the disease, the overexpression of M1 microglial markers is downregulated by BBG
treatment, while the anti-inflammatory M2 markers are concomitantly upregulated.

Similar changes in microglial polarization were observed at the later stage of multiple
sclerosis or its rodent model, experimental autoimmune encephalomyelitis (EAP) [127]. In
addition, P2X7Rs were reported to increase IL-1β, IL-6, and TNF-α release from microglia
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to induce neuroinflammation at a very early stage of multiple sclerosis, and the prophy-
lactic use of P2X7R antagonists were found to delay the onset and to ameliorate disease
progression in the mouse model of EAP [128].

P2X7R expression on microglia was increased during epilepsy induced by the intra-
amygdala injection of kainic acid; P2X7R antagonists reduced the accompanying microglio-
sis and produced enduring suppression of epileptic seizures in mice injected with intra-
accumbal kainic acid [129]. The typical P2X7R-dependent inflammatory pathways, includ-
ing IL-1β, may participate in the ensuing neuronal damage [130].

Microglial P2X7Rs participate also in post-ischemic neurodegeneration. P2X7Rs are
widely expressed on microglial cells in both hemispheres after a monolateral brain infarc-
tion; in this case, transition from the M1 to the M2 state occurs and a partial protective
effect against the post-ischemic neurological impact develops in rats [131].

7. P2X7R Splice Variants and Polymorphisms

A number of P2X7R isoforms derived from alternative splicing were identified both
in humans and rodents [31,132]. Some variants are expressed and functional, for example
the human (h) P2X7B-R, and mouse and rat P2X7R variants “k”. In addition, several
non-synonymous, intronic, or missense small nucleotide polymorphisms (SNPs) have been
reported for the hP2RX7 [133]. Macrophages/microglia of various species, including hu-
mans, are endowed with gain-of-function or loss-of-function P2X7R SNPs, with important
consequences for their physiology/pathophysiology.

Early investigations characterized various polymorphisms, but did not couple their
identification with population genetic studies in order to define possible illnesses linked
to these mutations. The rs3751143 polymorphic mutant of P2RX7 coding for the E496A-
P2X7R impaired the ATP-induced IL-1β release from human monocytes [134]. It was
shown for this SNP that monocytes expressed a non-functional receptor; when transfected
into HEK293 cells, at low density, the receptor was non-functional, but regained function at
a high receptor density [135]. Apparently, the glutamic acid at position 496 was required
for optimal assembly of the P2X7R. Another study characterized the gain-of-function
SNP rs2297595 (A166G) and demonstrated that the cysteine-rich domain 1 of P2X7Rs is
critical for regulating P2X7R pore function [133]. rs1718119 (A348T-P2X7R) combined
with the wild-type P2X7R exhibited enhanced ATP-induced ethidium uptake [136]. The
SNP rs28360457 (R307Q) owing a mutation within the ATP binding site caused a massive
loss-of-function, especially when it was expressed together with rs1653624 (I568N) [137].

More recently, some of these SNPs were suggested to be involved in various illnesses.
Especially, the killing of intracellular bacteria surviving in phagosomes within macrophages
depended on undisturbed P2X7R function. It was found that the 1513C allele (coding for
E486A; rs200141401) is a risk factor in the development of extrapulmonary and pulmonary
tuberculosis in many ethnic populations [18,138,139]. Observation of low P2X7R function
in subjects with symptomatic Toxoplasma gondii-infected human macrophages showed that
the loss-of-function rs3751143 SNP (E496A) significantly reduced P2X7R-mediated parasite
killing [140,141].

The risk of age-related macular degeneration was increased by the existence of a
rare functional haplotype of the P2RX4 and P2RX7 genes in macrophages [142]. Whereas
the transfection of wild-type P2X7R in HEK293 cells conferred robust phagocytosis to-
wards latex beads, co-expression of T315C-P2X7R with the G150R-P2X7R (rs28360447)
almost completely inhibited phagocytotic activity. Thus, the impairment of the normal
scavenger function of macrophages and microglia impaired removal of subretinal deposits
and predisposed individuals towards macular degeneration.

A particularly interesting issue is the role of P2RX7 polymorphism in osteoclast
pathophysiology [143]. Osteoclasts are bone cells that are derived from the hematopoietic
lineage and are functionally/biologically closely related to macrophages [144]. Genetic
linkage studies have shown a clear association between P2RX7 SNPs in the development
of bone loss, osteoporosis, and risk of fractures [145]. Bone mass reduction was found
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to be, e.g., associated with the loss-of-function SNPs rs1718119 (A348T) and rs3751143
(E496A) [146].

Linkage studies also suggested that SNPs of P2RX7 are associated with diverse psy-
chiatric and neurological illnesses. In this case, a microglia-based neuro-inflammatory
reaction might be causally involved, e.g., in mood disorders. It has been suggested that
the SNP rs2230912 coding for the Q460R-P2X7R indicates a predisposition for major de-
pressive disorder (MDD) [66,147,148]. Nonetheless, in the meantime, numerous clinical
data failed to confirm this assumption [149,150]. In accordance with the doubts cast on the
causal relationship between Q460R-P2X7R and MDD, the ATP-induced inward current
was the same through the wild-type P2X7R and the Q460R polymorphic receptor when
transfected into HEK293 cells [151]. However, co-expression of the wild-type receptor
with the Q460R polymorphic receptor resulted in inhibition of calcium influx and current
response to ATP [152]. Similarly, conditional humanized mice co-expressing both P2X7R
variants showed alterations in their sleep quality resembling signs of a prodromal MDD
state [153]. In conclusion, haplotypes formed between various P2RX7 SNPs rather than a
single receptor-polymorphism was thought to be responsible for MDD predisposition [154].

MDD and bipolar disorder are aggregated in families, and epidemiological studies
have found in both cases evidence for genetic susceptibility. However, in the case of bipolar
disorder a different P2RX7 polymorphism (rs1718119 coding for A348T) was reported to be
involved in this disease in contrast to that responsible for MDD [148,155].

With respect to neurological illnesses the rare SNP rs28360457 (R307Q) with absent
pore formation was suggested to protect against neuroinflammation in multiple sclero-
sis [156]. The R307Q-P2X7R responsible for this effect was found to be located at mono-
cytes/macrophages.

8. Conclusions

P2X7Rs are highly expressed on macrophages, appear to be crucial for proliferation,
differentiation, and apoptosis of this cell type, and are involved in the macrophage immune
response to pathogens and peripheral/central disorders of diverse origin. The activation of
P2X7Rs initiates pore formation in the plasma membrane of macrophages allowing the entry
of large cations into the intracellular space; this leads through interaction with pannexin-1,
TRPA1, P2X4, and ANO6 Cl− channels to inflammasome activation, and consequently,
(neuro)inflammation (Figure 3). The assembly of the P2X7R-NLRP3-caspase-1 complex
plays a key role in the induction/progression of rheumatoid arthritis, Crohn’s disease, liver
fibrosis, sepsis, renal inflammation, pulmonary inflammation, and the amplification of
neurodegenerative or mood diseases. In conclusion, P2X7Rs might be therapeutic targets
to preserve immune homeostasis via their function on macrophages.
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Abstract: Characterization of new pharmacological targets is a promising approach in research of
neurorepair mechanisms. The G protein-coupled receptor 17 (GPR17) has recently been proposed as
an interesting pharmacological target, e.g., in neuroregenerative processes. Using the well-established
ex vivo model of organotypic slice co-cultures of the mesocortical dopaminergic system (prefrontal
cortex (PFC) and substantia nigra/ventral tegmental area (SN/VTA) complex), the influence of
GPR17 ligands on neurite outgrowth from SN/VTA to the PFC was investigated. The growth-
promoting effects of Montelukast (MTK; GPR17- and cysteinyl-leukotriene receptor antagonist),
the glial cell line-derived neurotrophic factor (GDNF) and of two potent, selective GPR17 agonists
(PSB-16484 and PSB-16282) were characterized. Treatment with MTK resulted in a significant increase
in mean neurite density, comparable with the effects of GDNF. The combination of MTK and GPR17
agonist PSB-16484 significantly inhibited neuronal growth. qPCR studies revealed an MTK-induced
elevated mRNA-expression of genes relevant for neuronal growth. Immunofluorescence labelling
showed a marked expression of GPR17 on NG2-positive glia. Western blot and RT-qPCR analysis of
untreated cultures suggest a time-dependent, injury-induced stimulation of GPR17. In conclusion,
MTK was identified as a stimulator of neurite fibre outgrowth, mediating its effects through GPR17,
highlighting GPR17 as an interesting therapeutic target in neuronal regeneration.

Keywords: G protein-coupled receptor 17 (GPR17); neurite outgrowth; montelukast; NG2; ex vivo
organotypic brain slice co-culture; neurodegeneration and neuroregeneration

1. Introduction

Globally, the number of patients dying from and affected by neurological disorders has
increased substantially between 1990 and 2015 [1]. In particular, incidence and prevalence
of traumatic brain injury (TBI) increased from 1990 to 2016 [2], as well as the prevalence of
Parkinson’s disease [3] and dementia [4]. These disorders are the biggest health challenges
of the century, posing a serious threat to social and healthcare systems as well as to the
future of the global economy [5]. Therefore, new strategies of treatments are pivotal to
minimize patients’ disabilities promoting better life quality and to reduce costs for society.

The G protein-coupled receptor 17 (GPR17) has recently been proposed as an interest-
ing pharmacological target in neuroinflammatory and neurodegenerative diseases [6–12].

45



Int. J. Mol. Sci. 2021, 22, 11683

The involvement of GPR17 in other pathophysiological conditions of the brain has been
demonstrated, leading to the suggestion that GPR17 acts as a ‘sensor of brain damage’ [13].
Under normal physiological conditions, GPR17 is almost exclusively expressed in NG2-glia,
also known as oligodendrocyte precursor cells (OPC), which give rise to myelin producing
oligodendrocytes both during development and throughout adult life [14]. Own previous
data indicate that the GPR17 expression was elevated in human brain specimens from
neurosurgical and autoptic cases after TBI [15]. Viganò and co-workers showed, that after
cerebral damage induced by acute injury or ischemia in mice, GPR17-positive NG2-glia
rapidly reacted to the damage, suggesting these cells are a ‘reserve pool’ of adult progen-
itors maintained for repair purposes [16]. Subsequent fate mapping studies in the same
model of stroke [8] as well as in two different models of demyelination [17] showed that, as
a result of injury, GPR17-expressing cells proliferate and markedly accumulate in regions
surrounding the lesions, but that only a low percentage of these cells eventually gives
rise to mature myelinating oligodendrocytes, due to an unfavourable local inflammatory
milieu. These data suggest that GPR17 could be pharmacologically exploited for the benefit
of patients with neurological diseases, provided that inflammation is counteracted with
appropriate agents.

The pharmacology of GPR17 can be characterized as atypical [18], as GPR17 responds
to a diverse set of ligands [9,19,20]. The receptor is phylogenetically related to both puriner-
gic P2Y receptors (P2YRs) and cysteinyl-leukotriene (CysLT) receptors [9]. In 2006, it was
discovered that GPR17 is activated by the uracil nucleotides UDP, UDP-glucose and UDP-
galactose as well as by the cysteinyl-leukotrienes LTC4 and LTD4 [21]. The known P2Y12R
antagonists Cangrelor and Ticagrelor and the cysteinyl-leukotriene receptor (CysLT-R)
antagonists Montelukast (MTK) and Pranlukast have also been described as antagonists of
GPR17 [7,21]. In 2010, Benned-Jensen and Rosenkilde independently confirmed activation
of GPR17 by uracil nucleotides [19], while other groups neither found activation of GPR17
by uracil nucleotides or cysteinyl-leukotrienes, nor inhibition of GPR17 by Cangrelor or
Ticagrelor [20,22,23]. These varying effects are likely due to the level of expression of
GPR17 in the different transfected cell lines utilized, and in the difficulty of preserving the
native pharmacological features of the receptor in artificial recombinant systems.

It has been demonstrated that in animal models of stroke treatment with Cangrelor,
and also with MTK and blockade of GPR17 with antisense technology, led to decreased
infarct volumes [13,21,24,25]. In rats, treatment with MTK reduced neuroinflammation,
elevated hippocampal neurogenesis and improved learning and memory [26]. These
effects were mediated by GPR17 as demonstrated by using gene knock down and knock
out strategies [26].

Otherwise, in PC12 cells, that natively express GPR17, treatment with UDP-glucose
and LTD4 promoted survival and neurite outgrowth [27]. In a neonatal rat model of
ischemic periventricular leukomalacia treatment with UDP-glucose improved the thickness
of myelin sheaths, motor dysfunction and cognitive functions [28].

Due to its special pharmacology and distinct results, the role of GPR17 in neurorepar-
ative and neuroregenerative mechanisms has not yet been completely elucidated. In
particular, it is not clear if and how signalling of GPR17 is involved in repair mechanisms
in projection systems after trauma and whether these can be influenced by treatment with
ligands of GPR17.

For this reason, the well-established rat ex vivo model of organotypic slice co-cultures
of the mesocortical dopaminergic system was chosen culturing slices of the substantia
nigra/ventral tegmental area (SN/VTA) and the prefrontal cortex (PFC) closely together
allowing neuronal fibre outgrowth, to grow from one region to the other [29,30]. Organ-
otypic slice co-cultures largely preserve the tissue architecture of the brain regions that they
originate from [31], thereby modelling the in vivo situation closely [32]. While the prepa-
ration of the co-cultures causes a disruption of the already established connections, this
model also strongly correlates with the development of fibre projections of physiological
neuronal circuits, thus making the organotypic co-cultures a model of both development
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and of axonal regrowth after mechanical injury [30]. Concretely, in the present study it was
examined (i) whether pharmacological stimulation or inhibition of GPR17 can promote
neurite outgrowth; (ii) the dynamics of a small selection of genes involved in growth and
differentiation of neurons, myelination and inflammation depending on the treatment with
GPR17 antagonists and agonists; (iii) the temporal expression of GPR17 in the co-cultures;
and (iv) which cells might be effectors of any observed effects.

2. Results
2.1. Neurite Fibre Outgrowth Modulation

To elucidate if modulation of the GPR17 has any effects on neurite outgrowth in
organotypic dopaminergic co-cultures the well-established neurite fibre quantification
method in our lab was used [33] (for schematic illustration see Figure 1).
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Figure 1. Experimental design. (A) Schematic Illustration of the used organotypic ex vivo slice
co-cultures of the dopaminergic system (SN/VTA and PFC) (Attribution: Free neuron vector
from vecteezy: Available online: https://www.vecteezy.com/free-vector/nerve-cell (accessed on
23 July 2021). Nerve Cell Vectors by Vecteezy. (B) Overview of the fibre outgrowth visualized by
biocytin tracing in an ex vivo co-culture system (rat, fixed at DIV 10). The dotted lines characterize the
border region, used for quantification of fibre density. (C) Timeline with the treatment procedures.
Scale bar: B = 200 µm.

In initial experiments, the effect of Cangrelor (an anti-platelet agent blocking the
P2Y12Rs, and reported to act additionally as a non-selective GPR17 antagonist) was in-
vestigated, and a significant stimulatory effect on neurite fibre outgrowth in comparison
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to ACSF (t-test with Welch correction t (4.34607) = −3.28534; p = 0.02685; see Figure S1)
was observed.

In the next phase of experiments, different concentrations of MTK, the CysLT1R
antagonist and proposed GPR17 antagonist, were employed. In the dopaminergic slice
co-cultures, in a similar way to Cangrelor, the application of 10 µM of MTK showed
a significant stimulation of neurite fibre outgrowth (Figure 2A,C) compared to vehicle
(A: 1% ethanol; C: 0.01% DMSO, see Section 4.4.) treated controls (one-way ANOVA F
(2,28) = 6.143; p = 0.00614; followed by Tukey’s post hoc test p = 0.0062). Neurite fibre
outgrowth after application of 1 µM MTK was tendentially increased, but not significantly
(Tukey’s post hoc test p = 0.57299; Figure 2A).
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Figure 2. Neurite outgrowth quantification. (A–D) Neurite fibre density was quantified after
treatment with (A) MTK, (B) PSB-16484 (PSB2), (C) MTK and PSB-16484 (PSB2) and (D) GDNF using
biocytin-tracing. Data are shown as box plots. The number n of animals being used was for (A) n ≥ 9,
(B) n = 4, (C) n ≥ 5, (D) n = 8. For (A,B) ANOVA on Ranks was followed by Tukey’s test, for (C)
Mann–Whitney test was applied and for (D) t-test was applied; * p < 0.05, ** p < 0.01. (E) Pictures of
biocytin-labelled fibres in the border region after application of Ethanol, MTK (1 µM), MTK (10 µM),
MTK (10 µM, pre-treatment) + PSB-16484 (PSB2, 3 µM), DMSO, PSB-16484 (PSB2, 3 µM), ACSF and
GDNF. Scale bar: 20 µm for all.
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Recently, the small molecule 3-(2-carboxy-4,6-dichloro-indol-3-yl)-propionic acid
(MDL29,951) was identified to act as a GPR17 agonist [7,20], and optimized analogues of
MDL29,951 (which is non-selective since it also interacts with NMDA receptors), were
synthesized [34,35] and characterized in functional assays. In a radioligand binding as-
say, affinity of this class of compounds for GPR17 was confirmed and blockade by MTK
was shown [20,34]. Hence, two of the new, selective GPR17 agonists were used to ac-
tivate the receptor, namely PSB-16282 and PSB-16484, while MTK was employed as a
GPR17 antagonist.

The application of the new GPR17 agonists alone, PSB-16484 (PSB2) (one-way ANOVA
F (2,19) = 0.29054; p = 0.75113) (Figure 2B) and PSB-16282 (PSB1) (see Figure S2 (one-way
ANOVA F (2,12) = 1.04803; p = 0.38063)), did not cause a significant increase or decrease
in neurite fibre outgrowth. Thus, for additional studies, to reduce use of animals only
PSB-16484 (PSB2) was utilized.

To evaluate if the observed stimulatory effect of MTK could be antagonized by a
new, selective synthetic GPR17 agonist, 10 µM MTK was applied in combination with
3 µM PSB-16484 (PSB2) and compared to a group treated only with 10 µM MTK. Neurite
fibre density of cultures treated with MTK and PSB-16484 (PSB2) was significantly lower
compared to co-cultures treated only with MTK (Mann-Whitney-Test U = 28; p = 0.01732;
Figure 2C) indicating that the stimulation of neurite fibre outgrowth after application of
MTK is, at least in part, mediated by GPR17.

As a positive control for stimulation of neurite fibre outgrowth, the well-established
neurotrophic factor GDNF, which has been shown to provide neuroprotective and neu-
rotrophic effects especially with regard to the mesencephalon, was used [36]. The applica-
tion of GDNF (50 ng/mL) induced a significant stimulation of neurite fibre outgrowth (t-test
t (14) = −3.34886; p = 0.00477) compared to controls, proving its potency as a neurotrophic
factor and demonstrating that neurite fibre outgrowth could be stimulated (Figure 2D).

In comparison, treatment with 10 µM MTK showed a 2.6-fold higher mean neurite
density compared to controls, while treatment with GDNF led to a 2.3-fold higher mean
neurite density compared to controls suggesting that 10 µM MTK is a notable stimulator of
neurite fibre outgrowth in the organotypic dopaminergic co-culture system. Examples of
neurite fibre outgrowth are given in Figure 2E.

2.2. Gene Expression Analysis of Genes Relevant for Neuronal Growth

To get further insight into the effects caused by application of MTK and PSB-16484
(PSB2), a gene expression analysis was performed using reverse transcription quantitative
real-time polymerase chain reaction (RT-qPCR) after day 10 in culture. In addition to GPR17,
the expression of five target genes representative of functions in the central nervous system
(CNS) or specific cell populations (Figure 3: PFC (A,C,E,G,I,K); SN/VTA (B,D,F,H,J,L))
(Table 1) were investigated.

GAP43 and NFL were chosen because of their role in axonal regeneration [37] and
as regeneration associated genes [38]. In brief, GAP43 is known as being connected to
neuronal growth, promoting spontaneous formation of new synapses and enhancing
sprouting after injury. Additionally, it is linked to neurite outgrowth, nerve-terminal
sprouting and long-term potentiation [39]. Its expression in the used ex vivo slice co-
cultures has been shown immunohistochemically [30]. In the present study, the expression
of mRNA of GAP43 (Figure 3A,B) was significantly elevated in the SN/VTA after treatment
with MTK compared to controls (ctrl) (one-way ANOVA F (2,9) = 9.73918; p = 0.00561;
followed by Tukey’s post hoc test p = 0.01067; Figure 3B) supporting the findings in neurite
density quantification. Application of PSB-16484 (PSB2) could not block this effect (Tukey’s
post hoc test p = 0.99838). There was no significant difference between groups in the PFC
(one-way ANOVA F (2,9) = 0.92958; p = 0.42954; Figure 3A).
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(A,B), NFL (C,D), TH (E,F), MBP (G,H), IL-1β (I,J), GPR17 (K,L) is shown on y-axis as ∆ CP. X-Axis 
represents the different treatments (1% ethanol and 0.01% DMSO as controls (ctrl); 10 µM MTK and 
0.01% DMSO; 10 µM MTK and 3 µM PSB-16484 (PSB2)). Statistical analysis was performed in com-
parison to vehicle control with ANOVA on ranks followed by Tukey‘s test. Data are shown as bar 
charts. The number of animals being used was n = 4, * p < 0.05, ** p < 0.01. 
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NM_017195.3 rat GAP43 ACCACTGATAACTCGCCGTC TGGCTTCATCTACAGCTTCTTTCT 
NM_001071777.1 rat GPR17 ACTTGTCCTGTGTGCTGGTC CCCAAAAGGCCAGTGATTGC 
NM_031512.2 rat IL-1β TAGCAGCTTTCGACAGTGAGG TCTGGACAGCCCAAGTCAAG 
NM_001025293.1 rat MBP TGTGCCACATGTACAAGGACT TTCATCTTGGGTCCTCTGCG 
NM_001106116.1 rat MrpL32 TTCCGGACCGCTACATAGGTG CTAGTGCTGGTGCCCACTGAG 
NM_031783.2 rat NFL GCAGCTTACAGGAAACTCTTGG ACCTGCGAGCTCTGAGAGTA 
NM_012740.4 rat TH TTCTTGAAGGAGCGGACTGG TGCATTGAAACACGCGGAAG 
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(E,F), MBP (G,H), IL-1β (I,J), GPR17 (K,L) is shown on y-axis as ∆ CP. X-Axis represents the different treatments (1% ethanol
and 0.01% DMSO as controls (ctrl); 10 µM MTK and 0.01% DMSO; 10 µM MTK and 3 µM PSB-16484 (PSB2)). Statistical
analysis was performed in comparison to vehicle control with ANOVA on ranks followed by Tukey‘s test. Data are shown
as bar charts. The number of animals being used was n = 4, * p < 0.05, ** p < 0.01.

Table 1. Target genes and primer sequences.

Accession Number Target Forward Reverse

NM_017195.3 rat GAP43 ACCACTGATAACTCGCCGTC TGGCTTCATCTACAGCTTCTTTCT
NM_001071777.1 rat GPR17 ACTTGTCCTGTGTGCTGGTC CCCAAAAGGCCAGTGATTGC
NM_031512.2 rat IL-1β TAGCAGCTTTCGACAGTGAGG TCTGGACAGCCCAAGTCAAG
NM_001025293.1 rat MBP TGTGCCACATGTACAAGGACT TTCATCTTGGGTCCTCTGCG
NM_001106116.1 rat MrpL32 TTCCGGACCGCTACATAGGTG CTAGTGCTGGTGCCCACTGAG
NM_031783.2 rat NFL GCAGCTTACAGGAAACTCTTGG ACCTGCGAGCTCTGAGAGTA
NM_012740.4 rat TH TTCTTGAAGGAGCGGACTGG TGCATTGAAACACGCGGAAG
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NFL is particularly abundant in axons where it is essential for the radial growth
of axons during development, the maintenance of axon calibre and the transmission of
electrical impulses [40]. Our results show that mRNA-expression of NFL (Figure 3C,D)
was significantly stimulated by treatment with MTK in the SN/VTA (one-way ANOVA
F (2,9) = 6.23136; p = 0.02002; followed by Tukey’s post hoc test p = 0.02547; Figure 3D)
supporting our findings of higher neurite density in the border region between PFC and
SN/VTA after treatment with MTK. The MTK effect was not reduced by PSB-16484 (PSB2)
(Tukey’s post hoc test p = 0.92805). There was no significant difference between groups in
the PFC (one-way ANOVA F (2,9) = 1.45291; p = 0.28391; Figure 3C).

It should be evaluated, if dopaminergic neurons benefit from application of MTK
in the co-culture. Therefore, measurement of the mRNA-expression of TH, the marker
enzyme of dopaminergic neurons, was performed [41]. TH mRNA-expression (Figure 3E,F)
was significantly elevated in the SN/VTA after treatment with MTK (one-way ANOVA
F (2,9) = 4.29564; p = 0.04901; followed by Tukey’s post hoc test p = 0.0498) and showed
non-significantly reduced expression after treatment with PSB-16484 (PSB2) (Tukey’s post
hoc test p = 0.13171; Figure 3F). Again, in the PFC there was no significant difference
between groups (one-way ANOVA F (2,9) = 2.65474; p = 0.1241; Figure 3E).

Additionally, gene expression of myelin basic protein (MBP) was analysed. MBP is
an essential part of the myelin sheath insulating axons electrically and thereby allowing
saltatory conduction and high conduction velocity [42]. Since GPR17 has been shown to
play a role in oligodendrocyte maturation [43,44], it was hypothesized that application of
MTK and PSB-16484 (PSB2) could affect expression of the key oligodendrocyte marker MBP.
However, expression of mRNA of MBP (Figure 3G,H) showed no significant change after
treatment with MTK and PSB-16484 (PSB2) in the PFC (one-way ANOVA F (2,9) = 0.867;
p = 0.45255; Figure 3G) and the SN/VTA (one-way ANOVA F (2,9) = 1.48997; p = 0.27609;
Figure 3H).

Furthermore, the question was addressed if the observed neuroregenerative effects
of MTK could be assigned to a decreased neuroinflammatory milieu in the dopaminergic
co-cultures. Because of its central role in neuroinflammation, IL-1β was chosen as an
appropriate marker [45]. However, mRNA-expression of IL-1β (Figure 3I,J) showed no sig-
nificant changes after treatment with MTK and PSB-16484 (PSB2) but was non-significantly
decreased in the PFC (one-way ANOVA F (2,9) = 0.30249; p = 0.7462; Figure 3I) and
the SN/VTA after treatment with MTK (one-way ANOVA F (2,9) = 0.45195; p = 0.65008;
Figure 3J). Treatment with PSB-16484 was able to alleviate this tendency in the PFC, but
not in the SN/VTA.

Finally, the expression of mRNA of GPR17 (Figure 3K,L) was monitored, which was
found to be significantly elevated after treatment with MTK in the SN/VTA (one-way
ANOVA F (2,9) = 5.36593; p = 0.02923; followed by Tukey’s post hoc test p = 0.03199), but
not in the PFC (one-way ANOVA F (2,9) = 0.94476; p = 0.42418; Figure 3K,L). Treatment
with PSB-16484 (PSB2) led to no significant difference in expression of GPR17 compared
to treatment with MTK in the PFC (Tukey’s post hoc test p = 0.96131) and the SN/VTA
(Tukey’s post hoc test p = 0.83958).

In conclusion, the data show that the mRNA-expression of all three neuronal markers
(GAP43, NFL, TH) as well as of GPR17 are significantly increased after treatment with
MTK in SN/VTA, but not in the PFC, supporting a neuroregenerative effect after treatment
with MTK and suggesting regional differences in responsiveness to MTK.

2.3. Dynamics of GPR17 Expression in Untreated Organotypic Dopaminergic Co-Cultures
2.3.1. RT-qPCR Analysis of GPR17 Expression

The mRNA expression of GPR17 was characterized at two time points, DIV 3 and
DIV 10. In both regions, PFC and SN/VTA, a higher expression was found on DIV 3. The
expression of mRNA of GPR17 was significantly reduced after DIV 10 compared to DIV 3
in the PFC (t-test t (4) = 3.22794; p = 0.03204) and tendentially reduced in SN/VTA (t-test
with Welch correction t (2.00119) = 0.97405; p = 0.43272; Figure 4A,B). This corresponds
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well to the Western blot results, also pointing to an increase in expression of the GPR17
caused by the preparation (injury-induced increase in GPR17 mRNA) (Figure 4C,D).
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Figure 4. Results of RT-qPCR and Western blot of GPR17 in the ex vivo co-cultures. Expression of
mRNA of the GPR17 is shown as ∆ CP in the PFC (A) and SN/VTA (B) after DIV 3 and DIV 10.
Statistical analysis was performed in comparison to vehicle control with ANOVA on ranks followed
by Tukey‘s test. Data are shown as bar charts. The number of animals was n = 3, * p < 0.05. Protein
expression of GPR17 is shown on DIV 1, 3, 6, 8 and 10 in PFC (C) and SN/VTA (D), data are shown
as bar charts. The number of animals being used was n ≥ 3. For statistical analysis one-way ANOVA
(PFC) and Kruskal–Wallis (SN/VTA) was used. (E) Representative examples of Western blot images
of samples obtained (DIV 10; (a) ctrl (Ethanol); (b) MTK 10 µM).

2.3.2. Western Blot Analysis

Using the rabbit anti-GPR17 antibody (Sigma-Aldrich, St. Louis, MO, USA), two
protein bands were labelled, one at 40 kDa and one at 45 kDa (Figure 4E). These data are in
agreement with previously published literature data suggesting that the band at 40 kDa
could be a precursor form carrying high mannose oligosaccharide chains [46]. Western
blot analysis showed that GPR17 had its peak of expression both in PFC and SN/VTA
after DIV 3, followed by a subsequent decrease (Figure 4C,D). There were no significant
differences between DIV in the PFC (one-way ANOVA F (1.69403), p = 0.22724) and the
SN/VTA (Kruskal–Wallis ANOVA chi-square (4) = 6.47059; p = 0.16665).

Furthermore, for comparison, native tissue taken from young rats (P2 and P13), from
both regions, PFC and SN/VTA, (Figure S3) was investigated. The data showed a slight,
but not statistically significant increase in the expression of GPR17 at age P13 compared to
P2 in PFC (t-test with Welch correction t (3.81358) = −0.62477; p = 0.56755) and SN/VTA
(t-test t (4) = −0.15674; p = 0.88304).

In conclusion, the data suggest an injury-induced GPR17 expression in the studied
ex vivo model. Under in vivo conditions no significant changes in GPR17 protein expression
between day 2 and day 13 were found (no developmental increase in the investigated

52



Int. J. Mol. Sci. 2021, 22, 11683

regions). An injury-induced (slice preparation-induced) increase at DIV 3 was postulated.
These data are supported by previous experiments using tissue of the complete co-culture
(PFC and SN/VTA), indicating an increase at DIV 3 too (data not shown).

2.4. Immunohistochemical Analysis of GPR17 Expression

To investigate which cells express GPR17 in the organotypic dopaminergic co-cultures
and could therefore be targeted with ligands of GPR17, the immunolabelling of GPR17 and
characteristic cell makers was performed (Table 2).

Table 2. Expression of GPR17 in organotypic slice co-cultures.

Marker GPR17-Co-Expression

Iba1 +
GFAP −

TH −
NeuN +

βIII-Tubulin +
NFL −
NG2 +++
O4 +

CNPase +
MBP +

The results show that GPR17 is mainly expressed by NG2-positive glia (Figure 5A–C),
but also by neurons (low labelling on NeuN-positive cells; examples are given in Figure 5G,H).

GPR17 is rarely expressed by more developed cells of the oligodendroglial cell lineage
(O4-, CNPase-positive cells; an example for O4 is given in Figure 5D–F) and very low
in MBP-positive cells, reflecting the peculiar time dependent expression of this receptor
during oligodendrocyte maturation [47]. GPR17-labelled cells were observed rather in
the proximity of MBP-positive structures (Figure S4A–C). There is also weak expression
on microglia (Iba1-positive cells, Figure S4D–F), but no expression on astrocytes (GFAP-
positive cells). Other neuronal markers showed only weak (e.g., βIII-Tubulin-positive cells)
or no (TH-positive, NFL-positive cells) co-localization with GPR17 (examples are given in
Figure 5I,J,K,L). It is important to note that GPR17-positive cells (stars) could be found more
in direct proximity of βIII-Tubulin-, TH- and NFL-positive neurons, but not co-expressed
on the TH- or NFL-positive structures. It was hypothesized that GPR17 expression was
induced in neurons of our co-cultured slices as a result of the experimental procedure, and
reflects a neuronal response to the trauma of the slice preparation.

2.5. Toxicological Analysis

To ensure that the applied pharmacological substances had no toxic effects on the
organotypic slice co-cultures, the LDH release into incubation medium (IM) was mea-
sured. Data showed no significant elevation of LDH activity after treatment with 1 µM
and 10 µM MTK compared to untreated control and vehicle-treated control (1% ethanol or
0.01% DMSO; repeated measurement two-way ANOVA with Greenhouse–Geisser correc-
tion F (0.29814, 0.60849) = 1.95985; p = 0.2293) e.g., 1% ethanol; Figure 6).
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Figure 5. Multiple immunofluorescence study. Representative confocal images of GPR17 expression
in organotypic slice co-cultures. At DIV 10 an intense GPR17 immunoreactivity was observed on
NG2-positive cells (A–C) and on O4-positive cells (D–F). A low expression of GPR17 (stars) on a small
number of cells was observed on (G,H) NeuN-positive cells and (I,J) βIII-Tubulin-positive neurons
(the thin arrows indicate the co-expression). No co-localization, but a number of GPR17-positive
cells (stars) in the proximity were found on (K,L) TH-positive cells. Scale bars: (A–C) = 20 µm;
(D–J) = 10 µm; (K,L) = 20 µm.
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pared to untreated control nor to vehicle-treated control (repeated measurement two-way 
ANOVA with Greenhouse–Geisser correction F (1.6208, 6.48319) = 4.87266; p = 0.05565) 
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(representing the mechanical lesion as a result of the preparation of the co-cultures) and 

Figure 6. Toxicity testing. (A) LDH activity was measured after treatment with MTK (A) and
PSB-16484 (PSB2) (B) compared to vehicle treated control und untreated control. Data have been
normalized to the control value at DIV 1 of the respective preparation. Statistical analysis was
performed using repeated measurement two-way ANOVA. Each sample represents incubation
medium (IM) of one animal. The number of animals was n = 5.

After treatment with PSB-16484 (PSB2) the LDH activity was neither elevated com-
pared to untreated control nor to vehicle-treated control (repeated measurement two-way
ANOVA with Greenhouse–Geisser correction F (1.6208, 6.48319) = 4.87266; p = 0.05565)
0.01% DMSO). Overall LDH activity decreased from DIV 1 to DIV 10 with no significant
differences between pharmacological treatment groups and vehicle-treated controls. These
data provide proof that neither MTK nor PSB-16484 (PSB2) is toxic to the organotypic
dopaminergic slice co-cultures (Figure 6). Both effects, (i) the increase in LDH release
(representing the mechanical lesion as a result of the preparation of the co-cultures) and
(ii) the decrease in LDH release in the following DIV agrees very well with previous data
from our group [48].

2.6. Electron Microscopy

The electron microscopic observation revealed the presence of multi-lamellar myelin-
like structures in the slice co-cultures of SN/VTA at DIV 10 of incubation (Figure S5A,B)
and also in the early postnatal (P12) ventral midbrain (Figure S5C). High resolution images
display n-like lamellar organized membranous structures in the SN/VTA part of the co-
culture. Additionally, in the developing fibres bridge from SN/VTA to the PFC, irregularly
organized myelin-like lamellae were found ensheathing neuronal profiles (Figure S5B).

For comparison, in the ventral midbrain (P12, rat) cross-sectioned axons of varying
diameters could be detected. Only very few axons were enveloped by membranous
myelin-like sheaths (Figure S5C).
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3. Discussion

The present results confirm the ability of MTK to promote axonal outgrowth and
suggest the involvement of GPR17 in these effects. In more detail, the obtained data in the
dopaminergic organotypic slice co-cultures indicate that (i) MTK, a non-selective GPR17
antagonist, can promote neurite outgrowth with effects comparable to those induced by
the well-known neurotrophic factor GDNF, (ii) treatment with MTK increases mRNA-
expression of genes relevant to neuronal growth, (iii) a clear expression of GPR17 on NG2-
glia and in some NeuN-positive neurons, (iv) a time-dependent expression of GPR17 in
untreated organotypic dopaminergic co-cultures. These results could be of special interest
to patients with TBI and other neurological disorders, suggesting that MTK possibly not
only attenuates damage, but also promotes neuroregeneration and repair.

3.1. Pharmacological Inhibition of the GPR17 with MTK Can Promote Neurite Outgrowth

The present data show that in the studied dopaminergic organotypic slice co-cultures
neuronal outgrowth was stimulated by treatment with the CysLT1-R antagonist and GPR17
antagonist MTK, with effects comparable to those induced by the well-known neurotrophic
factor GDNF.

In order to determine if this effect occurred by antagonism of GPR17, two new syn-
thetic GPR17 agonists were applied alone to the co-cultures showing no stimulatory but
also no inhibitory effect on neurite outgrowth. Possibly, this reflects the release of en-
dogenous agonists of GPR17 in the slice co-cultures following the preparation procedure,
making it difficult to reveal an additional effect caused by the synthetic agonist [49]. In-
stead, the role of GPR17 was unveiled when the GPR17 agonist PSB-16484 was applied
to cultures in the presence of MTK, as shown by abrogation of the MTK induced neurite
outgrowth, supporting inhibition of GPR17 as an essential mechanism at the basis of the
neuroregenerative effect of MTK under these conditions.

Previous studies in PC12 cells had shown an enhanced neurite outgrowth after treat-
ment with the proposed GPR17 agonist UDP-glucose [27]. While UDP-glucose might
have a growth-supporting effect on neurites, its activity as a GPR17 agonist has been
questioned [20,22,23]. The different outcomes could also be a result of the chosen models
investigating neurite outgrowth, as the organotypic slice co-cultures preserve the architec-
ture and microenvironment of the brain with all its cellular players [30] in contrast to the
PC12 cell culture model.

Our initial experiments indicated a growth-promoting effect of the employed P2Y12R
and proposed GPR17 antagonist Cangrelor, which may support a beneficial effect of GPR17
antagonists on neurite outgrowth. However, the effect of Cangrelor (playing a central role
in the complex processes of activation and aggregation in blood platelets) [50] may be
indirect, involving modulation (inhibition) of inflammatory processes by blocking P2Y12Rs
e.g., on microglial cells [50–52].

As the specificity and validity of some ligands of GPR17 have been questioned [23,53]
the use of new synthetic ligands of GPR17 is a promising way to unveil its effects. A
number of recently published studies support the role of MTK as a GPR17 antagonist. MTK
was found to inhibit a synthetic GPR17 agonist [3H]2-carboxy-4,6-dichloro-1H-indole-3-
propionic acid ([3H]PSB-12150) in a concentration-dependent manner [20]. Furthermore, it
was shown that MTK enhanced the growth of neurospheres due to blockade of GPR17 and
that knockout of GPR17 led to increased proliferation of neurospheres [26].

3.2. MTK Promotes Neurite Outgrowth by Elevating Neurotrophic Gene Expression

In order to gain some insight into the downstream effects following treatment of the
slice co-cultures, RT-qPCR was used to investigate genes involved in neuronal growth of
dopaminergic neurons, inflammation and myelination.

The presented RT-qPCR results support a growth-promoting effect of MTK in the
co-cultures as mRNA-expression of GAP43, NFL and TH is significantly elevated after
treatment with MTK in SN/VTA. GAP43 is a regeneration associated gene [38] and over-
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expression of GAP43 has been shown to lead to spontaneous formation of new synapses
and enhanced sprouting after injury [39]. By stimulating expression of GAP43, treatment
with MTK could promote sprouting of neurites. The neurofilament NFL is essential for
the radial growth of axons [40]. Treatment with MTK could thus lead to enhanced axonal
growth. TH is known to be the key enzyme of dopaminergic neurons and has been used
as the characteristic marker for developing dopaminergic fibres from the SN/VTA to the
PFC [29,41]. Elevated expression of TH after treatment with MTK underlies MTKs potency
to promote growth of dopaminergic neurons in the slice co-cultures.

Therefore, a neurogenic effect of MTK is conceivable as this would also be in line
with previously published literature. Transcriptome analysis has shown that GPR17 is
specifically highly expressed in adult neural progenitor cells [54]. Recent studies showed
that blockade of GPR17 with MTK led to elevated neural stem and progenitor cell prolifer-
ation [26,55]. Treatment with MTK resulted in improved cognition of old rats correlating
best with enhanced neurogenesis [26]. GPR17 knockdown and knockout in neurospheres
induced hyperproliferation and abolished the effects of montelukast [26].

Summarizing, MTK promotes neurite outgrowth in the dopaminergic slice co-culture
by enhancing gene expression of neurotrophic genes like GAP43 and NFL. Elevation of
mRNA of TH in the SN/VTA after treatment with MTK supports the observed stimulatory
effect of neurite fibre outgrowth in the fibre density quantification.

Our data also indicate that GPR17 is not the only mediator of MTKs neurotrophic
effects, since MTK induced expression of NFL and GAP43 could not be lowered by treat-
ment with the GPR17 agonist PSB-16484. Only the stimulated mRNA expression of TH
was tendentially lowered when co-cultures were treated with PSB-16484, suggesting that
elevation of TH could be specifically caused by targeting GPR17 and implying an especially
beneficial effect for dopaminergic neurons after blocking GPR17.

3.3. Is Neurite Outgrowth by MTK Stimulated by Modulation of Neuroinflammatory Pathways?

The recent literature data from in vitro and in vivo experiments suggests that GPR17
is a sensor of damage [13]. It was shown that MTK reduces neuroinflammation, elevates
hippocampal neurogenesis and improves learning and memory in 20-month-old rats [26].
By using gene knockdown and knockout approaches, this effect was demonstrated to
be mediated through inhibition of GPR17 reducing microglial activation and elevating
neurogenesis [26]. After traumatic brain injury in the human brain an increased expression
of GPR17 was found followed by a decrease within a few days [15]. In the present study,
in untreated dopaminergic ex vivo co-cultures, expression of GPR17 was high after DIV
3 in RT-qPCR and Western blot results possibly responding to the tissue damage inflicted
by the preparation process with upregulation of GPR17. The Western blot data on native
(uninjured) tissue (P2, P13) do not show this effect suggesting that GPR17 expression is
a time-dependent dynamic parameter in our model possibly responding to the trauma
caused by the preparation of the co-cultures and comparable with the in vivo data after TBI.

Inflammatory processes following the preparation procedure (cutting tissue) are
conceivable. The authors hypothesized that by treating co-cultures with MTK, a reduction
in these neuroinflammatory processes could lead to increased neurite outgrowth. In order
to investigate a possible role for neuroinflammatory modulation the mRNA-expression of
IL-1β was examined which is known to play a central role in mediating neuroinflammation
in pathologies of the CNS [45]. However, in the present study after DIV 10 and treatment
with MTK there was only a tendency of reduced expression of mRNA of IL-1β in the
dopaminergic slice co-cultures. In the PFC this tendency seemed to be revoked by treatment
with PSB-16484 suggesting involvement of GPR17, but differences between the groups
were not statistically significant. It cannot be excluded that significant effects on expression
of IL-1β measured earlier than on DIV10 might have been missed.

Interestingly, a co-localization of GPR17 with the microglial marker Iba1 was observed.
Microglia are known to contribute to neuronal death and neurodegenerative patholo-
gies [56], and microglial inhibition has been shown to be neuroprotective [57]. In a previous
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study, it has furthermore been demonstrated, that GPR17 mediates ischemia-like neuronal
injury via microglial activation [58]. Recently, it was shown that chronically activated
microglia and signalling of GPR17 inhibit maturation of OPC and myelination in an optic
nerve injury model [59].

Thus, microglial expression of GPR17 and recent literature support an anti-inflammatory
effect of treatment with GPR17 antagonists. The known activity of MTK as a CysLTR1
antagonist suggests a role for anti-inflammatory effects. However, in the organotypic slice
co-culture model, significant effects on mRNA-expression of IL-1β after treatment with
MTK reflecting anti-inflammatory activity were not confirmed but might have been missed.
Hence, a relevant anti-inflammatory effect of treatment with MTK cannot be excluded.
Additionally, the effect of Cangrelor may partly be explained by an inhibitory role in
microglial activation via P2Y12Rs as described above.

3.4. Is Neurite Outgrowth Stimulated by Targeting Oligodendrocytes in the Co-Culture?

Oligodendrocytes produce myelin which allows for saltatory impulse propagation,
but they also exert important trophic functions for neurons [60–62]. GPR17 plays an
important role in oligodendrocyte differentiation [43,47] and was shown to be a cell-
intrinsic timer of myelination [6]. Expression of GPR17 is necessary to start oligodendrocyte
differentiation, but must then be downregulated to allow terminal cells’ maturation and
myelination [18,63,64]. Recently, it was demonstrated that treatment with MTK in a mouse
model of stroke increased expression of MBP, numbers of oligodendrocytes and fibre
connectivity [65].

On this basis, the expression of GPR17 in the organotypic slice co-culture model
using immunohistochemistry was examined. As expected, expression of GPR17 was
most abundant on NG2-glia. NG2-glia are OPCs responsible for the generation of mature
oligodendrocytes during development and adulthood [14,47].

There is also evidence for NG2-glia maintaining neuronal functions and survival of
neurons through regulation of neuroinflammatory pathways [66] and it was shown that
NG2-glia are permissive to neurite outgrowth and stabilize sensory axons [67]. Further-
more, participation of the GPR17 to post-acute reactivity of NG2-glia in different injury
paradigms was demonstrated [68]. It has been suggested that treatment of NG2-glia with
GPR17 ligands could possibly influence their differentiation potential or activate reparative
functions [16].

In other models of neurodegeneration, an abnormal increase in GPR17 has invariably
been associated with myelin defects and its pharmacological manipulation succeeded
in restoring endogenous remyelination. Furthermore, OPCs (isolated from spinal cord
of SOD1G93A mice) display defective differentiation compared to control cells, which is
rescued by treatment with the GPR17 antagonist MTK [12]. It is concluded that, as a result
of either acute injury (e.g., stroke, trauma or demyelination) or genetic defects (as is the
case of SOD1G93A mice), GPR17 is initially induced to promote OPC maturation, but its
persistence in cells and inability to undergo down regulation unfavourably affects cell’s
terminal maturation and myelination.

Under these conditions, pharmacological antagonism of GPR17 with MTK allevi-
ates this maturation block, and enables OPCs to resume differentiation, which would in
turn possibly promote neurite outgrowth. However, mRNA expression of MBP was not
enhanced after treatment with MTK on DIV 10, suggesting that the observed effects of
MTK on neurite outgrowth cannot be attributed to a change in myelination in this model.
Overall, in the slice co-cultures the degree of myelination was low, as found in the electron
microscopic images at DIV 10. An earlier or later onset of myelination after treatment
with GPR17 ligands might have been missed since oligodendroglial differentiation and
GPR17 expression are coordinated in a temporally complex manner [43]. A longer period
of cultivation and shorter intervals of measurement might show differences of myelination
caused by treatment with MTK also contributing to increased neurite outgrowth.

58



Int. J. Mol. Sci. 2021, 22, 11683

In conclusion, the anti-asthmatic drug MTK promotes neurite outgrowth in a dopamin-
ergic slice co-culture system. This effect can be antagonized by treatment with a new potent
synthetic agonist of GPR17, pointing to GPR17 as an interesting regulator of neuroregenera-
tive processes. Treatment with MTK results in elevated mRNA-expression of genes relevant
for neuronal growth and elevated expression of the dopaminergic marker enzyme tyrosine
hydroxylase. GPR17 is most abundantly expressed in NG2-positive glia, suggesting that
these cell types are predominantly influenced by treatment with GPR17 ligands.

The present data are in line with previously published findings showing neuroprotec-
tive effects associated with the blockade of GPR17 in other disease models characterized
by abnormal and prolonged GPR17 upregulation [12,13,24,25,65]. Moreover, the present
results support that the neuroregenerative effects induced by MTK after brain injury are,
in part, mediated by antagonism of GPR17 but also by additional mechanisms elevating
expression of neurotrophic genes.

Repurposing of ‘old’ drugs to treat both common and rare diseases is increasingly
becoming an attractive proposition, because it involves the use of de-risked compounds,
with potentially lower overall development costs and shorter development timelines [69].
Intriguingly, MTK is a well-known drug that is currently part of the German guidelines for
the therapy of asthma [70].

The shown putative neuroregenerative potential and its easy accessibility makes MTK
an interesting drug for patients with TBI and other neurological diseases.

The data and discussions show the need for further research and development of new
dual- and multi-target drugs [71], new strategies [72] and new relevant models which will
help improving therapeutic strategies.

4. Materials and Methods
4.1. Materials

The following substances and factors were used: artificial cerebrospinal fluid (ACSF,
composed of (mM) 126 NaCl; 2.5 KCl; 1.2 NaH2PO4; 1.3 MgCl2 and 2.4 CaCl2, pH 7.4; Hos-
pital Pharmacy, University of Leipzig, Germany), biocytin (Sigma-Aldrich Co., St. Louis,
MO, USA), dimethyl sulfoxide (DMSO, Applichem GmbH, Darmstadt, Germany), ethanol
(VWR Chemicals, Darmstadt, Germany), recombinant human glial derived neurotrophic
factor (GDNF; Millipore, Bedford, MA, USA), Montelukast (MTK, Biomol GmbH, Ham-
burg, Germany), Cangrelor (The Medicines Company, Parsippany-Troy Hills, NJ, USA).

The new potent and selective GPR17 agonists 3-(2-carboxyethyl)-4-fluoro-6-(5-methyl-
hexyloxy)-1H-indole-2-carboxylic acid (PSB-16282, (PSB1), EC50 12 nM) and 3-(2-carboxye-
thyl)-4-fluoro-6-iodo-1H-indole-2-carboxylic acid (PSB-16484; (PSB2), EC50 32.1 nM [34];
were synthesized, purified and analysed at the University of Bonn and provided by Pro-
fessor Dr. C. E. Müller (Pharmaceutical Institute, Pharmaceutical & Medicinal Chemistry,
University of Bonn, Germany).

4.2. Animals

Rat breeding was performed in the animal facility of the Rudolf Boehm Institute,
Universität Leipzig (see Institutional Review Board Statement). Rats were housed under
standard conditions with free access to food and water and a 12 h light–dark cycle (lights
on from 7:00 a.m.). Neonatal rat pups (WISTAR RjHan, own breed) of postnatal day 1–3
(P1–3) for the preparation of the organotypic slice co-cultures were used.

4.3. Preparation

The slice co-cultures were prepared from P1–3 neonatal rat pups and cultured follow-
ing the “static” culture protocol as described previously [29,48,73]; for schematic illustration
see Figure 1A,B). In brief, 300 µm coronal sections of mesencephalon and forebrain were
cut simultaneously using two vibratomes (Leica VT1200 S; Leica VT1000 S; Nussloch,
Germany). After the separation, slices of PFC and SN/VTA were transferred into petri
dishes filled with 4 ◦C preparation medium (PM; Minimum Essential Medium (MEM),
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Thermo Fisher Scientific Inc., Waltham, MA, USA), adding glutamine (50 µg/mL; Thermo
Fisher Scientific Inc.). The separated slices were then placed side by side as co-cultures
(PFC with SN/VTA) on moist translucent membrane inserts (0.4 µm, Millicell-CM, Milli-
pore) in a six-well plate. The wells were filled with incubation medium (IM; MEM (50%),
Hank’s Balanced Salt Solution (25%), heat-inactivated horse serum (25%) (all from Thermo
Fisher Scientific Inc.); supplemented with glutamine to a final concentration of 2 mM
and 0.044% sodium bicarbonate (Sigma-Aldrich; pH adjusted to 7.2) and the antibiotic
Gentamycin (50 µg/mL, AMRESCO, Solon, OH, USA). The cultures were stored at 37 ◦C
in 5% CO2, and the medium was changed thrice weekly [73].

4.4. Slice Co-Culture Treatment Procedure

The slice co-cultures were kept for 3 and 10 days in vitro (DIV; see Figure 1C). For the
pharmacological substance treatments, the slice co-cultures were divided into different
experimental groups and treated with the respective substances at different concentrations
(see below). The pharmacological treatment was conducted four times on DIV 1, 3, 6 and
8 while changing the IM.

The following compound concentrations were used (selected based on their potencies):
100 pM Cangrelor, 1 µM and 10 µM MTK (solved in 1% ethanol), 0.1 and 1 µM PSB-
16282 (dissolved in 0.01% DMSO), 0.3 and 3 µM PSB-16484 (dissolved in 0.01% DMSO).
The compounds were applied separately and in combination, to investigate if GPR17
agonists and (proposed) GPR17 antagonist could counteract their effects (to verify receptor
inhibition, the antagonist was given first followed by the respective mixture of antagonist
and agonist after 15 min).

The glial cell-line derived neurotrophic factor (GDNF; 50 ng/mL; solved in 1% ACSF)
was used as a positive control. GDNF is known for its neural growth-promoting properties,
especially on dopaminergic neurons [74]. All pharmacological substances were tested in
comparison to vehicle-treated control co-cultures.

4.5. Fixation of the Slice Co-Cultures

To perform neurite fibre outgrowth quantification after treatment procedure (Figure 1B)
and immunofluorescence labelling, co-cultures were fixed for 2 h in a solution containing
4% paraformaldehyde (Merck, Darmstadt, Germany), 0.1% glutaraldehyde (Serva Elec-
trophoresis GmbH, Heidelberg, Germany), and 0.2% picric acid (Sigma-Aldrich) in 0.1 M
phosphate buffer (PB; pH 7.4). Afterwards, co-cultures were rinsed intensively with PB.
Finally, the sections were vibratome-cut into 50 µm horizontal sections.

4.6. Neurite Fibre Tracing Procedure

According to the previously described protocol [73], on DIV 8 biocytin crystals were
placed on top of SN/VTA, incubating for 2 h allowing the uptake of biocytin and were
washed with IM, subsequently.

Then, cultures were re-incubated with IM containing the pharmacological substances
as previously described [29,75]. After 48 h (on DIV 10) the co-cultures were immersion-
fixed (see above) and cut into 50 µm horizontal sections using the vibratome. The uptake
of the anterograde tracer biocytin was labelled using the avidin–biotin complex (1:50, ABC-
Elite Kit, Vector Laboratories, Inc., Burlingame, CA, USA) and the nickel/cobalt intensified
3,3′-diaminobenzidine hydrochloride (DAB; Sigma-Aldrich) was used as a chromogen.
All dyed sections were transferred on glass slides, dehydrated in a sequence of increasing
ethanol concentrations, and covered with Entellan (Merck, Darmstadt, Germany).

4.7. Neurite Fibre Density Quantification

It has been shown that dopaminergic neurons in the mesocortical projection system
develop their typical innervation pattern in the organotypic slice co-cultures [29]. For
quantifying neurite fibre outgrowth from SN/VTA to PFC previously described protocols
have been applied [33,48,73]. Slices were used for analysis only if they fulfilled defined
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criteria, e.g., the slice cultures should have maintained their cellular organization, the tracer
should be placed correctly on the SN/VTA, there had to be a dense network of labelled cell
bodies in the SN/VTA, there had to be no labelled cell bodies in the PFC [75].

Image analysis: Raw images from the border region (where the two initially separated
brain slices were attached) were taken in 40-fold magnification with an AxioCam ICc
1 camera (Carl Zeiss Jena, Germany) on a light microscope (Axioskop 50; Zeiss Oberkochen,
Germany). For quantifying the fibre density, an automated image analysis according to a
previously described technique was used [76].

After pre-processing and image binarization, the area occupied by neurite fibres was
analysed. In detail, the number of pixels occupied by neurite fibres was divided by the
number of pixels of the whole image, giving the percentage of the area occupied by neurite
fibres called the neurite fibre density. In the shown data, one sample corresponds to
the average value of the neurite fibre density (n = 4 slices) measured from one animal
(4–9 samples (animals) were used per substance; for details see the legend of Figure 2).

4.8. Multiple Immunofluorescence Labelling

The free-floating slices (50 µm) were pre-incubated with a blocking solution (0.05 M
Tris-buffered saline (TBS), pH 7.6), supplemented with foetal calf serum (FCS, 5%) and
Triton X-100 (TX-100; 0.3%). After 30 min the slices were incubated in a mixture of pri-
mary antibodies diluted in the blocking solution for 48 h at 4 ◦C. The following primary
antibodies were used: goat anti-glial fibrillary acidic protein (GFAP; 1:300; Santa Cruz
Biotechnology, Inc., Heidelberg, Germany), mouse anti-GFAP (1:1000; Sigma), rabbit anti-
GPR17 (1:100; Cayman Chemical, Ann Arbor, Michigan, USA), rabbit anti-GPR17 (1:1000;
Sigma-Aldrich), goat anti-ionized calcium binding adaptor molecule 1 (Iba1; 1:100; abcam,
Cambridge, UK), mouse anti-microtubule associated protein 2 (MAP2; 1:200; Chemicon
International, CA, USA), goat anti-MAP2 (1:100; Santa Cruz), rat anti-myelin basic pro-
tein (MBP; 1:200; Millipore), rabbit anti-NG2 chondroitin sulphate proteoglycan (NG2;
1:200; Millipore), mouse anti-neurofilament (160 kD, NFL Medium, 1:400; abcam), mouse
anti-neuronal nuclei (NeuN) (1:100; Chemicon International), mouse anti-tyrosine hydrox-
ylase (TH; 1:1000; Chemicon International) and mouse anti-βIII-Tubulin (1:400; Promega,
Fitchburg, WI, USA).

After washing the slices with TBS three times for 5 min, secondary antibodies were
applied with blocking solution and incubated for 2 h. For the simultaneous visualization
of the different primary antisera a mixture of the following secondary antibodies was
used, specific for the appropriate species IgG (rabbit, mouse, goat). Carbocyanine (Cy2-
(1:400), Cy3- (1:800), Cy5- (1:100)) conjugated IgGs; all Jackson ImmunoResearch, West
Grove, PA, USA) diluted in the blocking solution were applied for 2 h at room temperature.
Finally, Hoechst 33342 (Hoe, final concentration 40 mg/mL, Molecular Probes, Leiden,
Netherlands) was added for nuclear staining for 5 min in TBS at room temperature. After
intensive washing and mounting on glass slides, sections were dehydrated and covered
with Entellan (Merck).

No immunofluorescence was observed when slices were incubated in TBS without
the primary antibody.

Image analysis: Multiple immunofluorescence was investigated by using a confocal
laser scanning microscope (LSM 510 Meta, Zeiss, Oberkochen, Germany) working with
excitation wavelengths of 488 nm (argon, yellow-green Cy2-immunofluorescence), 543 nm
(helium/neon1, red Cy3-immunofluorescence), and 633 nm (helium/neon2, blue Cy5-
immunofluorescence). An ultraviolet laser (362 nm) was used to excite the blue-cyan Hoe
33342 fluorescence.

4.9. Analysis of mRNA-Expression

The tissue of the dopaminergic slice co-cultures was obtained after DIV 10. After
putting the membrane inserts in 4 ◦C cold phosphate buffer solution (PBS; pH 7.3–7.4)
PFC and SN/VTA were separated with a scalpel. Out of each well, four slices of PFC
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and four slices of SN/VTA were put into one tube and considered as one sample (the
sample preparation was replicated four times, each using an individual animal). Then,
TRIzol reagent (Life Technologies, Gaithersburg, MD, USA) was used to isolate RNA
following the manufacturer’s protocol. After the first centrifugation, ethanol and GlycoBlue
(Life Technologies) were added to the samples for optimal visibility of the pellets. RNA
integrity and concentration were analysed with NanoDrop 1000 (NanoDrop Technologies,
Wilmington, DE, USA).

The cDNA-synthesis was accomplished using the RevertAidTM H Minus First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific Inc.) and a thermal cycler (MJ Research Inc.,
St. Bruno, QC, Canada). Subsequently, the samples were diluted 20-fold using distilled and
RNAse/DNAse free water. Afterwards, 5 µL SYBR Green qPCR Master Mix (2X; Thermo
Fisher Scientific Inc.) and 1 µL primer dilution (5 µM each) were added to 4 µL sample
dilution. Then, qPCR was performed using a StepOnePlus™ Real-Time PCR System
(Thermo Fisher Scientific Inc.). As reference housekeeping gene (HKG) mitochondrial
ribosomal protein L32 (Mrpl32) was chosen.

The expression of the following target genes was analysed using primer sequences of
growth associated protein 43 (GAP43), GPR17, interleukin-1β (IL-1β), MBP, neurofilament
light chain (NFL), TH (Table 1). The following primers were supplied by Eurofins Genomics
(Ebersberg, Germany): rat GAP43, rat GPR17, rat MBP, rat MrpL32, rat NFL and rat TH.
Rat IL-1β was supplied by Sigma-Aldrich.

The Hot Start Polymerase was activated by a 15 min pre-incubation at 95 ◦C, followed
by 55 amplification cycles at 95 ◦C for 10 s, 60 ◦C for 10 s and 72 ◦C for 10 s.

A melting curve analysis was performed to verify correct qPCR products. The fol-
lowing appropriate controls have been used: no template control (water) and “reverse-
transcription-minus control”, in order to exclude the presence of genomic DNA in the
samples. Quantification of gene expression was performed by the ∆CP method with
MrpL32 serving as reference housekeeping gene. Expression levels of the respective re-
ceptors are expressed as ∆CP with the HKG MrpL32. Data are shown as bar charts (each
sample n is equal to four slices of either PFC or SN/VTA of the respective animal).

4.10. Western Blot

At first, PFC and SN/VTA of cultured or native tissue were transferred into one tube,
respectively. Then, 5 µL of Triton-X lysis buffer (NaCl (120 mM)), Tris (25 mM), EDTA
(1 mM), TX-100 (1%), 1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich) and
protease inhibitor mix (0.5%; Sigma-Aldrich) were added to the samples at pH 7.4. The
samples were homogenized, 15 min incubated on ice and then centrifuged at 5000× g at
4 ◦C. The supernatants were collected, and protein determination was performed using
PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific Inc.). The samples were diluted
with sample buffer (1.4-dithiothreitol (DTT) (500 mM), Tris (312.5 mM), glycerol (25%),
sodium dodecyl sulphate (SDS, 10%), bromophenol blue (0.005%), pyronin Y (0.005%)),
pH 6.8.

This solution was cooked for 5 min at 95 ◦C. For performing SDS-PAGE Mini-
PROTEAN Tetra Cells (Bio-Rad Laboratories GmbH, Munich, Germany) were used. At
first, the 10% separating SDS polyacrylamide gel was placed in the mini cells. Before the
5% polyacrylamide stacking gel followed, 200 µL isopropanol were placed on top of the
separating gel for 30 min for an ideal flat surface and were then sluiced down. The elec-
trophoresis cells were filled with 1x Laemmli buffer (10x Laemmli buffer: glycin (1.92 M),
Tris (250 mM), SDS (1%)). The calculated sample volume and 10 µL molecular weight
marker (ColorPlusTM Prestained Protein Ladder, Broad Range; New England Biolabs Inc.,
USA) were pipetted into the notches. The electrophoresis cells were connected to a power
source and the gels were run for 2 h at 50 V and 400 mA.

After the gel electrophoresis, the separating gels were transferred into cathode buffer.
Proteins were then transferred onto a polyvinylidene difluoride (PVDF) membrane (Wes-
tran; pore size 0.45 µm). The blotting was performed for 90 min at 1.75 mA/cm2. Subse-
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quently, the PVDF membrane was stained with Ponceau S dye (Carl Roth GmbH + Co. KG;
Karlsruhe, Germany) in order to make the protein bands visible.

The PVDF membrane was incubated with a blocking solution for 1 h (5% milk powder,
Tris-buffered saline with Tween20 (TBST)). As primary antibody the rabbit anti-GPR17
antibody (Sigma-Aldrich; 1:1000) was used, which was normalized to β-Actin (Sigma-
Aldrich; 1:5000). The primary antibody was applied in a blocking solution (5% milk powder,
0.1% NaN3) and incubated for 24 h at 4 ◦C. The secondary antibody was incubated in a
blocking solution (5% milk powder, TBST) for 1 h at room temperature.

A chemiluminescent solution was applied (Super Signal West Femto Maximum Sen-
sitivity Substrate; Thermo Fisher Scientific Inc.) and after 60 s images of the membrane
were taken with a CCD camera (Diana II, Raytest, Isotopenmeßgeräte GmBH, Strauben-
hardt, Germany) and by using ImageJ (open source, Rasband: https://imagej.nih.gov/ij/;
accessed on 8 June 2021).

4.11. Analysis of Cell Injury

As described previously [48], for all pharmacological treatments it was tested if they
were toxic to the organotypic co-cultures by measuring the release of lactate dehydrogenase
(LDH) in the IM. Briefly, the samples of IM were collected at DIV 1, 3, 5, 8 and 10 (before the
cultures were fixed) and stored at −20 ◦C for short time. When after thawing the samples
reached room temperature LDH activity was measured following the protocol described
by [76]. The samples were applied to a 96-well plate format using a filter based micro
plate reader device (POLAR®star Omega, BMG LABTECH GmbH, Ortenberg, Germany).
Briefly, a sample volume of 40 µL was pipetted into the wells followed by 80 µL reaction
reagent (40 µL phosphate buffer, 20 µL sodium pyruvate (1.9 mM; Sigma-Aldrich), 20 µL
NADH (166.67 µg/mL; Sigma-Aldrich). Then, LDH activity was calculated by measuring
the decrease in absorption of NADH at 340 nm (every 10 s for 3 min).

To exclude variations due to temperature changes between individual sets of measure-
ments, LDH activity of all samples has been normalized to the control sample (untreated)
at DIV 1 of the respective preparation.

4.12. Electron Microscopy

Fixation: For electron microscopy, rats (three 12-day-old rats) were transcardially
perfused using 0.1 M PB containing 4% PFA and 1.5% glutaraldehyde (high purity, Serva).
The tissue slice co-cultures were fixed with 0.1 M phosphate buffer (PB) containing
4% paraformaldehyde and 0.05% glutaraldehyde (high purity, Serva).

Fixed brains and co-cultures were further processed for electron microscopic analysis
of presence of myelin-like elements. Using a Leica vibratome, horizontal sections (50 µm)
of the mesencephalon were cut and the region of interest (PFC, SN/VTA) dissected. From
the co-cultures of PFC and SN/VTA complex vibratome sections containing the connecting
bridge between both tissue parts were performed. Selected sections were osmicated in
0.5% OsO4 in 0.1 M PB for 30 min, block-stained with 1% uranyl acetate, dehydrated and
flat-embedded in resin (Durcupan, Fluka, Buchs, Switzerland) on glass slides. Ultrathin
sections were cut by an Ultracut (Leica) and collected on single-slot Formvar-coated copper
grids. Digital images of myelin-like structures/sheets in the regions of interest were taken
by a transmission electron microscope Leo 906 E (Zeiss).

4.13. Statistics

Data are presented as mean ± S.E.M. in this study. All data were tested for normality
and homogeneity of variance. The applied statistical tests are specified in the figure legends
and the results (e.g., ANOVA on ranks). The probability level of 0.05 or less was considered
to reflect a statistically significant difference. Significance is given as * p < 0.05, ** p < 0.01.
All quantitative data have been analysed with Origin® statistical analysis program (Origin®

2018b, www.originlab.com/2018b, accessed on 23 July 2021).
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CysLT-R cysteinyl leukotriene receptor
GAP43 growth associated protein 43
GDNF glial cell line-derived neurotrophic factor
GPR17 G-protein coupled receptor 17
IL-1β interleukin-1β
LDH lactate dehydrogenase
LTC/D4 Leukotriene C/D4
MBP myelin basic protein
MTK Montelukast
NFL neurofilament light chain
NG2 neural/glial antigen 2
NeuN neuronal nuclei antigen
OPC oligodendrocyte precursor cell
PFC prefrontal cortex
PSB-16282 (PSB1) 3-(2-Carboxyethyl)-4-fluoro-6-(5-methylhexyloxy)-1H-indole-2-carboxylic acid
PSB-16484 (PSB2) 3-(2-Carboxyethyl)-4-fluoro-6-iodo-1H-indole-2-carboxylic acid
RT-qPCR reverse transcription-quantitative real-time PCR
SDS sodium dodecyl sulfate
SN/VTA substantia nigra/ventral tegmental area
TH tyrosine hydroxylase
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Abstract: Multiple sclerosis (MS) is an autoimmune inflammatory disease of the central nervous
system that leads to the progressive disability of patients. A characteristic feature of the disease is the
presence of focal demyelinating lesions accompanied by an inflammatory reaction. Interactions be-
tween autoreactive immune cells and glia cells are considered as a central mechanism underlying the
pathology of MS. A glia-mediated inflammatory reaction followed by overproduction of free radicals
and generation of glutamate-induced excitotoxicity promotes oligodendrocyte injury, contributing to
demyelination and subsequent neurodegeneration. Activation of purinergic signaling, in particular
P2X7 receptor-mediated signaling, in astrocytes and microglia is an important causative factor in
these pathological processes. This review discusses the role of astroglial and microglial cells, and in
particular glial P2X7 receptors, in inducing MS-related neuroinflammatory events, highlighting the
importance of P2X7R-mediated molecular pathways in MS pathology and identifying these receptors
as a potential therapeutic target.

Keywords: purinergic receptors; neuroinflammation; autoimmune disease; microglia; astroglia

1. Introduction

Multiple sclerosis (MS) is a chronic immune-mediated inflammatory disease of the
central nervous system (CNS) with unknown etiology that mainly affects young adults,
leading to the progressive physical disability and mental stress of patients. This mul-
tifactorial disease is characterized by infiltration of activated peripheral immune cells
into the brain and spinal cord with subsequent immune-mediated demyelination and
neurodegeneration accompanied by inflammation. The presence of focal demyelinating
lesions in the white and grey matter of brain and spinal cord of MS patients, connected
with reactive micro- and astrogliosis, is a main diagnostic hallmark of the disease. The
pathological basis of these lesions is a selective and primary disruption of myelin sheaths
with subsequent axonal degeneration and loss of neurons. Development of lesions in
cerebral cortex characterizes the evolution from an early relapsing/remitting phase (RR)
into a secondary progressive (SP) phase of the disease [1].

The clinical symptoms of the disease, such as imbalance, muscle weakness, motor
dyscoordination, pain, paralysis, cognitive impairment, and depression [2], are correlated
with the injured anatomical region of the CNS. The MS etiology is still unknown, although
genetic, hormonal, and environmental factors are indicated as significantly influencing
the development of the disease. A recent study using single-nucleus RNA sequencing
demonstrated region-specific transcriptomic alternations associated with selective damage
of neurons in cortical layers associated with the upregulation of stress pathway genes and
long non-coding RNAs. This study revealed the vulnerability of oligodendrocytes, reactive
astrocytes, and activated microglia which appear most frequently in the areas surrounding
MS lesions [3].
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Activated glial cells, both microglia and astroglia, substantially contribute to MS
pathogenesis and progression by driving and accelerating inflammatory reaction, generat-
ing free radicals and releasing cytotoxic excitatory amino acids. All these factors contribute
to oligodendrocyte injury, myelin damage, and axonal degeneration, finally leading to the
death of neurons. Extracellular ATP (eATP) and plethora of its receptors are of importance
in neuron–astrocyte–microglia intercommunication in pathological mechanisms occurring
in MS. Recent studies demonstrated that glial cells expressing P2X7 receptors (P2X7Rs) are
involved in eATP-dependent signaling involved in the crucial pathological mechanisms
at early and progressive stages of MS and experimental autoimmune encephalomyelitis
(EAE) [4].

This review focuses on the role of microglial and astroglial cells in MS pathology
based on clinical and experimental data, and discusses the involvement of P2X7 purinergic
receptors into glia-mediated neuroinflammation.

2. Multiple Sclerosis and Neuroinflammation
2.1. Neuroinflammation during the Course of MS

Focal demyelinated lesions are present in the white matter, as well as in the grey matter
of cortex, the basal ganglia, brain stem, and spinal cord [5]. The inflammatory reaction is
initiated around post-capillary venoles and veins, spreading further into the surrounding
normal-appearing white and grey matter [6]. Perivascular inflammatory infiltrates are
composed of T cells, B cells, and immunoglobulin-positive plasma cells, whereas active
demyelinating plaques consists mainly of macrophages and activated microglia. CD3+,
CD4+, and CD8+ T cells outnumber CD20-positive B cells and plasma cells [7,8], although
a subset of inflammatory immune cells differs in composition depending on the brain
region (perivascular area vs. parenchymal space) and the stage of the disease (initial vs.
advanced) [5]. Activated autoreactive CD4+ cells release pro-inflammatory mediators, such
as IFN-γ and/or IL-17, thus driving inflammation. Monocytes recruited from the blood in
response to chemokine signaling also constitute a significant component of myelin lesions.
Their concentration in lesions has been shown to be positively correlated with the severity
of neurological deficits during EAE, whereas depletion of monocytes delays the onset and
severity of the disease [9,10]. Activated by cytokines/chemokines, including GM-CSF,
INF-γ, and TNF-α, monocytes are transformed into a pro-inflammatory M1 phenotype,
expressing MHC II antigens and producing pro-inflammatory factors, proteases, as well
as reactive oxygen (ROS) and nitrogen (NRS) species [11]. Thus, migration of immune
cells via the blood–brain barrier (BBB), in order to colonize the CNS is a critical step of
the disease, contributes to the development of inflammatory cascade. During the course
of the disease, in a progressive phase, massive inflammation is observed and mediated
by CD4+, CD8+ cells, B cells, and monocytes, and amplified by activated glial cells in
response to the presence of disturbed myelin and damaged tissues [12]. The spreading
inflammatory process is characterized by upregulation of cytokines, chemokines, and
adhesion molecules of both a pro- and anti-inflammatory nature [13]. This situation
is aggravated by dysfunction of regulatory T lymphocytes (Tregs) that physiologically
suppress autoimmune processes but are impaired in MS patients [14].

MS is considered as an inflammatory disease with a neurodegenerative component,
in which an autoimmune inflammatory reaction is accompanied by degeneration of the
demyelinated nerve fibers. However, the issue has not been resolved within this sequence
of events [15]. Oxidative stress [16] and glutamate-induced excitotoxicity [17] are the main
mechanisms, contributing significantly to neurodegeneration in MS pathology, in which
glial cells are strongly involved.

2.2. Microglia as Contributors to MS-Related Neuroinflammation

Microglia are resident immune competent cells of the CNS, guarding the homeostasis
and protecting nervous tissue against various pathological stimuli [18]. Under “resting”
conditions, they in fact function as dynamic sensors that continuously “scan” their en-
vironment [19]. In the homeostatic state, they express specific surface markers such as
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transmembrane protein 119 (TMEM119) and purinergic receptor P2Y12 (reviewed in: Guer-
rrero and Sicotte, 2020, [20]). Depending on the insult, they exhibit different features, either
protecting the tissue or exacerbating the injury. When activated under pathological condi-
tions, microglial cells respond rapidly to neuronal distress changing their morphology from
ramified to amoeboid. Quiescent state is characterized by small soma, multiple delicate
processes, flattened nucleus, and small Golgi apparatus. While transforming to the active
state, microglial cells enlarge the soma, retract processes, and overexpress immunomod-
ulatory factors [21]. Two phenotypes of microglia have been classically distinguished:
proinflammatory (M1) and anti-inflammatory (M2). This distinction is currently not ob-
vious, as it has been suggested that microglial phenotypes are transient and demonstrate
temporal and spatial profiles of transformation following an active response to the changes
in the tissue microenvironment [22].

Microglia are implicated in multiple inflammatory and neurodegenerative diseases,
including MS. These cells are a key player in the mechanisms underlying MS pathology
exhibiting complex roles linked to the stage of the disease. They are critical for antigen
presentation to T cells, development and exacerbation of inflammation, and subsequent
synaptic loss. However, they can also modulate the inflammatory response and provide the
protective functions by phagocytosis of tissue remnants and participation in the processes
of tissue repair [23,24]. Moreover, phagocytosis of myelin debris in MS lesions, and
expression of anti-inflammatory and protective factors by activated microglia, are essential
processes to promote remyelination and enhance neuronal survival [25,26]. Protective
factors released from microglia include neurotrophins such as nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), and basic fibroblast growth factor (bFGF) [21].

As immune competent cells of the CNS, microglia participate in immune response via
interactions with other immune cells. There is a cross-talk between microglia and peripheral
immune cells that are both present in MS lesions. Activated microglia, presenting MHCs
antigens class I and II recognized by T cells, participate in the further recruitment of
adaptive immune Th1 and Th17 cells into the CNS [27]. While interacting with cytotoxic
T-lymphocyte-associated antigen 4 (CTLA4), microglia induce apoptosis of T cells, whereas
the binding of microglia-derived molecules B7-1 and B7-2 to CD28 antigen stimulates the
proliferation of T cells and release of cytokines [28].

In an early stage of MS, the initial pool of phagocytic cells in lesions is mainly com-
prised of microglia, as measured by their specific marker TMEM119 [29]. Increased expres-
sion of this marker was observed in MS patients [30]. As the disease progresses, peripheral
macrophages are increasingly recruited [31]. Active demyelinating plaques in MS-diseased
persons are occupied by phagocytic cells of both activated microglia and macrophages
origin that contain products of myelin degradation and tissue debris, and highly expressed
NADPH oxidase indicating oxidative stress-related damage [32]. Active demyelination is
usually associated with a proinflammatory type of microglia, as indicated by the dominant
expression of proinflammatory markers such as CD68 (involved in phagocytosis) and
p22phox (involved in the production of reactive oxygen species), as well as CD86 and class
II MHC antigens [29]. In the later stages of the disease, microglia/macrophages switches to
an intermediate phenotype and co-expresses pro- and anti-inflammatory markers. Inactive
lesions mainly consist of CD206-, CD163- and ferritin-positive microglia, indicating anti-
inflammatory type [33]. In turn, the animal models of MS show that the presence of myelin
debris in microglia is connected with a pro-regenerative phenotype expressing arginase-1,
CD206, and insulin-like growth factor-1(IGF-1) necessary for remyelination [20,34].

Experimental evidence obtained using an EAE model of MS also confirms the sig-
nificant impact of microglial pool of cells over the course of the disease. As reported,
activation of microglia occurs in brains of EAE rats very early at a asymptomatic phase of
the disease, as evidenced by highly increased immunoreactivity of microglia/macrophage-
specific protein Iba-1 and morphological characteristics of microgliosis [35]. Regulation of
microglia activity influences the outcome of the disease. The progression and the severity
of neurological symptoms significantly declines after inhibition of macrophages/microglia
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at the developmental phase of the EAE, and the onset of the neurological deficits is de-
layed [36,37]. Targeting microglia activation by drugs such as minocycline, interferon-β,
or fingolimod has been shown to have beneficial effects in reducing inflammation in both
clinical and experimental studies of MS (reviewed in [38]). Finally, genetic factors found to
be of importance for susceptibility to MS are more frequently related to microglia than other
glial cells or neurons [39]. Over-expression of these risk genes highlights the significant
contribution of microglia to the mechanisms underlying MS pathogenesis.

2.3. Astroglia as Contributors to MS-Related Neuroinflammation

Astrocytes are the most abundant type of glial cells population of the CNS. These cells
maintain the optimal microenvironment for neuronal function [40] and play a crucial role
in a variety of processes related to the normal neuronal development, synaptogenesis [41],
brain microcirculation, propagation of action potentials, or immunomodulation [42]. As-
troglial processes surround neuronal synapses acting functionally as a tripartite synapse
wherein they regulate ion and neurotransmitter homeostasis, support neurons metaboli-
cally, as well as control and regulate synaptic activity [43].

Astrocytes express a variety of, often specific, anion channels [44], hemichannels [40],
and receptors, including ionotropic purinergic receptors [45]. It is well defined that the
release of gliotransmitters (amino acids, ATP and peptides) into the extracellular space ap-
pears via Ca2+-dependent exocytosis [46]. It should also be emphasized that astrocytes act
as an integrated system sensitive to signals derived from all cells that form the syncytium.

A great amount of attention is paid to understanding of the mechanistic processes re-
lated to the astroglia dysfunction in response to immune attack, chronic neurodegenerative
diseases, or brain injury. It is well accepted that, upon stimulation, morphologically and
physiologically abnormal reactive astrocytes may interact with other cells in the CNS in a
beneficial or negative way [47].

The characteristics of astrocytes and their perivascular location allow them to play
a crucial role during lesion formation and to provide the access of peripheral immune
cells into the CNS. In active lesions, astroglia acquire a hypertrophic morphology, as
expressed by massive enlargement of the cell soma and reduced processes density that
are most likely initiated by the failure of the astrocyte–oligodendrocyte network [9]. It is
well established that, in the EAE experimental model of the disease, astrocytes become
activated in the developing lesions before significant immune cell infiltration into the
parenchyma, suggesting fundamental role of these cells in the lesion development [48].
Astrocyte activation associated with alterations in gene expression and cell hypertrophy
was found to be followed by long-lasting scar formation and, in more advanced stages of
the disease, with rearrangement of tissue structure.

In the injured CNS, reactive astrocytes form a glial scar and are considered to be
detrimental for axonal regeneration. Astrocyte activation appears via canonical signaling
cascades, represented by NF-κB pathway that is crucial for neuroinflammation [49] and
regulation of innate and adaptive immunity processes. Astrocytic NF-κB signaling is
directly activated upon stimulation with the pro-inflammatory cytokines TNF-α and IL-1β,
through TLR signaling and various other agents including myelin, mitogens, and free
radicals [50]. The downstream NF-κB pathways in astrocytes are involved both in the
initiation and exacerbation of inflammatory state in the CNS. A study using transgenic
mouse model with astrocyte-specific disruption of NF-κB demonstrated a significant
improvement of tissue damage and amelioration of clinical symptoms of EAE and spinal
cord injury (SCI).

One of the mechanisms by which astrocytes are activated in MS is a signal transducer
and activator of transcription 3 (STAT3)-mediated pathway. It is well established that upreg-
ulation of STAT3 activity occurs after pathological stimulation followed by inflammation
and injury of the CNS [51]. Pro- and anti-inflammatory pathways activate STAT3 signaling
in astrocyte. Great examples are IFN-γ and IL-6 family cytokines that induce STAT3 phos-
phorylation by binding to the gp130 cell-surface receptor [52]. STAT3-mediated signaling
in astrocytes was also characterized as a major player in inhibition of CNS inflammation
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in astrocyte-specific STAT3 knockouts. Herrmann et al. [53] showed that STAT3 deletion
rendered astrocyte resistant to activation and astroglial scar formation, and resulted in
active demyelination in the spinal cord lesions after SCI. Outlined changes were associated
with the spread of inflammation and an increased volume of SCI-induced lesions. These
findings clearly demonstrate that STAT3 signaling is a fundamental mediator of astrogliosis
and provide additional evidence that scar-forming astrocytes inhibit the spread of inflam-
matory signals upon SCI [51]. Furthermore, EAE mice with astrocyte-specific deletion of
the STAT3-activated gp130 receptor showed severe disease symptoms, as well as increased
infiltration of reactive T-lymphocytes in the areas of demyelination [54].

It is worth noting that disruption of astrocyte–neuron integrity is a common hallmark
of various human neurodegenerative diseases [55]. A recent study revealed that classically
activated pro-inflammatory microglia secreting Il-1α, TNF, and C1q may induce reactivity
of the astrocytes (known as a A1). The major sign of this astrocytic transformation is a lack
of the neuroprotective features or gaining novel neurotoxic properties. An in vitro study
using retinal ganglion cells co-cultured with A1 demonstrated the inhibition of the synapses
development compared to those grown with control astrocytes. Furthermore, A1 astrocytes
were found to secrete a soluble toxin that rapidly kills a subset of CNS neurons and mature
oligodendrocytes via induction of the apoptosis [47]. Studies using in vivo approaches
demonstrated that morphologically changed A1 astrocytes with numerous highly branched
processes are mainly localized in the gray matter. Reactive astrogliosis is characterized
by a range of functional changes that cause astrocytes unable to respond properly under
pathological conditions. Interestingly, microglia-mediated activation of astrocytes and
changes of astrocytic phenotype are abundant in almost all human neurodegenerative
disorders, including MS.

As outlined above, an increasing amount of evidence points towards the potential of
reactive astrogliosis to play either primary or secondary roles in disease progression by
disrupting normal glial functions or acquiring negative properties. It is also worth noting
that astrocytes in pathological processes associated with MS can acquire both neurotoxic
features related to the inflammatory signaling (regulation of leukocyte trafficking) and
neuroprotective properties represented by the promotion of tissue repair.

3. P2X7R-Mediated Signaling in Glial Cells
3.1. Purinergic P2X7 Receptor—General Characteristic

Mammalian P2X7Rs are the members of the P2X purinoceptor family consisting of
seven subtypes: P2X1, 2, 3, 4, 5, 6, and 7. These ligand-gated ion channels open in response
to the extracellular agonist which is adenosine triphosphate (ATP). The P2X7R is a trimer
composed of subunits, all of which share the common structure of two transmembrane
domains, N- and C-terminal regions and large extracellular loop [56]. Structurally, P2X7R
differs from other classes of the family in its long intracellular domain responsible for
the pore formation. This specific receptor is activated by high concentrations of ATP in
the millimolar range, whereas other members of P2XRs are stimulated by micromolar
concentrations of ATP [57]. C-terminus of P2X7Rs, which is longer than in other P2XRs,
has been identified as responsible for regulation of the receptor’s functions, including sig-
naling pathways, cellular localization, protein–protein interactions, and post-translational
modification [58,59].

Prolonged stimulation of P2X7Rs by ATP triggers formation of a non-selective pore,
which allows the passage of molecules of up to 900 Da, Na+, and Ca2+ influx, and K+

efflux, resulting in changes in the ionic homeostasis of the cell [60]. In addition, the P2X7R
may also mediate the large-scale release of intracellular ATP via its intrinsic pore or in
connection with pannexin hemichannels thereby augmenting purinergic signaling and
inflammation [61]. It is well known that P2X7-pannexin PANX1 pore complex critically
determines spreading of depolarization followed by activation of neuroinflammatory
machinery [62].
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Inflammation-related events associated with P2X7R downstream signaling include the
release of inflammatory mediators such as interleukin-1β and TNF-α. It is also becoming
increasingly apparent that ATP-dependent signaling via the P2X7R plays a crucial role in
astrocyte–neuron communications in a variety of pathological processes that occur in the
central and peripheral nervous systems [4]. This prominent function of P2X7 receptors was
strongly confirmed in a number of studies related to the neuronal degeneration, as well as
behavioral or cognitive disorders.

The strong expression of P2X7R was identified predominantly in cells of haematopoi-
etic linage such as monocytes, macrophages, mast cells, and microglia [63]. Within the
CNS, this receptor is also expressed in neuronal processes [64], Müller cells [65], Schwann
cells [66], oligodendrocyte precursor cells, and astrocytes [48]. The role of P2X7R-mediated
signaling in glial cells, particularly in the context of stimulation and progression of the
MS-associated pathology, will be discussed below in detail.

3.2. P2X7R-Mediated Signaling in Microglia

Extracellular ATP is a potent signaling molecule, important in cell–cell communication
in the CNS [67,68], which acts through an array of purinergic receptors, including the
ATP-gated ion channels, the P2X7R. This specific type of purinergic receptors, widely
expressed in the brain [69], has been shown to be substantially engaged in a variety of CNS
pathologies, including MS [70]. However, the role of this receptor in the pathomechanisms
and theclinical course of MS should be further clarified.

The microglial expression of both quiescent and activated P2X7R in the nervous system
has been reported [71,72]. As shown in primary hippocampal cultures, the overexpression
of P2X7R is crucial for driving activation and proliferation of microglia [73]. It has also
been confirmed that the activation of this type of receptor is strongly involved in the
development and propagation of inflammatory reaction [74,75] by releasing a variety of
proinflammatory cytokines such as interleukins: IL-1β, IL-18, IL-6, and tumor necrosis
factor (TNF-α) [76].

P2X7R activation connected with pore formation [77] results in the outward blebbing
of the microglial plasma membrane and the production of extracellular vesicles containing
the proinflammatory cytokine, IL-1β, as well as the diffusion of ROS through the plasma
membrane [78]. Recent data indicate that lysosomal exocytosis may be involved in the
process of IL-1β release, as the lysosomal co-expression of IL-1β and P2X7R has been
demonstrated [77]. Upon activation of the receptor, depolarization-induced K+ efflux and
downstream signaling via a caspase 1-dependent mechanism leads to the activation of the
NLRP3 inflammasome, a protein complex that participates in a proteolytic cleavage of an
inactive form of interleukin 1β (pre-IL-1β) and the release of the active cytokine [79]. This
primary event drives a self-propagating cycle via an autocrine mechanism and stimulates
astrocytes via a paracrine action, thereby initiating the subsequent inflammatory cas-
cade [21,80]. Stimulation of P2X7R is additionally linked to the activation of transcriptional
factor NF-kB that up-regulates the IL-1β gene [81].

Microglia that express pore-forming P2X7R exhibit enhanced vesicular exocytosis and
IL-1β release which then accelerates the trophic responses in microglia [77] and promotes
activation and proliferation of these cells [82] with concomitant induction of neurotoxicity
by stimulating the production of TNF-α and other toxic molecules such as IL-6 or reactive
oxygen species [74]. P2X7R-dependent expression of ATP-induced pro-inflammatory tumor
necrosis factor-α (TNF-α) is regulated in microglial cells by extracellular signal-regulated
Kinase (ERK) and c-Jun N-terminal kinase (JNK) [74]. Further, strong evidence indicates
that protein kinase δ (PKC δ) acts as an upstream regulator of ERK and JNKGGC [83]. It has
also been shown that microglial P2X7R is important in regulating the expression and the
release of not only proinflammatory cytokines, but also chemokines. ATP activates P2X7R
in microglia with subsequent overexpression of mRNA and release of CXCL2 chemokine
that facilitates neurotrophil infiltration. Calcineurin-dependent nuclear factor of activated
T cells (NFAT) and protein kinase C (PKC)/MAP kinase (MAPK) are downstream pathways
of P2X7R activation that are implicated in this chemokine release [84]. Moreover, via the
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intercellular communication, CXCL2 may potentiate the expression of other chemokines
such as monocyte chemoattractant protein 1 (MCP-1, CCL2), 10 kDa interferon-induced
protein (IP-10, CXCL10), and CCL5 in astrocytes [85]. The simplified scheme illustrating
the contribution of microglia to the mechanisms underlying MS pathology is presented in
Figure 1.
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Figure 1. Schematic representation of the protective and negative roles of microglia and their P2XR
in MS pathology. Activated microglial cells overexpress P2X7R whose overactivation, combined
with the pore formation, mediates activation of inflammasome and the release of proinflammatory
cytokines, chemokines, and reactive oxygen species (ROS) that exacerbate neuroinflammation. In
parallel, protective functions of reactive microglia may be activated, such as phagocytosis of myelin
debris, which subsequently triggers the release of neurotrophins and promotes remyelination (green
arrows indicate protective effects, red arrows indicate negative effects). See text for details.

3.3. P2X7R-Mediated Signaling in Astroglia

Extracellular purine (ATP, ADP)-mediated signaling has been recognized as a domi-
nant form of intercellular communication between astrocytes in the CNS, due to the ability
of these cells to release purines to modulate neuronal activity and interact with other types
of glia [86,87]. Moreover, purine-mediated astroglial signaling is disrupted in pathological
states. It is well established that activation of astroglial P2X7Rs are closely associated with
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processes that initiate neuroinflammation and neuronal dysfunction. These events strongly
depend on the pathological changes of astroglia that are related to the overproduction and
uncontrolled release of cytokines, glutamate, and reactive oxygen species from astrocytes,
all of which modulate astrocyte–neuron integrity and promote demyelination contributing
to the neurodegenerative processes [88].

Numerous studies have established the capacity of astrocyte to maintain neuronal net-
work homeostasis via a P2X7R-dependent purinergic signaling system. In the nervous sys-
tem, ATP is released from neuronal axon terminals during the process of neurotransmission,
as well as from astroglia. It is widely accepted that ATP is involved in synaptic transmission
in many brain regions [89]. ATP can be stored and released either on its own or together
with other neurotransmitters such as glutamate, GABA, noradrenaline or acetylcholine
(ACh). Furthermore, activation of P2X7 receptors also triggers the release of gliotransmit-
ters via exocytosis associated with the formation of P2X7-associated transmembrane pore
channels (e.g., hemichannels, pannexins, volume sensitive anion channels). For instance,
prolonged activation of P2X7Rs leads to a sustained glutamate release by hippocampal
astrocytes [90]. High concentrations of ATP, acting through P2X7Rs, were also shown to
significantly elevate production of endocannabinoid 2-arachidonoylglycerol in primary
cultures of astrocytes [91]. Furthermore, stimulation of P2X7Rs in the same experimental
condition has been found to act via different pathways including the release of TNF-α,
stimulation of nitric oxide (NO) production, elevation of AKT, and p38MAPK/ERK1/ERK2
phosphorylation, or activation of transmembrane transport of NADH [92–95]. In addition,
P2X7-mediated Ca2+ signaling was found to increase the production of lipid mediators of
inflammatory cysteinyl leukotrienes [96]. Implication of P2X7 receptors in the processes
related to the glutamate-glutamine pathway was observed in the RBA-2 astroglial cell line
which was represented by a rapid decrease in glutamate uptake by the Na+-dependent
transporter system and a decrease in the expression and activity of glutamine syntase. Fur-
thermore, it is well established that P2X7 receptors are crucial in controlling expression of
other purinoceptors and channels. For example, P2X7R stimulation increases expression of
P2Y2 receptors and decreases expression of aquaporin-4 in primary cultured astrocytes [97].

It has been revealed that P2X7Rs expressed by primary cultured astrocytes may be
activated in the absence of any exogenous stimuli, while knock-down of P2X7Rs decreases
pore activity of the astrocytic receptor. Astrocytes incubated with an inhibitor of F-actin
polymerization (CytD), an effective blocker of the phagocytosis, markedly reduced beads
uptake by P2X7R in a manner dependent on actin filaments rearrangement [98]. Another
study demonstrated that ATP stimulation of P2X7Rs causes a dissociation of MHC-IIa
from its complex with P2X7Rs, resulting in decreased phagocytic activity [99]. These data
suggest that basal activity of P2X7R expressed by resting astrocytes mainly regulates their
engulfing features.

Constitutive activation of the astrocytic P2XRs is implicated in the clearance of the
metabolic product of signaling molecule which is adenosine [100,101]. Proinflammatory
stimulation with extracellular ATP via P2XRs at microlomar concentration significantly
activates the release of purine nucleoside phosphorylase (PNP) by astrocytes in vitro.
Interestingly, PNP release from glial cells partially occurred through the activation of the
lysosomal pathway [102].

The simplified scheme illustrating contribution of astroglia to the mechanisms under-
lying MS pathology is presented in Figure 2.
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Figure 2. Schematic representation of the protective and negative roles of astroglia and their P2XR
in MS pathology. Activated astrocytes overexpress P2X7R whose overactivation mediates efflux of
neurotoxic factors such as extracellular ATP, calcium ions (Ca2+) and glutamate, as well as proin-
flammatory cytokines and chemokines that exacerbate neuroinflammation. In parallel, protective
functions of reactive astroglia may be activated that are relevant to the processes of glial scar for-
mation and remyelination. (green arrows indicate protective effects, red arrows indicate negative
effects). See text for details.

4. The Involvement of Glial P2X7R-Dependent Signaling into MS Pathology
4.1. Microglial P2X7R-Mediated Signaling in MS/EAE

In the context of MS/EAE pathology, P2XR has been first described to express in
oligodendrocytes and myelin sheaths and to induce oligodendroglial cell death in vitro
and in vivo. Functional P2X7R contributed to neuronal deficits in EAE animals and was also
noticed in MS before lesion formation [103]. In post-mortem-collected MS tissue, increased
expression of P2X7R in demyelinating plaques adjacent to blood vessels was shown within
activated microglial cells/macrophages [104] where they released IL-1β via the induction
of cyclooxygenase-2 and downstream pathogenic mediators [71]. Interestingly, in contrast
to these results, in samples of frontal cortex obtained from secondary progressive form of
MS, P2X7R expression was not detected either on resting or activated microglia [104].
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Evidence from experimental studies using the EAE model of MS indicate that mi-
croglia are involved in inducing neuroinflammation via a P2X7R-dependent mechanism.
P2X7R deficiency was shown to reduce the development of the disease in mice, inhibit
inflammatory reaction, prevent ATP excitotoxicity in oligodendrocytes, and decline the
axonal injury [103,105,106]. However, opposite results were also reported, describing
exacerbation of the disease in P2X7R knockout mice [107]. Results of our studies showed
that pharmacological blockade of P2X7R by its selective antagonist brilliant blue G (BBG)
delays the onset of the disease and alleviates clinical symptoms in EAE rats. Moreover,
we observed substantially inhibited activation and proliferation of microglia, as shown by
decreased Iba-1 immunoreactivity and the morphological characteristics of microglial cells.
Concomitantly observed lowered protein expression of proinflammatory cytokines, IL-1β,
IL-6, and TNF-α, indicated inhibition of neuroinflammation. The P2X7R-dependent release
of the proinflammatory cytokines was constantly decreased during the entire course of
the disease after inhibition of the receptor with BBG [35]. Increased expression of P2X7R
in microglial cells with concomitant up-regulation of several inflammatory genes associ-
ated with the activation of the NLRP3-inflammasome and the polarization of microglia
to a pro-inflammatory phenotype was also observed in cuprizone model of demyelina-
tion [108]. Importantly, cuprizone-induced demyelination does not fully reflect the pattern
of immune cell-related demyelination present in MS/EAE. However, P2X7R knockouts
subjected to cuprizone toxicity showed attenuated micro- and astrogliosis, as well as the
down-regulation of pro-inflammatory genes. The simplified summary illustrating the
functional role of PX2R in different experimental models of MS pathology is presented in
Table 1.

Table 1. Functional role of P2X7R during MS; results from experimental animal models.

P2X7 Targeting Approach Model Effect Reference

Brilliant blue G
(antagonist) Acute EAE rats Reduced onset of the disease; reduced

astrogliosis and microglia proliferation
[35]

[109]
Brilliant blue G

(antagonist) Chronic EAE mice Reduced demyelination;
ameliorated neurological abnormalities [103]

Oxidized ATP
(oxATP antagonist) Chronic EAE mice Inhibition of clinical symptoms and

demyelination; reduce antigen T cell [106]

Cuprizone
(demyelination inducer) P2X7 null mice Inhibition of astrogliosis and

microglia activation [108]

As mentioned, migration of activated peripheral immune cells, including monocytes,
into the CNS is a critical step in the development of neuroinflammation in MS/EAE.
Monocytes/macrophages are known to highly express P2X7R. The P2X7R-dependent
release of CXCL2 chemokine was presented as an important factor in facilitating neutrophil
infiltration in an experimental model of MS [110]. P2X7R protein expression was found to be
diminished in monocytes in an acute phase of the disease, both in patients and EAE animals.
Moreover, the protein levels of the receptor decreased in healthy monocytes subjected to
pro-inflammatory stimuli in vitro. In MS tissue the receptor was lost on both CD14/CD68-
or CD14/MHC-II-positive cells near the endothelium of the blood vessels [104]. The authors
hypothesized that upregulation of P2X7R might be detrimental to monocytes, therefore
secondary autocrine/paracrine down-regulation of P2X7R is triggered to support their
survival and invasion into the CNS, thereby contributing to the induction and propagation
of neuroinflammation.

4.2. Astroglial P2X7R

In MS patients, P2X7R was found to be upregulated in the parenchymal astrocytes of
frontal cortex from SP type of the disease [104]. Several pathological and morphological
changes related to the reactive astrogliosis, such as hypertrophy, proliferation, and overlap-
ping of cellular processes, resulting in the disruption of specific astrocytic domains, were
revealed in immunochemical studies. In addition, P2X7R-positive astrocytes mediated
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glial scar formation in the white matter of chronic lesions. The same study revealed co-
localization of the astrocytic P2X7R with the monocyte chemoattractant protein 1 (MCP-1),
previously found to be responsible for the leukocyte recruitment during the progression of
MS [111].

While modeling MS, it has been revealed that mice deficient in P2X7R function are
more resistant to EAE than wild-type mice and exhibit reduction in the CNS inflammation-
associated processes. Furthermore, within the CNS, astroglia-dependent axonal damage
was present, while the opposite effect was observed in the P2X7R null mice. Furthermore,
pharmacological inhibition of the receptor significantly abolished astrogliosis in rat EAE
and reversed neurological symptoms [105]. These evidences strongly suggest the crucial
role of astrocyte in MS pathology, which is associated with gaining new properties of the
cells negatively affecting neuronal function.

Studies from our laboratory focusing on the role of P2X7R-mediated signaling dur-
ing the course of EAE revealed strong P2X7R expression within the frontal motor and
somatosensory cortical brain regions, especially in the five and six layers of the cortex
neighboring to the cingulum brain area. Interestingly, these changes were associated with
the peak of neurological symptoms in immunized rats [109]. Another study using similar
experimental conditions revealed the appearance of the astrogliosis in rat forebrains at an
early stage of EAE. Overexpression of the specific astroglial markers occurred at fourth
day post-immunization. Interestingly, at the same time, astrocyte overexpressed connexin
43 and P2X7R, while inhibition of the P2X7R signaling with BBG abolished activation
of the astrocytes. Notably, administration of P2X7R antagonist partially reversed neuro-
logical symptoms developed during the disease progression. Given that astrocytes play
an important role in the pathogenesis of CNS by releasing several potentially neurotoxic
factors (e.g., ATP via purinergic system or glutamate), the dysfunction of activated astroglia
suggests pathological involvement of glia cells in MS/EAE starting from an early stage of
the disease [112].

As reported, overexpression of the astrocytic P2X7R in MS might be dependent on the
disorder progression. Moreover, upregulation of the P2X7R activity seems to be associated
not only with inflammatory reaction, but also with a variety of other processes related to
the MS pathology, including the removal of glutamate excess, modulation of Ca+ and ATP
efflux, glia scar formation, and lymphocyte homeostasis [113].

It is well accepted that activation of various astroglial receptors causes a transient
increase in the intracellular pool of Ca2+ within the astroglia [114,115]. A consequence of
the Ca2+ accumulation is a failure of astroglia to rapidly interact with neighboring cells
in the CNS in physiological and pathological conditions [116]. Considerable evidence
exists, supporting the role of Ca2+ signaling in astrocyte physiology. Synaptically released
neurotransmitters mediate Ca2+ signaling in astrocytes, and action potentials along axons
mediate the efflux of ATP and the intercellular propagation of astroglial Ca2+ signals. In
turn, astrocytes amplify this initial signal by transmission of the extracellular Ca2+ wave
to neighboring glia. Notably, propagation of these pathways was not observed in P2X7
knock-out mouse, providing the evidence that gliotransmitter-mediated signal propagation
and amplification is strongly dependent on the P2X7 receptors [116]. The evidence also
emerged that disruption of this pathway, negatively affecting the neuronal function, is
present in a variety of pathological conditions such as neurodegenerative processes.

The recent findings regarding the involvement of astroglia P2X7R in MS pathol-
ogy revealed the rapid elevation of Ca2+ in primary culture of astrocytes upon addition
of the isolated CNS-infiltrated immune cells (CNS IICs), predominantly represented by
CD4+ T cells, recruited from the periphery to the CNS of EAE rats [117]. Interestingly, CNS
IICs-stimulated Ca2+ elevation in astrocytes was markedly abolished by the specific block
of P2X7 receptors, and was mimicked by the stimulation of this glial receptor with a low
concentration of agonist. These results suggest that P2X7 receptor-dependent signaling
primarily involves CNS IICs–astrocyte interaction. Furthermore, activation of P2X7 recep-
tors appeared mainly in astroglia, while inhibition of the hemichannel-dependent ATP
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release in astrocytes declined Ca2+ accumulation, which was mediated after the addition of
CNS IICs. Although this review focuses on the PX72R, it should be mentioned that other
receptors abundantly expressed in glia cells represented by ionotropic P2X4, G protein-
coupled P2Y1, and P2Y2 receptors are also involved in the regulation of intracellular Ca2+

concentration (more detail in [118]). Taken together, presented data suggest that rapid
changes in the content of Ca2+ mediated by autoreactive immune cells involve astroglial
purinergic signaling and lead to the long-lasting morphological and physiological changes
of astroglia in EAE.

5. Conclusions

A growing body of evidence suggests heterogeneity of the processes related to MS
pathology in which glial cells are strongly involved. The sensitivity of glial cells to different
pathological stimuli and the potentiality to play dual role, positive or negative, point out
their importance for neuronal functioning during the disease. The loss of glia protective
functions, that is guarding and supporting of neuronal homeostasis, seems to be crucial for
pathological processes running in MS-affected CNS.

Recent studies indicate the importance of purinoreceptor-mediated signaling in the
glia–neuron cellular network. There is tempting evidence that suggests that activation of
the P2X7R is commonly present during MS development and P2X7R-mediated purinergic
signaling pathways, which drive and sustain neuroinflammation, significantly contributing
to MS/EAE pathology. Taken together, numerous experimental and clinical observations
indicate that both pools of glial cells that express P2X7R, microglia and astroglia, are
involved in pathological mechanisms operating at early and progressive stages of the
disease and should be considered as equally important in the pathogenesis of MS/EAE.
Therefore, future studies will have to account for the potential role of purinergic P2X7R as
a target for the promising therapeutic interventions in MS pathology.

Author Contributions: Conceptualization, L.S.; Writing—Original Draft Preparation, M.S.-W. and
L.S.; Writing—Review & Editing, L.S. and M.S.-W.; Visualization, L.S.; Funding Acquisition, L.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This manuscript is financed from the statutable funds provided by the Ministry of Educa-
tion and Science for Mossakowski Medical Research Institute Polish Academy of Sciences, Warsaw,
Poland (9/2021).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kuhlmann, T.; Ludwin, S.; Prat, A.; Antel, J.; Brück, W.; Lassmann, H. An updated histological classification system for multiple

sclerosis lesions. Acta Neuropathol. 2017, 133, 13–24. [CrossRef] [PubMed]
2. Boissy, A.R.; Cohen, J.A. Multiple sclerosis symptom management. Expert Rev. Neurother. 2007, 7, 1213–1222. [CrossRef]
3. Schirmer, L.; Velmeshev, D.; Holmqvist, S.; Kaufmann, M.; Werneburg, S.; Jung, D.; Vistnes, S.; Stockley, J.H.; Young, A.;

Steindel, M.; et al. Neuronal vulnerability and multilineage diversity in multiple sclerosis. Nature 2019, 573, 75–82. [CrossRef]
[PubMed]

4. Illes, P. P2X7 receptors amplify cns damage in neurodegenerative diseases. Int. J. Mol. Sci. 2020, 21, 5996. [CrossRef] [PubMed]
5. Lassmann, H. Multiple sclerosis pathology. Cold Spring Harb. Perspect. Med. 2018, 8, a028936. [CrossRef] [PubMed]
6. Frischer, J.M.; Weigand, S.D.; Guo, Y.; Kale, N.; Parisi, J.E.; Pirko, I.; Mandrekar, J.; Bramow, S.; Metz, I.; Brück, W.; et al. Clinical

and pathological insights into the dynamic nature of the white matter multiple sclerosis plaque. Ann. Neurol. 2015, 78, 710–721.
[CrossRef]

7. Hayashi, T.; Morimoto, C.; Burks, J.S.; Kerr, C.; Hauser, S.L. Dual-label immunocytochemistry of the active multiple sclerosis
lesion: Major histocompatibility complex and activation antigens. Ann. Neurol. 1988, 24, 523–531. [CrossRef]

8. Franciotta, D.; Salvetti, M.; Lolli, F.; Serafini, B.; Aloisi, F. B cells and multiple sclerosis. Lancet Neurol. 2008, 7, 852–858. [CrossRef]

80



Int. J. Mol. Sci. 2021, 22, 8404

9. Brosnan, C.F.; Bornstein, M.B.; Bloom, B.R. The effects of macrophage depletion on the clinical and pathologic expression of
experimental allergic encephalomyelitis. J. Immunol. 1981, 126, 614–620.

10. Ajami, B.; Bennett, J.L.; Krieger, C.; McNagny, K.M.; Rossi, F.M.V. Infiltrating monocytes trigger EAE progression, but do not
contribute to the resident microglia pool. Nat. Neurosci. 2011, 14, 1142–1150. [CrossRef]

11. Nally, F.K.; De Santi, C.; McCoy, C.E. Nanomodulation of Macrophages in Multiple Sclerosis. Cells 2019, 8, 543. [CrossRef]
[PubMed]

12. Henderson, A.P.D.; Barnett, M.H.; Parratt, J.D.E.; Prineas, J.W. Multiple sclerosis: Distribution of inflammatory cells in newly
forming lesions. Ann. Neurol. 2009, 66, 739–753. [CrossRef]

13. Matthews, P.M. Chronic inflammation in multiple sclerosis—Seeing what was always there. Nat. Rev. Neurol. 2019, 15, 582–593.
[CrossRef] [PubMed]

14. Kleinewietfeld, M.; Hafler, D.A. Regulatory T cells in autoimmune neuroinflammation. Immunol. Rev. 2014, 259, 231–244.
[CrossRef]

15. Barnett, M.H.; Prineas, J.W. Relapsing and Remitting Multiple Sclerosis: Pathology of the Newly Forming Lesion. Ann. Neurol.
2004, 55, 458–468. [CrossRef] [PubMed]

16. Pegoretti, V.; Swanson, K.A.; Bethea, J.R.; Probert, L.; Eisel, U.L.M.; Fischer, R. Inflammation and Oxidative Stress in Multiple
Sclerosis: Consequences for Therapy Development. Oxid. Med. Cell. Longev. 2020, 2020, 7191080. [CrossRef]

17. Groom, A.J.; Smith, T.; Turski, L. Multiple sclerosis and glutamate. Ann. N. Y. Acad. Sci. 2003, 993, 229–275. [CrossRef] [PubMed]
18. Mallucci, G.; Peruzzotti-Jametti, L.; Bernstock, J.D.; Pluchino, S. The role of immune cells, glia and neurons in white and gray

matter pathology in multiple sclerosis. Prog. Neurobiol. 2015, 127, 1–22. [CrossRef] [PubMed]
19. Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Neuroscience: Resting microglial cells are highly dynamic surveillants of brain

parenchyma in vivo. Science 2005, 308, 1314–1318. [CrossRef] [PubMed]
20. Guerrero, B.L.; Sicotte, N.L. Microglia in Multiple Sclerosis: Friend or Foe? Front. Immunol. 2020, 11, 374. [CrossRef]
21. Monif, M.; Burnstock, G.; Williams, D.A. Microglia: Proliferation and activation driven by the P2X7 receptor.

Int. J. Biochem. Cell Biol. 2010, 42, 1753–1756. [CrossRef]
22. Mathys, H.; Davila-Velderrain, J.; Peng, Z.; Gao, F.; Mohammadi, S.; Young, J.Z.; Menon, M.; He, L.; Abdurrob, F.; Jiang, X.; et al.

Single-cell transcriptomic analysis of Alzheimer’s disease HHS Public Access. Nature 2019, 570, 332–337. [CrossRef]
23. Lassmann, H.; Van Horssen, J.; Mahad, D. Progressive multiple sclerosis: Pathology and pathogenesis. Nat. Rev. Neurol. 2012, 8,

647–656. [CrossRef] [PubMed]
24. Voß, E.V.; Škuljec, J.; Gudi, V.; Skripuletz, T.; Pul, R.; Trebst, C.; Stangel, M. Characterisation of microglia during de- and

remyelination: Can they create a repair promoting environment? Neurobiol. Dis. 2012, 45, 519–528. [CrossRef] [PubMed]
25. Luo, C.; Jian, C.; Liao, Y.; Huang, Q.; Wu, Y.; Liu, X.; Zou, D.; Wu, Y. The role of microglia in multiple sclerosis.

Neuropsychiatr. Dis. Treat. 2017, 13, 1661–1667. [CrossRef] [PubMed]
26. Napoli, I.; Neumann, H. Protective effects of microglia in multiple sclerosis. Exp. Neurol. 2010, 225, 24–28. [CrossRef] [PubMed]
27. Ransohoff, R.M.; Perry, V.H. Microglial physiology: Unique stimuli, specialized responses. Annu. Rev. Immunol. 2009, 27, 119–145.

[CrossRef]
28. Shi, R. Polyethylene glycol repairs membrane damage and enhances functional recovery: A tissue engineering approach to spinal

cord injury. Neurosci. Bull. 2013, 29, 460–466. [CrossRef]
29. Satoh, J.-I.; Kino, Y.; Asahina, N.; Takitani, M.; Miyoshi, J.; Ishida, T.; Saito, Y. TMEM119 marks a subset of microglia in the human

brain. Neuropathology 2016, 36, 39–49. [CrossRef]
30. Öhrfelt, A.; Axelsson, M.; Malmeström, C.; Novakova, L.; Heslegrave, A.; Blennow, K.; Lycke, J.; Zetterberg, H. Soluble TREM-2

in cerebrospinal fluid from patients with multiple sclerosis treated with natalizumab or mitoxantrone. Mult. Scler. J. 2016, 22,
1587–1595. [CrossRef]

31. Zrzavy, T.; Hametner, S.; Wimmer, I.; Butovsky, O.; Weiner, H.L.; Lassmann, H. Loss of “homeostatic” microglia and patterns of
their activation in active multiple sclerosis. Brain 2017, 140, 1900–1913. [CrossRef]

32. Fischer, M.T.; Sharma, R.; Lim, J.L.; Haider, L.; Frischer, J.M.; Drexhage, J.; Mahad, D.; Bradl, M.; Van Horssen, J.; Lassmann, H.
NADPH oxidase expression in active multiple sclerosis lesions in relation to oxidative tissue damage and mitochondrial injury.
Brain 2012, 135, 886–899. [CrossRef]

33. Haider, L.; Zrzavy, T.; Hametner, S.; Höftberger, R.; Bagnato, F.; Grabner, G.; Trattnig, S.; Pfeifenbring, S.; Brück, W.; Lassmann, H.
The topograpy of demyelination and neurodegeneration in the multiple sclerosis brain. Brain 2016, 139, 807–815. [CrossRef]

34. Lloyd, A.F.; Davies, C.L.; Miron, V.E. Microglia: Origins, homeostasis, and roles in myelin repair. Curr. Opin. Neurobiol. 2017, 47,
113–120. [CrossRef]
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109. Grygorowicz, T.; Struzyńska, L.; Sulkowski, G.; Chalimoniuk, M.; Sulejczak, D. Temporal expression of P2X7 purinergic receptor
during the course of experimental autoimmune encephalomyelitis. Neurochem. Int. 2010, 57, 823–829. [CrossRef]

110. Kerstetter, A.E.; Padovani-Claudio, D.A.; Bai, L.; Miller, R.H. Inhibition of CXCR2 signaling promotes recovery in models of
multiple sclerosis. Exp. Neurol. 2009, 220, 44–56. [CrossRef]

111. Simpson, J.E.; Newcombe, J.; Cuzner, M.L.; Woodroofe, M.N. Expression of monocyte chemoattractant protein-1 and other β-
chemokines by resident glia and inflammatory cells in multiple sclerosis lesions. J. Neuroimmunol. 1998, 84, 238–249. [CrossRef]
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Abstract: Guanosine (Guo) is a nucleotide metabolite that acts as a potent neuromodulator with
neurotrophic and regenerative properties in neurological disorders. Under brain ischemia or trauma,
Guo is released to the extracellular milieu and its concentration substantially raises. In vitro studies
on brain tissue slices or cell lines subjected to ischemic conditions demonstrated that Guo counteracts
destructive events that occur during ischemic conditions, e.g., glutaminergic excitotoxicity, reactive
oxygen and nitrogen species production. Moreover, Guo mitigates neuroinflammation and regulates
post-translational processing. Guo asserts its neuroprotective effects via interplay with adenosine
receptors, potassium channels, and excitatory amino acid transporters. Subsequently, guanosine acti-
vates several prosurvival molecular pathways including PI3K/Akt (PI3K) and MEK/ERK. Due to
systemic degradation, the half-life of exogenous Guo is relatively low, thus creating difficulty re-
garding adequate exogenous Guo distribution. Nevertheless, in vivo studies performed on ischemic
stroke rodent models provide promising results presenting a sustained decrease in infarct volume,
improved neurological outcome, decrease in proinflammatory events, and stimulation of neurore-
generation through the release of neurotrophic factors. In this comprehensive review, we discuss
molecular signaling related to Guo protection against brain ischemia. We present recent advances,
limitations, and prospects in exogenous guanosine therapy in the context of ischemic stroke.

Keywords: guanosine; stroke; neuroprotection; neuroinflammation; purinergic signaling

1. Introduction

Stroke is one of the top causes of death worldwide and the leading cause of permanent
disability in developed countries, affecting approximately one in six people in their life-
time worldwide [1–3]. In 2019, on a global scale, ischemic stroke and hemorrhagic stroke
accounted for 77.2 million (76%) and 29.1 million (24%) cases of stroke, respectively [4].
Ischemic stroke is characterized by a transient or permanent reduction of cerebral blood
flow, causing the depletion of oxygen and glucose levels, uncontrolled depolarization,
energy deficit, excitotoxicity, and tissue infarct, thus disturbing physiological cellular
function [5]. The central nervous system (CNS) is specifically sensitive to ischemia; thus,
a thrombolytic or mechanical restoration of blood flow in a narrow time window remains
the treatment of choice for limiting postischemic brain injury [3]. The ischemic core is
surrounded by a transition zone—an ischemic penumbra composed of both normal and
functionally impaired cells. Ischemic tissue damage develops slower in the penumbra;
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therefore, recent studies prompted the creation of therapeutic protocols, which enable clini-
cians to use thrombolytic therapy and thrombectomy in selected patients during extended
time windows. For instance, thrombectomy is advised up to 24 h in eligible patients who
have a mismatch between clinical deficits and infarct volume [6–8]. However, clinical evi-
dence demonstrates that in the majority of stroke patients, slow brain injury evolution is
observed in hours-to-days time intervals, which may be caused by reperfusion injury and
activation of immunoinflammatory mechanisms [9]. Therefore, a neuroprotective therapy
protecting neurons in the penumbra against ischemic and reperfusion injury is still highly
demanded [10]. Despite a plethora of proposed neuroprotective drugs, including antiox-
idants, neuropeptides, microRNAs, anti-inflammatory drugs, and antiexcitatory drugs,
their status is far from being clinically well established; thus, the question about pleiotropic
neuroprotectant(s) in stroke therapy remains unanswered.

In recent years, guanosine (Guo), a part of a guanine-based purinergic system, emerged
as a novel neuroprotectant and neuromodulator in CNS disorders. In this comprehensive
review, we describe in depth the role and effects of extracellular guanosine in in vitro and
in vivo models of ischemic stroke. The main objective of our study was to introduce the
concept of Guo as a new potential neuroprotectant and/or neurotrophic agent supple-
menting the currently available ischemic stroke treatment methods. Starting from the
observations of endogenous guanosine release under ischemia, we explore the concept
of the therapeutic potential of exogenous guanosine. We discuss the molecular targets in
relation to the neuroprotective and neurotrophic effects of extracellular guanosine. We also
present the future directions in approaches to guanosine application in ischemic stroke.

We performed a literature search of Medline, Scopus, and Embase databases published
between 1 January 1990 and May 2021 to identify studies addressing the role of guanosine
in ischemic stroke management in both in vitro and in vivo ischemic stroke models. To the
best of our knowledge, there is currently no available experimental data regarding the
neuroprotective effects of Guo in hemorrhagic stroke; thus, the scope of the study was
limited to ischemic stroke models. Included studies comprised both original and review
articles. Searches were independently conducted by two of the authors. We searched
Medical Subject Headings (MeSH) terms limited to the English language in multiple
combinations, including brain ischemia/ischemic stroke, oxygen glucose deprivation,
guanosine, neuroprotective agent, and neuroprotection. Additionally, references from
included studies were screened for relevant studies.

2. The Physiological Role and Signaling Targets of Endogenous Guanosine in Central
Nervous System
2.1. Cellular Location, Release, and Metabolism of Guanine Derivatives in the Brain

Guanine derivatives (GDs) include guanosine 5′-triphosphate (GTP), guanosine 5′-
diphosphate (GDP guanosine 5′-monophosphate (GMP), and guanosine. GTP and GDP
have mostly been recognized as intracellular modulators of G-protein activity [11]. How-
ever, apart from the regulation of G proteins, GDs are also found to be involved in the
extracellular signaling in the CNS [12]. Thus, analogously to the adenosine-based puriner-
gic system, a signaling system based on GDs has been proposed [13].

GTP is co-stored in synaptic vesicles and released with ATP, suggesting the role of
GTP in neurotransmission [14,15]. The pool of GDs in the brain is located mainly within
the astrocytes [12]. In basal conditions, astrocytes release GDs producing a constant concer-
tation of Guo in the extracellular milieu. Of note, the spontaneous release of GDs from the
astrocytes is significantly higher than their adenine-based counterparts [16]. The transport
of GDs (including Guo) into an extracellular compartment is mediated by equilibrative nu-
cleoside transporters (ENT) [17]. Moreover, guanine nucleotides can undergo extracellular
hydrolysis by membrane-bound ectonucleotidases, providing a secondary source of Guo in
the extracellular milieu [18]. After the release into the extracellular compartment, Guo can
be transformed into guanine (GUA) [19]. The phosphorolytic breakdown of guanosine to
guanine is catalyzed by purine nucleoside phosphorylase (PNP), which is constitutively re-
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leased by glial cells and neurons into the extracellular space [20,21]. Ultimately, guanine is
deaminated by guanine deaminase forming xanthine [22,23].

2.2. Neurotrophic Effects of Guoanosine in CNS—Role in Neurogenesis, Neuritogenesis,
and Cell Differentiation

GDs induce proliferative effects, emphasized by an increase in the number of neurons,
and proliferation markers in both in vitro and in vivo studies [12,24–27]. These effects can
be attributed to GD-induced soluble factor release (neuronal growth factor (NGF), trans-
forming growth factor (TGF), fibroblast growth factor-2 (FGF-2), brain derived neutrophic
factor (BDNF), and Guo-induced adenosine release [12,28–30]. In a study performed
in vivo on a Parkinson’s disease model, Guo treatment increased progenitor/stem cell
proliferation in the subventricular zone (SVZ) [24]. A subsequent study, performed on stem
cells isolated from 1-day-old healthy rats, corroborated these observations, also reporting
Guo-mediated neural stem cell (NSC) proliferation [28]. A more recent study presented
that Guo is also able to induce the proliferation of NSCs sampled from adult mice [31].

MAPK and PI3K cascades are well studied molecular pathways involved mainly in
neuronal proliferation, differentiation, and survival [32]. The protein kinase C (PKC) path-
way takes part in synaptogenesis and, together with protein kinase A (PKA), regulates extra-
cellular matrix (ECM) proteins [33–35]. A different signaling pathway, Ca2+/calmodulin-
dependent protein kinase II (CaMKII), participates in Ca2+ signaling and mediates neuronal
development and plasticity [36].

The molecular mechanism which would explain Guo-mediated trophic effects has not
been fully unraveled. However, some studies indicate that the aforementioned molecular
pathways are involved in Guo effect mediation [26]. Moreover, neuronal receptors, such as
A2A, NMDA, and non-NMDA receptors, also contribute to the Guo-mediated proliferative
and prosurvival effects observed in in vitro studies [25].

Guo stimulates also neuritogenesis—sprouting the neurites from the cell body forming
connections between neurons. GTP and Guo coincubated with NGF were able to enhance
the stimulatory action of NGF on neurite growth via distinct mechanisms [30,37]. More in-
depth studies observed an increase of cAMP and activation of HO-1 and PRK1 in neurons
in models of neuronal neurite arborization outgrowth [30,38,39]. HO-1 is an enzyme
with antioxidant properties, whereas PRK1 is involved in actin cytoskeleton regulation
and neuronal differentiation [40]. In SH-SY5Y neuroblastoma cells, a model of neuronal
differentiation, Guo halted the cell cycle in neuroblastoma and promoted differentiation
marker expression [41]. In line with this, a different study presented the Guo-elicited
proliferation of NSC, followed by differentiation toward neurons [31].

GMP or Guo promotes the reorganization of astrocytic ECM proteins (laminin and
fibronectin) in the neuron-astrocyte coculture model. The Guo/GMP-mediated ECM
modulation is involved in the neuron-astrocyte interaction process and in trophic effect
mediation. Furthermore, this study reported that Guo/GMP did not affect the process of
neurogenesis. However, the number of neurons in cocultures increased, putatively due to
increased neuronal viability or the neuritogenetic properties of laminin [26].

2.3. Guanine Derivatives and Neuroprotection

The first investigations into the role of GDs in neuropathologies found that the level of
GDs is persistently elevated for 7 days after an ischemic injury [42]. Moreover, other stud-
ies showed that GDs are physiologically present in cerebrospinal fluid in nanomolar
concentrations and rise by three- to fivefold within 30 min of hypoxic/hypoglycemic con-
ditions [16,43]. Furthermore, it was demonstrated that under hypoxic conditions, the extra-
cellular concentrations and activity of PNP decreased, which subsequently prolonged the
presence of Guo in the extracellular compartment [21].

These discoveries prompted a new approach in establishing the role of GDs in CNS
pathophysiology. It was suggested that GDs constitute an endogenous restorative system
that activates after an injury, and its role is to prevent further damage and to re-establish
tissue function [19]. Aside from the ischemic stroke, GDs also present a protective effect
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in in vivo models of other CNS disorders, such as epileptic seizures, Parkinson’s disease,
Alzheimer’s disease, spinal cord injury, sepsis, gliomas, and hepatic encephalopathy [44–53].
It is important to highlight the fact that most of the neuroprotective effects observed in
animal models were achieved using exogenously administered guanosine. Therefore,
amongst other GDs, guanosine is the most promising potential therapeutic agent [45–52,54].

2.4. Guanosine-Specific Targets: Receptors and Binding Sites

It is still under debate if guanosine has its own specific receptor. Interestingly, as it
was demonstrated in the animal models, guanosine probably has some kind of its own
G-protein coupled receptor (GPCR). Guo binds strongly to this binding site, and natu-
rally occurring purines (GDP, GMP, ATP, adenosine, xanthine, hypoxanthine, caffeine,
theophylline) cannot displace guanosine from this location [55–57]. Moreover, it was
demonstrated that this yet unknown binding site is different from well-characterized
ARs [57,58]. Possible GPCR candidates include GPR174/LPS3 [59], which is highly ho-
mologous with P2Y10, and GPR23/LPA4, which shows high homology with human P2Y5
receptor [57,60]. Moreover, A1Rs and A2aRs form receptor complexes with members of
the P2Y receptor family. Additionally, P2Y5 receptors share high homology with GPR23.
Thus, it is reasonable to hypothesize the occurrence of molecular interactions between
GPR23 and A1R\A2aRs [57,61]. Nevertheless, despite promising studies, the guanosine-
specific receptor has not yet been fully characterized, and thus Guo remains an orphan
neuromodulator.

Furthermore, Guo was identified as a weak A1 receptor (A1R) and A2A receptor (A2aR)
agonist [62–64]. It is still unknown to what extent these receptors are responsible for the
neuroprotective effect of guanosine. Moreover, some studies show that the antioxidant
effect is A1R dependent but A2AR independent [62,65–67]. This is contrary to the results
of Dal-Cim et al., who indicate that some neuroprotective effects may be conducted via
A2AR but not A1R [68]. Some studies suggest that it is the interplay between coexpressed
receptors and the fine-tuning mechanism that are responsible for the neuroprotective
effect [64,69].

Guo can target not only certain receptors but also potassium channels. Kir 4.1 is an
inwardly rectifying K+ channel commonly found in glial cells in the CNS. This channel
plays a role in the sustainment of extracellular K+ homeostasis, resting membrane potential,
and regulation of glutamate uptake [70]. Chronic exposure to Guo in rat cortical astrocytes
in vivo promoted the expression of Kir4.1. Of note, inhibition of the translational process
prevented the Guo-induced upregulation of Kir 4.1, suggesting that the Kir 4.1 upregulation
stimulated by Guo is achieved through de novo protein synthesis [71]. Moreover, Guo acts
via large-conductance Ca2+-activated K+ (BK) channels [27,72]. In this case, guanosine binds
to the alfa subunit of K+ channels and increases K+ conductance [73]. Moreover, Guo modu-
lates NMDA receptors and probably glutamate transporters, including GLT-1. [74–77].

Overall, guanosine-mediated neuroprotective effects may be mediated by the interplay
between known adenosine receptors and/or potential guanosine binding site as well as
BK channels.

3. Key Pathophysiological Events of Ischemic Stroke and Targets for Guanosine

The main contributory factors involved in the pathophysiology of ischemic stroke
are oxygen and glucose deprivation (OGD), reperfusion injury, glutamate excitotoxicity,
and neuroinflammation. The brain is extremely vulnerable to ischemic damage, due to
its high metabolic rate, limited energy storage capacity, and sole dependence on glucose
as an energy substrate [78]. An area characterized by irreversible neuronal damage due
to energy depletion is called an ischemic core. In the ischemic core, within minutes,
cells undergo necrosis and excitotoxic cell death. Around the ischemic core is a functionally
compromised but structurally intact tissue called the penumbra. In this area, cell death
occurs at a slower rate, mostly through oxidative stress-mediated processes like apoptosis
and inflammation [79]. As both of these mechanisms are triggered in a relatively orderly
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fashion, this opens up much more possibilities for therapeutic targeting compared to
necrotic cells [80].

Reperfusion injury usually occurs in the course of poststroke thrombolytic therapy
or thrombectomy, due to blood flow restoration in the previously occluded blood vessels.
Counterintuitively, therapeutically achieved blood flow restoration brings detrimental
consequences for the peri-infarct region as it contributes to a secondary burst of ROS
generation [81].

Prolonged energy deficiency promotes a rise in glutamate (Glu) levels due to the
increased release of Glu into the synaptic cleft and impaired Glu reuptake. Subsequently,
excessive stimulation of NMDA receptors by glutamate results in Ca2+ and Na+ influx,
which causes cell swelling and excitotoxic cell death [82]. The latter is a result of neuronal
overstimulation and subsequent mitochondrial dysfunction, uncontrolled production of
reactive oxygen species (ROS), and activation of proapoptotic pathways [83].

Shortly after ischemic stroke onset, the neuroinflammatory processes unfold [84].
The trigger for the acute phase of inflammation is damage-associated molecular pat-
terns (DAMPs) which are released from dying and necrotic cells in the ischemic core.
These molecules then activate local immune cells and perivascular endothelial cells by
acting on Toll-like receptors and purinergic receptors [85], subsequently leading to inflam-
masome activation, which initiates a fully fledged inflammatory response [86]. The in-
creased levels of chemokines cause chemotaxis of circulating leukocytes into the injury site.
This process of infiltration is supported by activated microglia that upregulate adhesion
molecules on cerebral vasculature [87–89]. Subsequently, the microglia (and other immune
cells) produce metalloproteinases (MMPs) which increase BBB permeability, allowing other
immune cells easier access to damaged brain areas [90]. Locally activated microglia and
infiltrated macrophages can then perform proinflammatory or anti-inflammatory functions,
depending on their molecular phenotypes [91].

On a molecular level, ischemic insult causes an upregulation of mitogen-activated
protein kinases (MAPK) and an expression of the gene encoding nuclear factor kappa beta
(NF-kb) protein complex [92]. NF-kb is a heteromeric transcription factor that most com-
monly is made up of p50 and p65 [93,94]. After translocation to the nucleus, NF-kb binds
to specific sites of a DNA and induces transcription of proinflammatory cytokines and
inducible NOS (iNOS), which is an enzyme responsible for increased ROS production and
inflammation enhancement [95,96].

Most of the abovementioned aspects of neuroinflammation are detrimental to neuronal
tissue and further deepen the ischemic injury. Thus, post stroke inflammation presents
itself as a potential target of ischemic stroke treatment.

On a cellular level, the plethora of protective mechanisms of guanosine was studied
in cortical slices or neural cells exposed to glucose-free medium and hypoxic atmosphere
in a so-called oxygen-glucose deprivation (OGD) protocol [27,97]. OGD protocol is a well-
established model of mimicking the most significant aspects of ischemic injury. Frequently,
the OGD is followed by the reoxygenation period, which simulates the reperfusion stage
of ischemic stroke [98].

3.1. PI3K, MEK, and PKC Are Involved in Guanosine-Mediated Neuroprotection

Although the manner in which Guo exerts its effects is still not fully unraveled, a few
signaling pathways have been discovered that play a role in Guo effects mediation. In 2008,
Oleskovicz et al. demonstrated that Guo acts via the modulation of PKA, PKC, MAPK, and/or
PI-3K pathways. These signaling pathways were blocked by specific inhibitors, resulting in
the reduction of guanosine-induced neuroprotection [99]. Later studies further confirmed the
involvement of these pathways in Guo effect mediation [27,68,100–103] (Figure 1).
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Figure 1. Overview of the most important mechanisms that contribute to guanosine-induced neuroprotection under
ischemia: guanosine 5′-triphosphate (GTP) is released from the presynaptic terminal of neurons via synaptic vesicles but
can also be transported directly from astrocytes into extracellular space. Extracellular guanosine nucleotides undergo
hydrolysis by ectonucleotidases into guanosine 5′-monophosphate (GMP) and subsequently guanosine (Guo). The end
product of guanosine nucleotide degradation is guanine. The cleavage of guanosine to guanine (Gua) is catalyzed by purine
nucleoside phosphorylase (PNP), the concentration of which is decreased under hypoxic conditions (as marked by a red
lightning bolt). Guanosine has a putative specific binding site (GuoR); however, its role has not been fully characterized
(the putative Guo–GuoR interaction is marked as dotted arrows). Nevertheless, guanosine can act upon adenosine
receptors (A1R and A2AR) and potassium big conductance channels (BK). Guanosine activates cellular molecular pathways,
such as PI3K/Akt (PI3K), MEK/ERK (MEK), and protein kinase C (PKC). Activation of these molecular pathways leads to
stimulation of amino acid transporters (EAATs) (depicted as a dashed arrow). Moreover, guanosine acting via the PKC
pathway increases glutamine synthase (GS) activity which, combined with EAAT stimulation, protects against glutamate
excitotoxicity. The physiological base activity of EAATs and GS is disturbed under ischemic conditions. Guanosine promotes
protection against reactive oxygen species (ROS) and reactive nitrogen species (RNS) by activation of MEK and PI3K. These
cellular pathways downregulate the expression of iNOS via NF-kb inhibition, upregulate expression of HO-1 via GSK-3β
phosphorylation at Ser9 (GSK-3β-Ser9), and prevent loss of mitochondrial membrane potential (∆Ψm↓). Notice that some
of these effects counteract the detrimental events that occur under ischemic conditions. These include mitochondrial
membrane depolarization and iNOS upregulation. The consequence of increased ROS/RNS production is a release of
proinflammatory cytokines (marked as an open arrow) some of which then act on tumor necrosis factor receptors (TNFR)
promoting apoptosis in neurons. Chronic supplementation of guanosine prevents reduction of inwardly rectifying K+

channels (Kir 4.1) by promoting de novo Kir4. 1 synthesis. Importantly, expression of Kir 4.1 and/or Kir-mediated currents
are reduced up to 14 days after an ischemic injury (marked as red lightning bolt put in braces). Figure designed using image
template from Servier Medical Art https://smart.servier.com/image-set-download/, accessed on 12 March 2021.

Guo induces the phosphorylation of protein kinase B (PKB/Akt) via PI3K, which leads
to the inactivation of GSK3β through phosphorylation at Ser9 [100]. In a study by Molz
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et al., the use of PI3K inhibitor (LY294002) prevented Guo-induced GSK3β phosphorylation.
Moreover, incubating hippocampal slices with Guo presented a significant rise of GSK3β-
Ser9 after 30 min of exposure [101]. In line with this study, blocking PI3K with a different
inhibitor (wortmanin) also abolished Guo-induced PKB/Akt phosphorylation. Moreover,
in the presence of a BK channel inhibitor (charybdotoxin), the phosphorylation of PKB/Akt
promoted by Guo was also blocked [27]. These results indicate that the neuroprotection
elicited by Guo involves BK channel activation, a subsequent PI3K-PKB/Akt pathway
activation, and phosphorylation of GSK3β, which is a downstream effector of that pathway.

The MAPK/ERK pathway is another crucial pathway that, similar to PI3K, mediates a
variety of Guo neuroprotective effects. Its contribution was presented in two studies
conducted by Dal-Cim et al. on hippocampal slices and cortical astrocyte cultures. In the
presence of MEK inhibitor (PD98059), Guo protection against OGD-induced damage
was prevented. Moreover, a similar effect was achieved by blocking A1R. These results
show that Guo exerts its neuroprotective effect via a mechanism that involves both the
MAPK/ERK pathway and A1R activation [68,102]. In a different study, using a different
MAPK inhibitor (SB203580) in glucose-deprived C6 astroglial cells, a similar effect was
observed [103].

Several guanosine effects are also dependent on the PKC pathway. Blocking PKC
with BIS II in C6 astroglial cells abolishes some of the neuroprotective effects of Guo [103].
Moreover, Guo coincubated with another PKC inhibitor (chelerythrine) lost the ability to
prevent cell death in astrocytes from the murine cerebral cortex [102].

In summary, the most important molecular pathways that participate in Guo effect
mediation are PI3K, MEK, and PKC.

3.2. Guanosine-Mediated Neuroprotection Depends on BK Channels Activity

During an ischemic event, the expression of Kir 4.1 and/or Kir-mediated currents
are reduced up to 14 days after an injury [104–106]. In a study from 2006 conducted by
Befenati et al., chronic exposure to Guo in unexposed to OGD rat cortical astrocytes in vivo
promoted the upregulation of Kir4.1 [71]. This study indicates that Guo could potentially
counteract the effect of ischemic insult on K+ homeostasis. Nevertheless, further research
must be conducted to support this thesis.

In a study performed on hippocampal slices subjected to OGD conditions, the blocking
of K+ channels with 4-aminopyridine (4-AP), a voltage-dependent K+ channel blocker,
abolished Guo-induced neuroprotection [99]. Moreover, further research showed that Guo
effects are mediated by BK channels (BK) [27,72]. BK channels are determined to facilitate
membrane potential and activate the PKB/Akt pathway which acts as a cellular defense
against oxidative damage [72,107–109]. Charybdotoxin, a BK selective blocker, was able
to impede Guo-induced neuroprotection during the reoxygenation period [27]. In line
with this study, charybdotoxin also blocked the protective effects of Guo on SH-SY5Y
cells against mitochondrial oxidative stress [72]. In the light of the reported evidence, it is
conceivable that BK channels are an essential part of the neuroprotective molecular cascade
initiated by Guo.

3.3. Guanosine Acts Against Glutamate Excitotoxicity

One of the major mechanisms implicated in guanosine neuroprotection is the stimula-
tion of the glutamate uptake, thus counteracting glutamate excitotoxicity [13,75,110,111].
Primarily, Guo protection against glutamate toxicity was studied based on in vitro glu-
tamate excitotoxicity and seizures models [112–114]. During hypoxia/ischemia, a rapid
increase of glutamate occurs mainly due to impairment of the glutamate uptake system,
the release of excessive glutamate, the reversal of glutamate transporters activity (reverse
uptake), and decreased activity of glutamine synthetase (GS) [115–117]. Using the model of
hippocampal slices subjected to OGD with subsequent reoxygenation, it was demonstrated
that guanosine administration promoted glutamate uptake by increasing the uptake Vmax
and prevented the reversal of uptake induced by excessive glutamate [27,99,111,118]. No-
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tably, the stimulatory effect of guanosine on glutamate uptake was predominantly observed
in the reoxygenation but not in the hypoxic period, even when administered up to 3 h in
the reoxygenation period [27,97]. This particular effect was caused by ATP level depletion
during the ischemic period of OGD, which caused the blockade of ATP-dependent glu-
tamate uptake (relying on Na–K–ATPase activity) [119,120]. The mechanism underlying
the ability of guanosine to promote glutamate uptake relies mostly on modulating the
glutamate transporter 1 (GLT-1) activity and restoration of GLT-1 expression to basal levels
under OGD but also indirectly on the restoration of GS activity to physiological levels,
most likely through the activation of the PKC pathway [68,75,102,103,121].

Regarding the intracellular signaling pathways involved in guanosine-mediated glu-
taminergic modulation, it was demonstrated that guanosine acting through the activation
of A1R and the blockade of A2AR receptors or the putative Gi protein-coupled signaling
site recruited PI3K/protein kinase B(Akt) and, predominantly, the MEK/ERK and PKC
pathways [68,102]. MEK/ERK signaling cascade involvement in astrocytes is particularly
important since the activation of ERK1/2 cascade protein is directly related to the activity of
glutamate receptors [68,122]. The activation of PI3K/Akt by the Guo signaling cascade was
observed only in hippocampal slices subjected to OGD but not in cortical astrocyte cultures,
suggesting that the activation of this antiapoptotic, glutamate modulatory pathway by
Guo is cell-type specific and may promote PI3K-dependent glutamate uptake in neurons
through excitatory amino acid carrier 1 (EAAC1) [102,123].

3.4. Guanosine Prevents Mitochondrial Dysfunction

On the molecular level, the impairment of mitochondria results in increased reac-
tive oxygen species (ROS) production, redox homeostasis disruption, and activation of
apoptotic cell death [124–126]. The main events that contribute to mitochondrial dysfunc-
tion are excess Ca2+, mitochondrial swelling, loss of mitochondrial membrane potential,
impaired oxidative phosphorylation, and accumulation of ROS [127]. Mitochondrial mem-
brane depolarization is a well-known marker of mitochondrial dysfunction [126]. The loss
of mitochondrial membrane potential is followed by an increase in ROS production with
subsequent oxidative damage, reduced ATP production, and redox homeostasis disrup-
tion [128].

Several studies have postulated that Guo can prevent mitochondrial damage by direct
ROS scavenging and/or via activation of molecular pathways that induce antioxidant
effects [103,107]. More recent studies vastly diminished the role of Guo as a direct antioxi-
dant, showing no or little involvement in nitric oxide (NO) scavenging activity [127,129].
Therefore, the mechanism of action which is responsible for the Guo effect on mitochondria
is probably related to its ability to activate molecular pathways which then elicit antioxi-
dant effects. In a study conducted by Dal-Cim et al., performed using hippocampal slices,
blocking the MAPK/ERK pathway abolished Guo-induced protection against mitochon-
drial membrane depolarization. Moreover, blocking A1R also removed the Guo effect
on membrane potential. These results suggest a significant role of A1R and MEK in the
mediation of Guo-induced protection against mitochondrial dysfunction during OGD [68].

In the most recent study conducted by Courtes et al. using liver mitochondria,
Guo demonstrated a protective effect against Ca2+-induced mitochondrial dysfunction [127].
Interestingly, Guo improved mitochondrial function without any link to the stabilization of
mitochondrial membrane potential or direct ROS scavenging. In this study, Guo prevented
in vitro Ca2+-induced mitochondrial impairment by reduction of mitochondrial swelling
and ROS levels. Moreover, Guo boosted mitochondrial metabolism and helped to establish
energy homeostasis [127].

It is important to highlight that the potential differences between liver mitochondria
and mitochondria found in CNS could undermine the significance of these data in terms of
stroke. Moreover, the heterogeneity of mitochondria within CNS itself also implies caution
with the interpretation of data obtained from different brain regions [130–132].

92



Int. J. Mol. Sci. 2021, 22, 6898

3.5. Guanosine Mediates the Decrease in NO Overproduction

NO is an important CNS messenger and neurotransmitter that actively participates
in many pathological processes that occur during an ischemic stroke [133,134]. In an
early response to ischemia, NO released from endothelium exerts protective effects by
promoting, e.g., vasodilation. However, soon after, NO is massively overproduced by
neurons and glia, and its effect becomes deleterious to the surrounding tissues [135]. In neu-
rons, NO is produced mainly by constitutively expressed neuronal nitric oxide synthase
(nNOS). Contrarily, in glial cells, the dominant isoform of NOS is iNOS. In contrast to
nNOS, iNOS is upregulated in response to OGD, excessive ROS production, and glutamate
excitotoxicity [101,136–138].

In line with several papers, Guo exerts its antioxidant effects by inhibition of NOS,
downregulating the production of NO and consequently lowering levels of reactive nitro-
gen species (RNS) and ROS, which in turn ameliorates cell viability [38,68,129].

Studies performed on hippocampal slices and C6 astroglial cells reveal that Guo
hinders the expression of iNOS by inhibition of NF-kb, more precisely by preventing
it from binding to the promoter sequence of iNOS. Interestingly, the aforementioned
Guo effect can be diminished by blocking either A1R or signaling pathways like MEK
or PI3K [68,107]. Moreover, the Guo downregulating effect on NF-kb activation may be
mediated by heme oxygenase 1 (HO-1), since blocking this enzyme does not prevent NF-kb
from raising in the presence of Guo in OGD conditions [107]. Interestingly, although Guo
can elicit iNOS suppression at a concentration of 100 µM, it does not present this ability at
concentrations of 30 or 300 µM [101].

It has now been hypothesized that Guo’s effects on NO production may be mediated
not only by iNOS but also by nNOS. In hippocampal slices subjected to OGD, Guo can in
fact decrease iNOS induced by OGD. However, selective blocking of iNOS did not elicit
a decline in RNS levels. Contrarily, in the presence of nNOS inhibitors, NO and ONOO-
levels significantly decreased [129]. Thus, the modulation of nNOS rather than iNOS
activity by Guo can bring antioxidative aid to damage induced by RNS.

More recently, a study on hippocampal slices subjected to OGD followed by reoxy-
genation presented a modulatory effect of Guo on NO levels. Guo coincubated with the
nonselective NOS inhibitor (L-NAME) prevented a decline in ATP production, lactate re-
lease, and glutamate uptake in murine brain slices. However, in the presence of NO donors
(DETA-NO or SNP), the protective effect of L-NAME or guanosine on bioenergetics and
glutamate clearance was abolished [139].

Maintaining sustainable ATP concentration levels within the cell is an important task
that can vastly increase the chance of survival in the OGD environment [140]. In CNS,
several studies have proven the importance of astrocytes in the maintenance of neuronal
energetic equilibrium. In astrocytes subjected to oxygen scarcity, oxygen-independent
metabolic pathways such as glycolysis are activated. The end product of glycolysis lactate
is then consumed by neurons providing them with energy [141,142]. During the OGD
period, extracellular lactate levels decrease due to a putative increase in lactate consumption
by neurons enduring hypoxia [143,144]. Guo was able to increase lactate availability and
ATP levels in ischemic hippocampal slices. Interestingly, a similar effect was achieved
using L-NAME, showing that Guo can alter cellular bioenergetic metabolism putatively
via a mechanism involving NO level modulation [139].

In summary, Guo acts through cellular pathways and receptors that modulate NOS
enzymes expression and subsequently NO levels. This in turn provides a decrease in
ROS and RNS production and prevents the disruption in cell bioenergetics promoted by
experimental ischemic stroke models.

3.6. Guanosine Exerts Antioxidative Effects through the Activation of Heme Oxygenase-1

HO-1 is an enzyme involved in the breakdown of pro-oxidant heme into antioxidative
bilirubin and biliverdin, consequently shifting the balance in favor of antioxidants [145].
Moreover, HO-1 is also involved in the mediation of anti-inflammatory and antiapoptotic
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effects [47,146]. Mounting evidence suggests that the activation of HO-1 is one of the
cell’s rudimentary antioxidant defense [38,147]. Of note, in astrocytes subjected to oxida-
tive or/and inflammatory injury, HO-1 is upregulated, counteracting the insult [107,148].
Considering the fact that an inseparable component of ischemia is an increase in ROS
production and neuroinflammation, HO-1 has the potential to be targeted by future neuro-
protective drugs [47,79,83,84,107].

The most notable function of HO-1 is intracellular redox environment maintenance,
achieved by blocking the activity of iNOS. Moreover, HO-1 can inhibit NF-kB translocation
from the cytoplasm to the nucleus, preventing it from inducing the production of inflam-
mation mediators such as IL-1, TNF-alpha, iNOS, and cyclooxygenase-2 (COX2) [107,149].
Azide is a well-known respiratory chain inhibitor and is commonly used to evoke oxidative
and nitrosative stress in experimental models [150]. In a study conducted by Quincozes-
Santos et al. performed on C6 astroglial cells, Guo presented antioxidative properties by
counteracting the detrimental effects of azide-induced ROS production [107]. In line with
this, a different study showed that the inhibition of HO-1 by Sn(IV) protoporphyrin-IX
dichloride (SnPP) abolishes the protective effects of Guo against mitochondrial stress. Ad-
ditionally, this study also revealed that HO-1 activation induced by Guo may be preceded
by PI3K/Akt/GSK-3beta pathway activation [72].

In summary, guanosine acting via HO-1 modulates the activity of many proinflam-
matory and pro-oxidant mediators. These include NO, iNOS, TNF-alpha, IL-1, COX2,
and NF-kB.

3.7. Guanosine and Post-translational Processes in Ischemia—The Potential Role of SUMOylation

Most recently, guanosine was implicated in modulating the SUMOylation by interact-
ing with A1 and A2A receptors [151]. SUMOylation is defined as a type of post-translational
modification mediated by a small ubiquitin-like modifier peptide, which covalently binds
to lysine residues of specific proteins, analogously to the ubiquitination process [152,153].
SUMOylation plays important physiological roles including synaptic maturation, regula-
tion, and plasticity [154]. Under hypoxic/ischemic conditions, increased protein SUMOyla-
tion takes part in the endogenous neuroprotective system [155–157]. It was clearly demon-
strated that extracellular, exogenous guanosine increases global protein SUMOylation in
cortical astrocytes and cortical neurons. However, the effect was observed only up to
1 h after guanosine stimulation, thus suggesting that at longer time points, the effect of
guanosine is eventually counteracted by deSUMOylating enzymes [151].

Together, this evidence suggests that guanosine is a SUMOylation enhancer, which may
partially account for its neuroprotective effects under ischemia.

4. Protective Effects of Guanosine against Ischemic Stroke: Evidence from
In Vivo Studies

In recent years, a number of in vivo studies confirmed the neuroprotective effects
of guanosine after administration in the acute and chronic phases of ischemic stroke.
The authors of these studies undertook different approaches to guanosine administration
and studied diversified pathophysiological aspects of the ischemic stroke mechanism.
Therefore, it is worth consolidating the existing knowledge to better depict the full spectrum
of the neuroprotective effects of guanosine (Table 1).

4.1. Safety and Pharmacokinetics of Exogenous Guanosine in Rodent Models—Implications in
Ischemic Stroke

Future neuroprotectants used in stroke treatment should have a wide therapeutic
window, be rapidly distributed into the CNS, and target all of the brain components,
including neurons, glia, and the BBB. Moreover, any drug’s efficacy should be unaffected
by sex-specific differences and bring a low risk of side effects and interactions with other
drugs (drugs used in the stroke treatment or patients’ daily medications).

The drug’s bioavailability and the time in which the neuroprotectant reaches the
penumbra are largely dependent on the administration route. After intraperitoneal (i.p.)
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administration, Guo crosses the BBB via nucleoside-specific transporters located at the
endothelium of brain blood vessels, enabling Guo to reach the brain via systemic circu-
lation [158]. Intraperitoneal (i.p) administration of exogenous Guo and GMP elicits a
threefold increase of Guo in CSF after 30 min. Additionally, after 5′-nucleosidase inhibitor
(AOPCP) administration, the GMP/Guo relative proportion altered in favor of GMP [159].
In line with this, i.p administration of Guo caused an increase in guanine, a direct Guo
metabolite, after 30 min in a spinal cord sample [51]. Moreover, chronic administration of
guanosine for 6 weeks resulted in an elevation of Guo metabolite levels in the CSF and
plasma. Interestingly, due to Guo-induced adenosine release, the plasma adenosine level
was also increased [160]. The results of the aforementioned studies confirm the metabolism
of Guo in the central nervous system (CNS) and systemic circulation. Thus, the half-life
of Guo is relatively low. An interesting approach to exogenous Guo administration was
presented by Ramos et al. in 2016. In this study, Guo was administered intranasally (IN),
therefore bypassing systemic circulation and going directly into the brain via olfactory and
trigeminal nerves. By partially omitting systemic circulation, a smaller amount of Guo un-
dergoes systemic metabolism. This, in turn, can raise the amount of Guo reaching the brain,
consequently increasing the effectiveness of the administered dose. Moreover, when using
the IN administration route, beneficial effects, such as the prevention of behavioral impair-
ment and decrease of brain infarct volume, can be achieved with a dose seven times lower
compared with using the i.p. administration route [161]. Furthermore, with this route of
administration, exogenous Guo can reach the brain within 5 min compared to 15–30 min
when administered i.p. [161,162]. A more recent study corroborated these results by outlin-
ing the increased time window in IN compared to the systemic route of administration.
In the rat ischemia model (thermocoagulation of pial vessels), IN administration of Guo
was able to attenuate neurological deficits when administered as late as 3 h after ischemia
onset. Contrarily, using the systemic route, Guo-elicited neuroprotection could only be
observed when administered immediately after stroke induction [163].

Guo-mediated neuroprotection comprises neurons, glia, and, as recently discovered,
the BBB [63,121,160]. However, the main targets of Guo are the astrocytes [102,164]. More-
over, Guo modulates processes, including neuroinflammation and microglia activation,
which can be detrimental to virtually all cells found in the brain [84,87,90]. Thus, to-
gether with evidence of Guo affecting remote areas from the ischemic lesion, it can be
theorized that Guo-mediated neuroprotective effects are expressed globally throughout
the CNS [163].

To our knowledge, no studies have reported any major side effects of exogenously
administered Guo in in vivo models [74,163,165]. Guo administered i.p did not impair
renal function. Indeed, there is evidence of Guo-mediated renoprotection [166]. However,
doses higher than 240 mg kg−1 caused an elevation in liver function biomarkers. Moreover,
Guo significantly decreased barbiturate-induced sleeping time in rodents [74,167]. Interest-
ingly, as opposed to classic NMDAR antagonists (MK-801, ketamine), Guo most probably
does not induce psychomimetic effects [54]. Nevertheless, Guo is well known for inducing
amnestic effects in rodents [168,169]. This effect is probably the result of the inhibitory
action of Guo on the glutaminergic system in the brain limbic structures [170]. Guo presents
strong advantages over adenosine, a nucleoside with similar neuroprotective properties,
in regard to adverse effects. Compared to adenosine, Guo has much less impact on basal
arterial blood pressure [171]. Nevertheless, in the situation where Guo pretreatment is
combined with adenosine infusion, the enhancement of the Guo-mediated adenosine’s
effects can provoke cardiovascular shock [171].

Only one work to date studied the differences in Guo treatment effects between male
and female in vivo models, presenting better sensorimotor long-term recovery in female
rats [172]. Nevertheless, further research has to be conducted to distinguish the sex-specific
differences in response to Guo from neuroprotective effects induced by estrogens [173].
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4.2. Neuroprotective and Neurorestorative Effects of Guanosine in Rodent Stroke Models

The neuroprotective effect of guanosine is time and dose dependent. The guanosine
administration protocols were evaluated for the first time in models of neonatal hypoxic-
ischemic (HI) injury and chronic cerebral hypoperfusion [160,174]. Guanosine administra-
tion up to 6 h following HI injury in three consecutive doses was found to modulate the
glutamate uptake, thus preventing glutamate excitotoxicity [97,174]. Importantly, only the
three-dose administration protocol was sufficient to achieve the protective effects of guano-
sine, regardless of whether the first dose was given immediately, 3 h, or 6 h after HI,
indicating the dose-dependent effect of guanosine [174].

The described protocol was later adopted in ischemic stroke rodent models. The sys-
temic administration of guanosine directly (t = 0 min) or within the first 6 h after permanent
focal ischemia or middle cerebral artery occlusion (MCAo) with consecutive doses admin-
istered hours to days postischemia was found to increase the postischemic survival of rats
and significantly decrease the infarct volume up to 40% [175–178]. The Guo-treated animals
achieved progressive improvement in sensorimotor performance and partial restoration
of motor dysfunctions assessed by the neurological deficit scale (NGS), indicating both
the neuroprotective and neurorestorative properties of guanosine. Interestingly, the Guo-
mediated neuroprotective effects differed between sexes. It was demonstrated that the
female rats were more sensitive to Guo administration and reached significantly better long-
term improvement in terms of sensorimotor deficits, independently of the estrous-cycle
phase [172]. A subsequent set of studies demonstrated that the systemic administration
of Guo 30 min before MCAo combined with postischemia Guo administration resulted in
the most considerable decrease in infarct volume and restoration of neurological function
compared to the administration at t = 0 min [176].

The Guo-mediated mechanism of neuroprotection observed in rodent models of
the acute phase of ischemic stroke stands in agreement with in vitro studies [60,99,179].
Ex vivo studies performed 24 h after permanent focal ischemia in Guo-treated animals
demonstrated the Guo-mediated restoration of decreased GLT-1 expression and increase in
glutamine synthetase (GS) activity, thus increasing intracellular glutamate uptake [121].
Guo undeniably protects against glutamate excitotoxicity, but its protective effects ob-
served in vivo also depend on antioxidative and anti-inflammatory properties [47,121,177].
Ischemic stroke triggers a massive production of reactive ROS and RNS, which causes
oxidative stress response and an increase in expression of antioxidant enzymes (SOD,
CAT) [96,180,181]. However, the activity of antioxidant enzymes drastically decreases,
emphasizing the inefficiency of the physiological redox homeostasis system under severe
oxidative stress [180,182]. Guo treatment was found to decrease lipid peroxidation and
prevent the increase of NO and ROS levels. Moreover, Guo administration fully restored
the decreased activity of SOD and CAT, increased the expression of SOD, and partially
restored vitamin C levels [177]. A later also study revealed the strong anti-inflammatory
properties of Guo. Guo administered in the acute phase of ischemic stroke suppressed the
activation and infiltration of microglia to the periphery of the ischemic core. These results
were supplemented by a Guo-mediated decrease in proinflammatory cytokines (IL-1, IL-6,
TNF-α, IFN-γ) and prevention of a decrease of anti-inflammatory IL-10 cytokine in the
CSF and ischemic lesion periphery, consequently restoring the pro-/anti-inflammatory
balance [121].

The intranasal administration of Guo was studied in models of permanent focal cere-
bral ischemia [161,163]. One of the major advantages of IN over the systemic administration
route was the rapid penetration to the CNS (5 min post-ischemia), wide distribution in the
CSF, decreased influence of systemic metabolism, and lower effective dose. [161]. However,
IN Guo administered within 1–3 h postischemia was ineffective in infarct volume reduction.
Remarkably IN Guo reduced mitochondrial dysfunction in the penumbra, which positively
correlated with neurological outcome [161]. This observation is in line with the correlation
of a decrease in oxidative stress markers and sensorimotor recovery observed after systemic
administration of Guo [121,178]. Recently, a study by Müller et al. reinforced the safety
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and long-lasting neuroprotective effects of intranasal Guo. IN Guo administration up to
3 h after ischemic insult improved short-term, poststroke motor deficits and promoted
long-term recovery. Using quantitative EEG (qEEG) it was demonstrated that Guo caused
a decrease in the global state of synchrony (hyperexcitability) in both hemispheres, thus im-
proving the functional state of the brain affected directly by ischemic insult and its more
distant parts. Notably, the authors have shown for the first time that Guo partially prevents
the disruption in BBB integrity induced by stroke. The exact nature of the interaction
between Guo and BBB is not fully understood but may include the modulation of the
survival/apoptotic PI3k/Caspase 3 pathway [163].

Additionally, the effects of Guo were also studied in the rodent model of MCAo
followed by 5.5 h reperfusion. Guo administration 5 min before reperfusion or up to
30 min postreperfusion resulted in a dose-dependent decrease in infarct volume and
neurological improvement [178]. The 16 mg/kg dose of Guo decreased the infarct volume
by approximately 85%, whereas a concentration of 8 mg/kg resulted in a decrease of
nearly 60%. Therefore, the dose dependence of Guo in a model of reperfusion is more
expressed compared to permanent MCAo models of stroke, where there was no statistical
difference between doses of 8 mg/kg and 16mg/kg [176], thus implying the differences
in the neuroprotective mechanisms of Guo in permanent ischemia and reperfusion injury.
In contrast to the ischemic period, the in vivo neuroprotective effect of Guo in reperfusion
injury does not depend on the activation of ER stress pathways, prosurvival modification of
calcium homeostasis, or modulation of glutamate uptake [178,183]. Interestingly, there were
no observed sustained increases in prosurvival cysteine protease m-calpain levels compared
to previous models of permanent MCAo, in which a Guo-mediated increase in m-calpain
was implied in protection against necrotic/apoptotic cell death [176,184].

The administration of Guo in a narrow time window directly after or shortly before
ischemic insult could be extremely challenging in the clinical environment. Therefore,
delayed administration of guanosine after ischemia was studied in a rodent model of
photothrombotic stroke (PT) [185]. Administration of guanosine 24 h after ischemic insult
induced by PT resulted in remarkable improvement in neurological outcome, starting from
14 days poststroke. However, Guo’s treatment failed to reduce the infarct volume measured
on day 7. Additionally, no significant neurological improvement in the acute phase was
observed. Delayed Guo administration enhanced the endogenous neural progenitor cell
proliferation in the peri-infarct region. This observation was also supported by the Guo-
mediated major increase in BDNF and VEGF in the ipsilateral hemisphere after PT [185].
BDNF—a major traditional neurotrophic agent—and VEGF—a crucial endothelial growth
factor—both play a pivotal role in the poststroke interplay between angiogenesis and
neurogenesis by stimulating neuronal plasticity and enhancing neural stem cell (NSCs)
migration [130,186,187]. Notably, the events of poststroke neurogenesis and angiogenesis
are tightly linked and mutually regulated. In other words, the process of post-stroke vessel
formation in the peri-infarct region enhances neuroblast adhesion and migration, while the
secretion of VEGF by activated endothelial cells and NSCs acts both as an angiogenesis-
stimulating factor and a strong neurotrophin [186]. Together, this evidence suggests that
Guo promotes poststroke neurogenesis and angiogenesis, and its effect is neurorestorative
rather than neuroprotective when administered in a delayed time interval. This observation
also reinforces the concept of the neuroregenerative and neuritogenic effects of extracellular
Guo observed in vivo and in neural cell lines [19,31,66,188].
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5. Current Challenges and Limitations of Guanosine Application in Ischemic Stroke

The pathophysiological processes underlying stroke are driven by the complex inter-
actions between neurons, glial cells, vasculature, immune cells, leukocytes, and matrix
components, all participating in the processes of brain injury and neuroregeneration. Cur-
rently, the neuroprotective mechanisms of guanosine have been studied mainly concerning
pathophysiological processes occurring in neurons and glial cells: for instance, gluta-
mate excitotoxicity or neuroinflammatory response. However, the interactions between
guanosine and other components of ischemic stroke are poorly understood. Therefore,
we propose to investigate: (i) the effect of Guo on ischemia-induced endothelial activation;
(ii) the relationship between Guo and BBB permeability and integrity; (iii) the properties
of Guo in the context of peripheral immune cell activation and infiltration to the ischemic
area; and (iv) the interactions between guanosine and extracellular purine nucleoside
phosphorylase (PNP).

Based on the most recent evidence, the Guo mechanism of action is tightly connected
to interactions with cell-surface adenosine receptors. Guo effects are mediated by A1 activa-
tion and negative modulation of the A2AR receptor. Moreover, Guo requires both A1R and
A2AR coexpression in the form of the A1R-A2AR heteromer [189]. Adenosine receptors
are broadly distributed in brain vessels, platelets, and neutrophilic granulocytes and regu-
late every step of endothelial-related inflammatory processes and vasodilatation [190,191].
Therefore, Guo, through interactions with AR and the proposed guanosine–adenosine inter-
actions, may mitigate the endothelial activation and improve the cerebral microcirculation
and thus the oxygen and substrate supply to the ischemic tissue after recanalization. How-
ever, this concept requires further evaluation, for instance, in models of in vitro endothelial
cell cultures subjected to OGD.

Furthermore, the interaction between Guo and the BBB requires further evaluation.
It was demonstrated that Guo can penetrate the BBB after systemic or intranasal admin-
istration most probably through equilibrative nucleoside transporters (ENT) [121,163].
Most recently Muller et al. introduced the concept of the in vivo modulation of BBB in-
tegrity by Guo [162]. This observation is especially important because ischemic stroke
augments the BBB permeability and promotes the entry of immune cells and soluble in-
flammatory macromolecules into the CNS, thus aggravating the cellular response initiated
by ischemia [192]. Moreover, the observed effect is reciprocal to adenosine interactions
with BBB, which promote BBB permeability by signaling through A1 and A2 ARs [190,191].
Future studies may evaluate in detail the interactions between Guo and BBB and their de-
pendency on Guo-mediated A1 activation and negative modulation of the A2AR receptor.

After an acute stroke, multiple immune cells systematically enter the brain parenchyma.
Shortly after an ischemic insult, there is a rapid increase in microglia and peripheral im-
mune cells (including dendritic cells, monocytes/macrophages, and neutrophils) that
infiltrate within 1–7 days poststroke, resulting in further neuronal damage [193]. Con-
cerning Guo, it was able to suppress the activation of microglia and the infiltration of
polymorphonuclear granulocytes and monocytes/macrophages into the ischemic brain
region, induced by the breakdown of the BBB [121]. However, the exact nature of this
interaction remains elusive, and it is unclear whether it depends on the direct interaction
between Guo and the BBB or a receptor-mediated interaction with peripheral immune cells,
regarding the fact that neutrophils, macrophages/monocytes, and lymphocytes express
a full spectrum of AR, presenting an accessible target for modulation by Guo [190,194].
On the contrary, Guo also activates specific subtypes of Toll-like receptors, TLR 2 and
TLR 4, which take part in the activation of the immune system [195,196]. These possibly
conflicting mechanisms should be evaluated in the context of interactions between Guo
and cellular components of the immune system in ischemic stroke.

Another limitation is that the current understanding of interactions between extracellu-
lar PNP and guanosine is incomplete. Astrocytes, microglia, and cerebellar granule neurons
constitutively release the intracellular PNP to the extracellular compartment, which rapidly
depletes the extracellular pool of guanosine [20]. Apart from this, there is a high activity of
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PNP in blood plasma [22]. PNP may be also released from lysed erythrocytes, for instance,
during clot lysis in the cerebral artery. If so, the activity of extracellular PNP may reduce the
pool of bioavailable exogenously administered Guo, thus hampering Guo from entering
the penumbra in the CNS. This issue should be addressed in the future. One of the possible
solutions to this issue may include the administration of PNP inhibitors together with Guo.

6. Clinical Perspective

Thrombectomy and thrombolysis are the treatments of choice for ischemic stroke.
Both are focused on the elimination of the direct cause of ischemic damage, i.e., the blood
clot occluding a specific blood vessel. The most recent advances in this category are ex-
tended thrombolysis and thrombectomy protocols, which enable patients to benefit from
these treatment options far beyond the standard time window. However, clinical observa-
tions show a vast diversity of outcomes found in patients with the same vessel occlusion
and treated within a similar time window. These observations indicate that the current
treatment methods are often insufficient and that many pathological processes that drive
postischemic deterioration are beyond the scope of contemporary stroke patients’ care.
We propose the concept of Guo-based therapy as a pharmacologically achieved neuropro-
tection, which would supplement recanalization-oriented treatment. The effects of Guo in
such treatment regimens can be bidirectional. First of all, Guo administered in a short-time
interval can directly rescue the tissue at risk in the penumbra from the effects of inflam-
mation, oxidative stress, and glutamate toxicity and notably ameliorate the reperfusion
injury caused by recanalization. Secondly, Guo can amplify and augment endogenous
processes of neuroplasticity and neuroregeneration to support recovery and reduce the
rate of poststroke complications.

7. Conclusions

In the present article, we comprehensively summarized the recent advances in the
neuroprotective effects of Guo in ischemic stroke. Guo is a potent physiological neuromodu-
lator, which takes part in a “backup” endogenous, restorative system, which protects neural
cells from consequences of ischemia/hypoxia. Guanosine is a pleiotropic neuroprotectant
in ischemic stroke: in the acute phase of ischemic stroke, Guo-induced neuroprotection
is facilitated via antioxidative and anti-inflammatory actions putatively targeted against
the oxidative stress and neuroinflammation elicited primarily by hypoxia and secondarily
by reperfusion injury. In the chronic phase of ischemic stroke, Guo promotes poststroke
neurogenesis and angiogenesis, thus stimulating neuronal plasticity and restoring neu-
ronal function. Guo remains an orphan modulator; thus, its neuroprotective effects are
mediated mainly by interactions with AR, glutaminergic receptors/transporters, and ionic
channels involved in the process of anoxic depolarization. Furthermore, Guo activates the
prosurvival pathways, most notably the MAPK signaling module, which takes part in the
regulation of multiple modalities involved in oxygen sensing. Moreover, data collected
through studies exploring guanosine’s pharmacokinetic properties also look promising.
Guo can reach the CNS via systemic, oral, and intranasal routes, causing little to no
side effects. This is the major advantage of Guo over adenine-based purines, specifi-
cally adenosine, which causes decreased heart rate, blood pressure, and sedation after
systemic administration. Nevertheless, due to the short half-life of Guo, the perfect method
of administration is still under debate. Overall, based on current evidence, future studies
should unravel the precise mechanisms related to the neuroprotective effects of Guo con-
cerning the neurovascular unit and the long-term effect of Guo administration. To address
the complex machinery involved in the promotion of ischemic damage in the penumbra,
a pleiotropic agent acting on many different pathophysiological processes is greatly desir-
able. We propose further evaluating the therapeutic potential of Guo in ischemic stroke
supportive treatment in human participants.
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A.; Wieckowski, M.R. Mitochondria-associated membranes in aging and senescence: Structure, function, and dynamics. Cell
Death Dis. 2018, 9, 332. [CrossRef]

133. Terpolilli, N.A.; Moskowitz, M.A.; Plesnila, N. Nitric oxide: Considerations for the treatment of ischemic stroke.
J. Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. Blood Flow Metab. 2012, 32, 1332–1346. [CrossRef]

134. Esplugues, J. V NO as a signalling molecule in the nervous system. Br. J. Pharm. Ther. 2002, 135, 1079–1095. [CrossRef]
135. Brown, G.C. Nitric oxide and neuronal death. Nitric Oxide Biol. Chem. 2010, 23, 153–165. [CrossRef]
136. Bolaños, J.; Moro, M.; Lizasoain, I.; Almeida, A. Mitochondria and reactive oxygen and nitrogen species in neurological disorders

and stroke: Therapeutic implications. Adv. Drug Deliv. Rev. 2009, 61, 1299–1315. [CrossRef]
137. Bolanos, J.; Heales, S. Persistent mitochondrial damage by nitric oxide and its derivatives: Neuropathological implications. Front.

Neuroenergetics 2010, 2, 1. [CrossRef]
138. Martín-de-Saavedra, M.D.; del Barrio, L.; Cañas, N.; Egea, J.; Lorrio, S.; Montell, E.; Vergés, J.; García, A.G.; López, M.G.

Chondroitin sulfate reduces cell death of rat hippocampal slices subjected to oxygen and glucose deprivation by inhibiting p38,
NFκB and iNOS. Neurochem. Int. 2011, 58, 676–683. [CrossRef]

139. Thomaz, D.T.; Rafognatto, R.; Luisa, A.; Binder, B.; Scheffer, L.; Willms, A.; Fátima, C.; Mena, R.; Silva, B.; Tasca, C.I. Guanosine
Neuroprotective Action in Hippocampal Slices Subjected to Oxygen and Glucose Deprivation Restores ATP Levels, Lactate
Release and Glutamate Uptake Impairment: Involvement of Nitric Oxide. Neurochem. Res. 2020, 45, 2217–2229. [CrossRef]

140. Gourdin, M.; Dubois, P. Impact of Ischemia on Cellular Metabolism. Artery Bypass 2013, 54509, 3–18.
141. Magistretti, P.J.; Pellerin, L.; Rothman, D.L.; Shulman, R.G. Energy on demand. Science 1999, 283, 496–497. [CrossRef]
142. Bolaños, J.P. Bioenergetics and redox adaptations of astrocytes to neuronal activity. J. Neurochem. 2016, 139 (Suppl. 2), 115–125.

[CrossRef]
143. Schurr, A.; Gozal, E. Aerobic production and utilization of lactate satisfy increased energy demands upon neuronal activation in

hippocampal slices and provide neuroprotection against oxidative stress. Front. Pharm. Ther. 2011, 2, 96. [CrossRef]
144. Pellerin, L.; Magistretti, P.J. Glutamate uptake into astrocytes stimulates aerobic glycolysis: A mechanism coupling neuronal

activity to glucose utilization. Proc. Natl. Acad. Sci. USA 1994, 91, 10625–10629. [CrossRef]
145. Stocker, R.; McDonagh, A.F.; Glazer, A.N.; Ames, B.N. Antioxidant activities of bile pigments: Biliverdin and bilirubin. Methods

Enzym. Ther. 1990, 186, 301–309. [CrossRef]
146. Harder, Y.; Amon, M.; Schramm, R.; Rücker, M.; Scheuer, C.; Pittet, B.; Erni, D.; Menger, M.D. Ischemia-induced up-regulation of

heme oxygenase-1 protects from apoptotic cell death and tissue necrosis. J. Surg. Res. 2008, 150, 293–303. [CrossRef]
147. Scapagnini, G.; Butterfield, D.A.; Colombrita, C.; Sultana, R.; Pascale, A.; Calabrese, V. Ethyl ferulate, a lipophilic polyphenol,

induces HO-1 and protects rat neurons against oxidative stress. Antioxid. Redox Signal. 2004, 6, 811–818. [CrossRef]
148. Lu, X.; Gu, R.; Hu, W.; Sun, Z.; Wang, G.; Wang, L.; Xu, Y. Upregulation of heme oxygenase-1 protected against brain damage

induced by transient cerebral ischemia-reperfusion injury in rats. Exp. Ther. Med. 2018, 15, 4629–4636. [CrossRef] [PubMed]
149. Sethi, G.; Sung, B.; Aggarwal, B.B. Nuclear factor-kappaB activation: From bench to bedside. Exp. Biol. Med. 2008, 233, 21–31.

[CrossRef] [PubMed]
150. Tulpule, K.; Dringen, R. Formate generated by cellular oxidation of formaldehyde accelerates the glycolytic flux in cultured

astrocytes. Glia 2012, 60, 582–593. [CrossRef] [PubMed]
151. Zanella, C.A.; Tasca, C.I.; Henley, J.M.; Wilkinson, K.A. Guanosine modulates SUMO2/3-ylation in neurons and astrocytes via

adenosine receptors. Purinergic Signal. 2020, 439–450. [CrossRef]
152. Geiss-Friedlander, R.; Melchior, F. Concepts in sumoylation: A decade on. Nat. Rev. Mol. Cell Biol. 2007, 8, 947–956. [CrossRef]

108



Int. J. Mol. Sci. 2021, 22, 6898

153. Wilkinson, K.A.; Henley, J.M. Mechanisms, regulation and consequences of protein SUMOylation. Biochem. J. 2010, 428, 133–145.
[CrossRef]

154. Henley, J.M.; Craig, T.J.; Wilkinson, K.A. Neuronal SUMOylation: Mechanisms, physiology, and roles in neuronal dysfunction.
Physiol. Rev. 2014, 94, 1249–1285. [CrossRef]

155. Cimarosti, H.; Ashikaga, E.; Jaafari, N.; Dearden, L.; Rubin, P.; Wilkinson, K.A.; Henley, J.M. Enhanced SUMOylation and SENP-1
protein levels following oxygen and glucose deprivation in neurones. J. Cereb. Blood Flow Metab. 2012, 32, 17–22. [CrossRef]

156. Lee, Y.J.; Mou, Y.; Klimanis, D.; Bernstock, J.D.; Hallenbeck, J.M. Global SUMOylation is a molecular mechanism underlying
hypothermia-induced ischemic tolerance. Front. Cell. Neurosci. 2014, 8, 1–9. [CrossRef]

157. Zhang, H.; Huang, D.; Zhou, J.; Yue, Y.; Wang, X. SUMOylation participates in induction of ischemic tolerance in mice. Brain Res.
Bull. 2019, 147, 159–164. [CrossRef]

158. Pardridge, W.M. The Blood-Brain Barrier: Bottleneck in Brain Drug Development. NeuroRx 2005, 2, 3–14. [CrossRef]
159. Soares, F.A.; Schmidt, A.P.; Farina, M.; Frizzo, M.E.S.; Tavares, R.G.; Portela, L.V.C.; Lara, D.R.; Souza, D.O. Anticonvulsant effect

of GMP depends on its conversion to guanosine. Brain Res. 2004, 1005, 182–186. [CrossRef]
160. Ganzella, M.; Dias, E.; Oliveira, A.; De Diniz, D.; Fernanda, C. Effects of chronic guanosine treatment on hippocampal damage

and cognitive impairment of rats submitted to chronic cerebral hypoperfusion. Neurolog. Sci. 2012, 985–997. [CrossRef]
161. Ramos, D.B.; Muller, G.C.; Botter, G.; Rocha, M.; Dellavia, G.H.; Almeida, R.F.; Pettenuzzo, L.F.; Loureiro, S.O.; Hansel, G.; Cássio,

Â.; et al. Intranasal guanosine administration presents a wide therapeutic time window to reduce brain damage induced by
permanent ischemia in rats. Purinergic Signal. 2016, 149–159. [CrossRef]

162. Jiang, S.; Fischione, G.; Guiliani, P.; Romano, S.; Caciagli, F.; Diiorio, P. Metabolism and distribution of guanosine given
intraperitoneally: Implications for spinal cord injury. Nucleosides Nucleotides Nucleic Acids 2008, 673–680. [CrossRef] [PubMed]

163. Müller, G.C.; Loureiro, S.O.; Pettenuzzo, L.F.; Almeida, R.F.; Ynumaru, E.Y.; Guazzelli, P.A.; Meyer, F.S.; Pasquetti, M.V.; Ganzella,
M.; Calcagnotto, M.E.; et al. Effects of intranasal guanosine administration on brain function in a rat model of ischemic stroke.
Purinergic Signal. 2021, 17, 255–271. [CrossRef] [PubMed]

164. Anderson, C.M.; Swanson, R.A. Astrocyte glutamate transport: Review of properties, regulation, and physiological functions.
Glia 2000, 32, 1–14. [CrossRef]

165. Vinadé, E.R.; Schmidt, A.P.; Frizzo, M.E.S.; Izquierdo, I.; Elisabetsky, E.; Souza, D.O. Chronically administered guanosine is
anticonvulsant, amnesic and anxiolytic in mice. Brain Res. 2003, 977, 97–102. [CrossRef]

166. Kelly, K.J.; Plotkin, Z.; Dagher, P.C. Guanosine supplementation reduces apoptosis and protects renal function in the setting of
ischemic injury. J. Clin. Investig. 2001, 108, 1291–1298. [CrossRef] [PubMed]

167. Schmidt, P.; Paniz, L.; Schallenberger, C.; Bo, A.E.; Wofchuk, S.T.; Elisabetsky, E.; Portela, L.V.C.; Souza, D.O.; Program, G.
Guanosine Prevents Thermal Hyperalgesia in a Rat Model of Peripheral Mononeuropathy. J. Power Sources 2010, 11, 131–141.
[CrossRef] [PubMed]

168. Saute, J.A.M.; da Silveira, L.E.; Soares, F.A.; Martini, L.H.; Souza, D.O.; Ganzella, M. Amnesic effect of GMP depends on its
conversion to guanosine. Neurobiol. Learn. Mem. 2006, 85, 206–212. [CrossRef]

169. Vinadé, E.R.; Izquierdo, I.; Lara, D.R.; Schmidt, A.P.; Souza, D.O. Oral administration of guanosine impairs inhibitory avoidance
performance in rats and mice. Neurobiol. Learn. Mem. 2004, 81, 137–143. [CrossRef]

170. Pereira, G.S.; Rossato, J.I.; Sarkis, J.J.F.; Cammarota, M.; Bonan, C.D.; Izquierdo, I. Activation of adenosine receptors in the
posterior cingulate cortex impairs memory retrieval in the rat. Neurobiol. Learn. Mem. 2005, 83, 217–223. [CrossRef]

171. Jackson, E.K.; Mi, Z. The guanosine-adenosine interaction exists in vivo. J. Pharm. Exp. Ther. 2014, 350, 719–726. [CrossRef]
172. Varaschini, L.; Roberto, T.; Almeida, F.; Rohden, F.; Anderson, L.; Martins, M.; Teixeira, L.V.; Almeida, R.F.; Rohden, F.; Martins,

L.A.M.; et al. Neuroprotective Effects of Guanosine Administration on In Vivo Cortical Focal Ischemia in Female and Male Wistar
Rats. Neurochem. Res. 2018, 43, 1476–1489. [CrossRef]

173. Suzuki, S.; Brown, C.M.; Wise, P.M. Neuroprotective effects of estrogens following ischemic stroke. Front. Neuroendocr. Ther. 2009,
30, 201–211. [CrossRef]

174. Moretto, M.B.; Boff, B.; Lavinsky, D.; Netto, C.A.; Rocha, J.B.T.; Souza, D.O.; Wofchuk, S.T. Importance of schedule of ad-
ministration in the therapeutic efficacy of guanosine: Early intervention after injury enhances glutamate uptake in model of
hypoxia-ischemia. J. Mol. Neurosci. 2009, 38, 216–219. [CrossRef]

175. Chang, R.; Algird, A.; Bau, C.; Rathbone, M.P.; Jiang, S. Neuroprotective effects of guanosine on stroke models in vitro and
in vivo. Neurosci. Lett. 2008, 431, 101–105. [CrossRef]

176. Rathbone, M.P.; Saleh, T.M.; Connell, B.J.; Chang, R.; Su, C.; Worley, B.; Kim, M.; Jiang, S. Systemic administration of guanosine
promotes functional and histological improvement following an ischemic stroke in rats. Brain Res. 2011, 1407, 79–89. [CrossRef]

177. Souza, G.; Hansel, G.; Ramos, D.B.; Delgado, C.A.; Souza, D.O.; Almeida, F.; Portela, L.V. The Potential Therapeutic Effect of
Guanosine after Cortical Focal Ischemia in Rats. PLoS ONE 2014, 9, 1–10. [CrossRef]

178. Connell, B.J.; Iorio, P.; Di Sayeed, I.; Ballerini, P.; Saleh, M.C.; Giuliani, P.; Saleh, T.M.; Rathbone, M.P.; Su, C.; Jiang, S. Guanosine
Protects Against Reperfusion Injury in Rat Brains After Ischemic Stroke. J. Neurosci. Res. 2013, 272, 262–272. [CrossRef]

179. Bettio, L.E.B.; Gil-mohapel, J.; Rodrigues, A.L.S. Guanosine and its role in neuropathologies. Purinergic Signal. 2016, 411–426.
[CrossRef]

180. Allen, C.L.; Bayraktutan, U. Oxidative stress and its role in the pathogenesis of ischaemic stroke. Int. J. Stroke 2009, 4, 461–470.
[CrossRef]

109



Int. J. Mol. Sci. 2021, 22, 6898

181. Chen, H.; Yoshioka, H.; Kim, G.S.; Jung, J.E.; Okami, N.; Sakata, H.; Maier, C.M.; Narasimhan, P.; Goeders, C.E.; Chan, P.H.
Oxidative stress in ischemic brain damage: Mechanisms of cell death and potential molecular targets for neuroprotection. Antioxid.
Redox Signal. 2011, 14, 1505–1517. [CrossRef]

182. Crack, P.J.; Taylor, J.M. Reactive oxygen species and the modulation of stroke. Free Radic. Biol. Med. 2005, 38, 1433–1444. [CrossRef]
183. Moretto, M.B.; Arteni, N.S.; Lavinsky, D.; Netto, C.A.; Rocha, J.B.T. Hypoxic-ischemic insult decreases glutamate uptake by

hippocampal slices from neonatal rats: Prevention by guanosine. Exp. Neurol. 2005, 195, 400–406. [CrossRef]
184. Wang, Y.; Briz, V.; Chishti, A.; Bi, X.; Baudry, M. Distinct roles for µ-calpain and m-calpain in synaptic NMDAR-mediated

neuroprotection and extrasynaptic NMDAR-mediated neurodegeneration. J. Neurosci. 2013, 33, 18880–18892. [CrossRef]
185. Deng, G.; Qiu, Z.; Li, D.; Fang, Y.U.; Zhang, S. Delayed administration of guanosine improves long-term functional recovery

and enhances neurogenesis and angiogenesis in a mouse model of photothrombotic stroke. Mol. Med. Rep. 2017, 3999–4004.
[CrossRef]

186. Ruan, L.; Wang, B.; Zhuge, Q.; Jin, K. Coupling of neurogenesis and angiogenesis after ischemic stroke. Brain Res. 2015, 1623,
166–173. [CrossRef]

187. Chen, S.D.; Wu, C.L.; Hwang, W.C.; Yang, D.I. More insight into BDNF against neurodegeneration: Anti-apoptosis, anti-oxidation,
and suppression of autophagy. Int. J. Mol. Sci. 2017, 18, 545. [CrossRef]

188. Rathbone, M.; Pilutti, L.; Caciagli, F.; Jiang, S. Neurotrophic effects of extracellular guanosine. Nucleosides. Nucleotides Nucleic Acids
2008, 27, 666–672. [CrossRef]

189. Massari, C.M.; Zuccarini, M.; Di Iorio, P.; Tasca, C.I. Guanosine Mechanisms of Action: Toward Molecular Targets. Front. Pharm.
Ther. 2021, 12, 1–5. [CrossRef]

190. Melani, A.; Pugliese, A.M.; Pedata, F. Adenosine Receptors in Cerebral Ischemia, 1st ed.; Elsevier Inc.: Amsterdam, The Netherlands,
2014; Volume 119, ISBN 9780128010228.

191. Bynoe, M.S.; Viret, C.; Yan, A.; Kim, D.G. Adenosine receptor signaling: A key to opening the blood-brain door. Fluids Barriers
Cns 2015, 12, 1–12. [CrossRef]

192. Abdullahi, W.; Tripathi, D.; Ronaldson, P.T. Blood-brain barrier dysfunction in ischemic stroke: Targeting tight junctions and
transporters for vascular protection. Am. J. Physiol. Cell Physiol. 2018, 315, C343–C356. [CrossRef] [PubMed]

193. Jian, Z.; Liu, R.; Zhu, X.; Smerin, D.; Zhong, Y.; Gu, L.; Fang, W.; Xiong, X. The Involvement and Therapy Target of Immune Cells
After Ischemic Stroke. Front. Immunol. 2019, 10, 1–15. [CrossRef] [PubMed]

194. Lymphocytes, S.P.; Pasquini, S.; Vincenzi, F.; Casetta, I.; Laudisi, M. Adenosinergic System Involvement in Ischemic. Cells 2020, 9,
1072. [CrossRef]

195. Bantia, S.; Choradia, N. Treatment duration with immune-based therapies in Cancer: An enigma 11 Medical and Health Sciences
1107 Immunology. J. Immunother. Cancer 2018, 6, 4–8. [CrossRef]

196. Shanta, B. Purine Nucleoside Phosphorylase Inhibitors as Novel Immuno-Oncology Agent and Vaccine Adjuvant. Int. J.
Immunol. Immunother. 2020, 7, 1–12. [CrossRef]

110



 International Journal of 

Molecular Sciences

Review

Purinergic–Glycinergic Interaction in Neurodegenerative and
Neuroinflammatory Disorders of the Retina

Laszlo G. Harsing, Jr. 1,*, Gábor Szénási 2 , Tibor Zelles 1,3 and László Köles 1,3

Citation: Harsing, L.G., Jr.; Szénási,

G.; Zelles, T.; Köles, L.

Purinergic–Glycinergic Interaction in

Neurodegenerative and

Neuroinflammatory Disorders of the

Retina. Int. J. Mol. Sci. 2021, 22, 6209.

https://doi.org/10.3390/ijms22126209

Academic Editors: Dmitry Aminin

and Peter Illes

Received: 25 May 2021

Accepted: 4 June 2021

Published: 8 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pharmacology and Pharmacotherapy, Semmelweis University, H-1089 Budapest, Hungary;
zelles.tibor@med.semmelweis-univ.hu (T.Z.); koles.laszlo@med.semmelweis-univ.hu (L.K.)

2 Institute of Translational Medicine, Semmelweis University, H-1089 Budapest, Hungary;
szenasi.gabor@med.semmelweis-univ.hu

3 Department of Oral Biology, Semmelweis University, H-1089 Budapest, Hungary
* Correspondence: harsing.laszlo@med.semmelweis-univ.hu; Tel.: +36-1-210-4416

Abstract: Neurodegenerative–neuroinflammatory disorders of the retina seriously hamper human
vision. In searching for key factors that contribute to the development of these pathologies, we
considered potential interactions among purinergic neuromodulation, glycinergic neurotransmis-
sion, and microglia activity in the retina. Energy deprivation at cellular levels is mainly due to
impaired blood circulation leading to increased release of ATP and adenosine as well as glutamate
and glycine. Interactions between these modulators and neurotransmitters are manifold. First, P2Y
purinoceptor agonists facilitate reuptake of glycine by glycine transporter 1, while its inhibitors
reduce reverse-mode operation; these events may lower extracellular glycine levels. The conse-
quential changes in extracellular glycine concentration can lead to parallel changes in the activity of
NR1/NR2B type NMDA receptors of which glycine is a mandatory agonist, and thereby may reduce
neurodegenerative events in the retina. Second, P2Y purinoceptor agonists and glycine transporter 1
inhibitors may indirectly inhibit microglia activity by decreasing neuronal or glial glycine release
in energy-compromised retina. These inhibitions may have a role in microglia activation, which is
present during development and progression of neurodegenerative disorders such as glaucomatous
and diabetic retinopathies and age-related macular degeneration or loss of retinal neurons caused
by thromboembolic events. We have hypothesized that glycine transporter 1 inhibitors and P2Y
purinoceptor agonists may have therapeutic importance in neurodegenerative–neuroinflammatory
disorders of the retina by decreasing NR1/NR2B NMDA receptor activity and production and release
of a series of proinflammatory cytokines from microglial cells.

Keywords: retina; purinergic modulation; glycinergic neurotransmission; microglia; neuroinflamma-
tion; neurodegeneration; glycine transporters

1. Introduction

Neurodegenerative disorders occur with a high incidence in the elderly. These
pathologies affect the motor system in Parkinson’s or Huntington’s diseases, memory
in Alzheimer’s disease, or other additional critically important neural functions after im-
pairments in cerebral blood circulation. The retina, which is commonly considered as an
outside part of the central nervous system, is also affected by neurodegenerative disor-
ders. Most of them may lead to loss of neurons in the retinal circuitry and consecutive
impaired vision or blindness. Among the neurodegenerative diseases, we mention reti-
nal hypoxia/ischemia, glaucomatous and diabetic neuropathies, and age-related macular
degeneration and those that appear less frequently, such as human recessive retinitis pig-
mentosa or inherited photoreceptor degeneration. These disorders may occur as a sudden
pathological event or show a progressively declining clinical course, but vision may be
seriously hampered or lost in all disorders. Despite different clinical symptoms, there are
a number of common factors in their pathogenesis, like neuroinflammation associated

111



Int. J. Mol. Sci. 2021, 22, 6209

with neurodegeneration. Retinal hypoxia, as a persisting insult, may induce enhanced
purinergic modulation and glutamatergic–glycinergic neurotransmission. Activation of
the two systems may evoke sustained release of inflammatory mediators from activated
microglia and the resultant chronic proinflammatory environment may induce develop-
ment or exacerbation of retinal neurodegenerative disorders. There are several excellent
review articles published on different aspects of the neurodegenerative pathologies of the
retina [1–3].

In spite of the extended research effort, the currently used therapeutics only slow
down the progression of retinal neurodegenerative disorders, whereas normalization of
impaired visual functions can be rarely achieved. It is, therefore, mandatory to develop
novel therapeutic interventions. This goal, however, cannot be reached without unfolding
the pathophysiology of retinal neurodegenerative diseases. The aim of this review is to
highlight a possible interaction between purinergic and glycinergic signaling systems in
neuroinflammatory–neurodegenerative disorders of the retina. This interaction is, however,
further complicated by the findings that microglia, the resident immune cells of the central
nervous system and retina, are involved not only in neuronal cell destructions but also in
compensatory neural repair following insulting influences [4,5].

2. Neural Circuitries and Glial Cell Types in the Retina

Figure 1A shows the cell types and the organization of neural circuitry after hematoxylin-
eosin staining of the retina [6]. The vertical section of the retina showed the retinal pigment
epithelium (PRE) as the outermost layer followed by the photoreceptor layer (PRL) and
outer nuclear layer (ONL), the latter containing the cell bodies of the cone and rod pho-
toreceptors. The neurotransmitter in photoreceptors is glutamate, the release of which
decreases to light exposition of the retina. The second-degree neurons in the retina are
glutamatergic bipolar cells. The cell bodies of the ON and OFF cone bipolar cells and the
connecting ganglion cells form the inner nuclear layer (INL) and the ganglion cell layer
(GCL) of the retina, respectively. The inner nuclear layer also contains amacrine cells mostly
releasing glycine or GABA as neurotransmitters, which, together with the horizontal cells,
compose the horizontal visual pathway [7]. Neuronal connection, which transmits signals
from rod bipolar cells to cone bipolar cells, is established by the AII cell, a specific type of
glycinergic amacrine cell [8]. The outer and inner plexiform layers (OPL, IPL) contain the
synaptic connections between the photoreceptors and bipolar cells and the bipolar cells and
retinal ganglion cells, respectively (Figure 1B). These layers show characteristic alterations
or tapering in various neurodegenerative disorders or injuries of the retina [9,10].

Besides the neural circuits, the retina also contains numerous glia cells termed macroglia
(Müller cells and astrocytes) and microglial cells. The principal macroglia Müller cells
span all retinal layers, whereas astrocytes are mostly located close to the nerve fiber
layer and the ganglion cell layer [3,7,12]. Müller cells are the major source of adenosine
triphosphate (ATP) released into the extracellular space, which then modulates both neural
and microglial cell activities [7,13]. Müller cells express glycine transporter 1 (GlyT-1),
which regulates extracellular glycine concentrations in the retina following its release from
macroglia and amacrine cells [14,15]. The glial marker, glial fibrillary acidic protein (GFAP),
is expressed in both Müller glia cells and astrocytes [13,16,17].

The other major type of retinal glia cell is microglia. They originate from macrophage
or monocyte precursors and are considered as the major immunocompetent cell type
of the retina [18]. In healthy retina, microglia cells are characterized by small somata
and extensively ramified processes at rest [3]. Microglial cells, which exhibit different
morphologies in the retina, are mainly present in the inner and outer plexiform layers,
ganglion cell layer, and nerve fiber layer (Figure 1C) [7,11,19,20].
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Figure 1. (A) Cytoarchitecture of the retina. Vertical section of rat retina stained with hematoxylin-
eosine (made with the courtesy of Dr. Mihaly Albert). (B) Neural circuitry of the retina. Cone bipolar 
(CB) axons descend to the inner plexiform layer; the two categories of bipolar cells terminate at 
different levels: Axons of the OFF bipolar cells send axons to the upper part of the inner plexiform 
layer and the ON bipolar cells end in the lower part. Rod bipolar (RB) cells release glutamate and 
synapse to AII amacrine cells. Glycinergic AII cells append to OFF bipolar terminals and OFF gan-
glion cell dendrites in the upper level of the inner plexiform layer and these interneurons also syn-
apse to ON cone bipolar cells in the lower half of the inner plexiform layer. Retinal ganglion cells 
receive excitatory glutamatergic innervation from cone bipolar cells and inhibitory influence from 
amacrine cells. About half of the amacrine cells are glycinergic and the other half is GABAergic. The 
OFF pathway is under the direct control of glycine released from glycinergic amacrine cells, whereas 
the ON pathway is under the inhibition of GABAergic amacrine cells. NR1/NR2A-type NMDA re-
ceptors are present in the synapses formed between bipolar and ganglion cells, whereas extrasyn-
aptic NR1/NR2B-type NMDA receptors are predominantly expressed in ON ganglion cells. Thus, 
the primary target for excitotoxicity is the ON ganglion cells in the retina. (C) Microglial cells in 
normal retina are mainly distributed in the outer and inner plexiform layers. In the glaucomatous 
retina, microglia are present in the ganglion cell layer surrounding the retinal ganglion cell axons 
and soma. In the diabetic retina, perivascular accumulation of activated microglia cells can be found. 
These cells are accumulated in the outer nuclear layer and subretinal space in age-related macular 
degeneration [7,10,11]. PRL, photoreceptor layer; ONL, outer nuclear layer; OPL, outer plexiform 
layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; A, amacrine cell; 
AII, AII glycinergic interneuron; AMPA, AMPA receptor; mGluR, metabotropic glutamate receptor; 
CB, cone bipolar cell; RB, rod bipolar cell; GC, ganglion cell. 
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courtesy of Dr. Mihaly Albert). (B) Neural circuitry of the retina. Cone bipolar (CB) axons descend to the inner plexiform
layer; the two categories of bipolar cells terminate at different levels: Axons of the OFF bipolar cells send axons to the upper
part of the inner plexiform layer and the ON bipolar cells end in the lower part. Rod bipolar (RB) cells release glutamate
and synapse to AII amacrine cells. Glycinergic AII cells append to OFF bipolar terminals and OFF ganglion cell dendrites
in the upper level of the inner plexiform layer and these interneurons also synapse to ON cone bipolar cells in the lower
half of the inner plexiform layer. Retinal ganglion cells receive excitatory glutamatergic innervation from cone bipolar
cells and inhibitory influence from amacrine cells. About half of the amacrine cells are glycinergic and the other half is
GABAergic. The OFF pathway is under the direct control of glycine released from glycinergic amacrine cells, whereas
the ON pathway is under the inhibition of GABAergic amacrine cells. NR1/NR2A-type NMDA receptors are present
in the synapses formed between bipolar and ganglion cells, whereas extrasynaptic NR1/NR2B-type NMDA receptors
are predominantly expressed in ON ganglion cells. Thus, the primary target for excitotoxicity is the ON ganglion cells
in the retina. (C) Microglial cells in normal retina are mainly distributed in the outer and inner plexiform layers. In the
glaucomatous retina, microglia are present in the ganglion cell layer surrounding the retinal ganglion cell axons and soma.
In the diabetic retina, perivascular accumulation of activated microglia cells can be found. These cells are accumulated in
the outer nuclear layer and subretinal space in age-related macular degeneration [7,10,11]. PRL, photoreceptor layer; ONL,
outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell
layer; A, amacrine cell; AII, AII glycinergic interneuron; AMPA, AMPA receptor; mGluR, metabotropic glutamate receptor;
CB, cone bipolar cell; RB, rod bipolar cell; GC, ganglion cell.

3. Cellular Biology of Microglia in Neural and Retinal Tissues

Microglia are the resident immune cells of the central nervous system as well as the
retina. Microglia exist in different forms. Resting microglia are derived from macrophage-
like cells and they can be characterized by small cell bodies and multiple branched pro-
cesses arising from the cell bodies with down-regulated macrophage-like properties [21].
Microglia processes exhibit continuous movements controlling the immunological environ-
ment (surveillance mode) in order to detect signals from stressed neurons or macroglia.
Microglial cells also have a function in normal retinal growth, neurogenesis, and retinal
blood vessel formation under physiological conditions.

The shape of microglial cells turns to be amoeboid during microglial activation in
retinopathological events and cellular hypertrophy and process retraction can be also
observed [22]. The amoeboid form of microglia is enlarged in size, and microglia occur
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either as single cells or in clusters and their phagocytotic activity is enhanced [3]. In re-
sponse to pathogenic signals such as ischemia or oxidative stress, microglia proliferate and
migrate towards the site of tissue injury [23]. Pathological stimuli also activate macroglial
cells and cause gliosis of the retina. The gliosis of Müller cells is characterized by cellular
hypertrophy, proliferation, and upregulation of GFAP expression [13].

Ramified microglia is a model of resting-like cells, whereas addition of the bacterial
cell wall component lipopolysaccharide (LPS) induces activation of microglial cells. This
procedure is also called a shift of microglia from an ineffective to an effective (activated)
state. Stimulation with LPS is accompanied by altered K+ channel expression: Resting
microglial cells do not express voltage-activated K+ channels, their expression together
with P2Y purinoceptors can be observed following microglia activation [24].

Microglial cells undergo two kinds of activation in response to infection, tissue trau-
matic or hypoxic injury [10,25]. These two types are designated as M1 and M2 microglial
cells, which are also mentioned in the literature as proinflammatory and anti-inflammatory
phenotypes [26]. The M1 first state is a neurotoxic phenotype that is characterized with
massive inflammatory responses, release of tumor necrosis factor α (TNFα) and other
neurotoxic inflammatory mediators/cytokines such as interleukin (IL)-1α, IL-1β, IL-6, and
IL-12 [3]. Release of TNFα and IL-6 from microglial cells is toxic and induces neuronal cell
death [27]. In certain circumstances, the M1 state may turn to uncontrolled activation of
microglial cells, leading to a chronic inflammation in neural tissues. The increased produc-
tion of the various proinflammatory cytokines may maintain an inflammatory condition
and sustained release of these factors also contributes to neuronal cell death [28].

The second microglia phenotype is M2, which can secrete a series of anti-inflammatory
mediators (IL-4, IL-10, IL-13, TGF-1β), and neurotrophic factors such as insulin-like growth
factor 1 (IGF-1). M2 microglia serve inflammation resolution and promote neuroprotec-
tion and neuronal survival [29]. M2 microglia were recognized as neuroprotective in
neurodegenerative diseases preventing neuroinflammation both in the brain and in the
retina. M2 microglia downregulate inflammatory cells and the released protective and
trophic factors induce immunosuppressive responses [30]. During M1 to M2 transition,
the acute and prolonged phases of microglia activation may represent a dual role of these
cells in neuroinflammatory and neurodegenerative disorders of the retina [26]. Chronic
neuroinflammation in neural or retinal tissues may be due to lack of sufficient M2 microglia
responses either because of a lower number of microglial cells or a lower secretion of
neuroprotective factors [30]. It has been suggested that phenotypic shift of microglia from
proinflammatory M1 function to anti-inflammatory M2 function may be beneficial in retinal
neurodegenerative disorders [25].

Microglia also become activated in pathological angiogenesis in the retina. Vascular
endothelial growth factor (VEGF) released from microglia and monocytes has a crucial
role in blood vessel growth. VEGF is also an inflammatory mediator and contributes
to inflammatory responses [31]. In a mouse model of macular degeneration, VEGF is
released from microglial cells into the subretinal space causing choroidal neovascular-
ization [7]. Increased levels of VEGF and choroidal neovascularization were reported
in patients suffering from age-related macular degeneration. Elevated vitreous VEGF
levels were also shown in patients with retinal vein occlusion [32]. Microglial cells can
produce and the release brain-derived neurotrophic factor (BDNF) and other neurotrophic
factors such as nerve growth factor (NGF), inducing trophic cascades but also cell death in
developing retina [18,33,34].

4. Purinergic Modulation of Neural Tissues

Ischemia and other pathological conditions like mechanical perturbation and dis-
tension, cell swelling, stretching, or increased hydrostatic pressure all lead to ATP re-
lease [35]. ATP can be released from neurons into the extracellular space by an external
Ca2+-dependent exocytotic mechanism evoked by membrane depolarization. Besides
neurons, ATP can also be released from glia cells by Ca2+-dependent and independent
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means [4]. The release of ATP may also occur though the large transmembrane pannexins
hemichannels from neurons and astrocytes [28,36].

ATP, if once released, is metabolized into ADP, AMP, and adenosine in the extracellular
space by ecto-5′-nucleotidases (CD73) and ecto-nucleotide triphosphate diphosphohydro-
lases (NTPDases, CD39) [2,37,38]. Activity of these enzymes can be modified pharmacolog-
ically, e.g., ARL67156 is an inhibitor of NTPDases (Table 1). The turnover of the neural or
glial ATP released towards the extracellular space may end up by uptake of the formed
adenosine into neurons or glial cells. Adenosine reuptake inhibitors increase adenosine
concentrations in the extracellular space (Table 1). Adenosine can also be produced intra-
cellularly and effluxed from the intracellular space by adenosine transporter reversal. The
mechanism commonly implicated in adenosine release involves bi-directional nucleoside
transport. Thus, the Na+-dependent concentrative nucleoside transporters assure uptake
of adenosine from the extracellular space (normal-mode operation), whereas operation
of the transporter in the reverse or release-mode operation results in increased adenosine
efflux from the cells [39]. The extracellular concentration of adenosine is also determined
by the operation of the Na+-independent equilibrative nucleoside transporter [40]. Adeno-
sine levels increase at the site of tissue damage or in the retina exposed to hypoxia and
ischemia-reperfusion [41,42].

Table 1. Drugs used to investigate purinoceptors in neurodegenerative–neuroinflammatory disorders of the central nervous
system and retina.

Drugs Mode of Action

P2 nucleotide purinoceptors

α,β-Methylene-ATP P2 agonist

PPADS P2 antagonist

Suramin non-specific P2 antagonist

P2Y nucleotide purinoceptors

2-MeS-ATP P2 agonist

2-MeS-ADP P2Y1,12,13 agonist

MRS 2365 P2Y1 agonist

MRS 2179 P2Y1 antagonist

MRS 2211 P2Y13 antagonist

P2X nucleotide purinoceptors

β,γ-Methylene-ATP P2X agonist

BzATP P2X7 agonist

TNP-ATP P2X antagonist

NF449 P2X1 antagonist

Brillant Blue G (BBG) P2X7 antagonist

P1 nucleoside (adenosine) purinoceptors

R-PIA A1 agonist

CCPA A1 agonist

CPA A1 agonist

DPCPX A1 antagonist

CGS21680 A2A agonist

SCH58261 A2A antagonist

ZM-241,385 A2A antagonist

BAY 60-6583 A2B agonist
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Table 1. Cont.

Drugs Mode of Action

BzATP 2′,5′-O-4-benzo-yl)-ATP

CCPA 2-chloro-N6-cyclopentyladenosine

CF101 (N6-(3-iodobenzyl)-5′-N-methylcarboxamidoadenosine

CGS 21680 4-[2][6-amino-9-(N-ethyl-β-D-ribofuranuronamidosyl)-9H-purin-2-yl]amino]ethyl] benzeneproprionic acid

CP-532,903 (2S,3S,4R,5R)-3-amino-5-[6-(2,5-dichlorobenzylamino)purin-9-yl]-4 hydroxytetrahydrofuran-2-carboxylic
acid methylamide

CPA N6-cyclopentyladenosine

DPCPX Dipropylcyclopenthylxanthine

LUF-5835 1-[6-amino-9-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]purin2-yl]-N-methylpyrazole-
4-carboxamide

2-MeS-ATP 2-methylthio-ATP

2-MeSADP 2-methylthio-ADP

MRE 3008F20 N-[2-(2-Furanyl)-8-propyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin
5-yl]-N′-(4-methoxyphenyl)urea

MRS 1706 N-(4-acetylphenyl)-2-([4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8-yl)phenoxy]acetamide

MRS 2179 N6-methyl-2′-deoxyadenosine-3′,5′-bisphosphate

MRS 2211 pyridoxal-5′-phosphate-6-azo(2-chloro-5-nitrophenyl)-2,4-disulfonate

MRS 2365 [[(1R,2R,3S,4R,5S)-4-[6-amino-2-(methylthio)-9H-purin-9-yl]-2,3-dihydroxy
bicyclo-[3.1.0]hex-1-yl]methyl] diphosphoric acid monoester

NBMPR S6-(4-nitrobenzyl)mercaptopurine riboside

NF449 4,4′,4′ ′,4′ ′ ′-[Carbonylbis(imino-5,1,3,-benzenetriyl-bis(carbonylimino))]tetrakis-1,3 benzenedisulfonic acid

PPADS pyridoxalphosphate-6-azaphenyl-2,4-disulfonic acid

R-PIA R-N6-(2-phenylisopropyl)adenosine

SCH5826 1,7-(2-phenylethyl)-5-amino-2-(2-furyl)-pyrazolo[4,3-e]-1,2,4-triazolo[1,5-c]pyrimidine

TNP-ATP 2′,3′-(2,4,6,-trinitrophenyl)adenosine-5′-triphosphate

ZM241,385 4-(2-[7-amino-2-)2-furyl(triazolo-[1,3,5]triazin-5-ylamino]ethyl)phenol

For further details see Jacobson and Civan [43].

Purinergic influence in the retina is mediated by the release of various endogenous
ligands for P1 and P2 purinoceptors from neuronal and non-neuronal cells [44,45]. In the
retina, ATP release was found from the pigment epithelium layer, ganglion cells, and also
from Müller glia cells and astrocytes [13,46,47]. The presence of pannexin hemichannels
and their contribution to ATP release have been demonstrated in the retina [35].

4.1. Heterogeneity of Purinoceptors

Purinergic receptors or purinoceptors are divided into nucleoside P1 and nucleotide
P2 types based upon their natural ligands. P2 purinoceptors are further divided into
two groups: P2X purinoceptors are ATP-gated ion channels, whereas P2Y purinoceptors
are metabotropic and coupled to G proteins. P2 purinoceptors are sensitive to adenine
and guanine nucleotides [2]. Released ATP activates P2X and several P2Y purinoceptor
subtypes but other adenine or uridine nucleotides ADP, UTP, and UDP are also natural
agonist ligands for some P2Y purinoceptor subtypes. P2Y purinoceptors consist of eight
different subtypes designated as P2Y1,2,4,6,11,12,13,14. The downstream signal transduction
linked to P2Y purinoceptors are mostly of two kinds, either Gq (P2Y1,2,4,6„11 receptors)
or Gi (P2Y12,13,14) proteins are coupled to the receptors. Thus, P2Y purinoceptors with
different signal transductions can evoke both excitation and inhibition. In addition, P2Y
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purinoceptors exhibit different agonist binding profiles: P2Y1, P2Y12, and P2Y13 purinocep-
tors are sensitive to adenine nucleotides; P2Y2 and P2Y4 are activated by adenine and
uridine nucleotides; and human P2Y4 and P2Y6 purinoceptors are primarily affected by
uridine nucleotides [23].

The response of Gq protein-coupled P2Y purinoceptors to ATP is an increase in
intracellular inositol trisphosphate (IP3) level, a rapid transient release of Ca2+ from internal
stores followed by an increase of intracellular Ca2+ concentration, and also a Ca2+ influx
into the cells [34]. Illes and coworkers [48] proposed that this increase of intracellular Ca2+

concentrations results in opening K+ channels, allowing an outward-directed K+ current,
and membrane hyperpolarization in microglial cells.

The P2X ionotropic purinoceptors are ligand-gated cationic channels and are non-
selectively permeable to Na+, K+, and Ca2+. P2X purinoceptors have seven subtypes iden-
tified as P2X1 to P2X7 and are sensitive to ATP but not to ADP, AMP, and adenosine [4,23].
In response to ATP, P2X purinoceptors mediate fast excitatory neurotransmission as their
activation induces an inward-directed cation current and cellular membrane depolariza-
tion [34,48]. P2X purinoceptors are also linked to Ca2+ signaling via receptor-coupled
Ca2+-permeable cationic channels, allowing Ca2+ entry into the cells [24].

The other types of purinoceptors are the P1 type [46]. Adenosine is the natural ligand
for P1 nucleoside receptors, which activates all four different receptor subtypes, A1, A2A,
A2B, and A3. Adenosine receptors are only sensitive to the nucleoside adenosine [2] whereas
Luongo and coworkers [26] reported that treatment with ATP upregulated adenosine
A1 receptor expression in microglia. Adenosine receptors possess metabotropic signal
transduction: A1 and A3 receptors are coupled to Gi proteins and A2A and A2B receptors are
linked to Gs proteins. Accordingly, activation of adenosine receptors leads to stimulation
or inhibition of adenylate cyclase and to an increase or decrease of tissue cAMP levels.
Activation of A1 receptors results in mostly opposite effects to A2A receptors. The P1
purinoceptor agonist adenosine fails to generate a [Ca2+]i response in cultured microglia
indicating that ATP action on intracellular Ca2+ is mediated only through activation of P2
purinoceptors [24]. Inhibitory response of purinoceptors coupled to Gi proteins (A1 and A3
adenosine receptors and some P2Y purinoceptors) is a decrease in cAMP levels leading to
Ca2+ and K+ channel dephosphorylation that results in membrane hyperpolarization [26].

4.2. Purinoceptors in the Retina

P2 purinoceptors possess distinct expression profiles in the retina. P2Y metabotropic
receptors are expressed in neurons and glial cells and the retinal pigment epithelium [49].
P2Y1 purinoceptors may have a preferential expression in retinal macroglia including
Müller glia cells, whereas P2Y1, P2Y12, and P2Y13 purinoceptors were identified in as-
troglial cells [50]. Increased purinergic activity induces gliosis in Müller glia cells as
was demonstrated by increased GFAP immunoreactivity and the involvement of P2Y1
purinoceptor was suggested to evoke this effect [51]. Microglial cells in the retina express
the P2Y1 purinoceptor subtype [51].

P2X purinoceptors are expressed on most classes of neurons in the retina. The presence
of P2X receptor immunoreactivity in GABAergic amacrine cells supports previous findings
that purinergic signals modulate information processing by GABAergic amacrine cells [49].
Other laboratories identified an abundant expression of P2X7 purinoceptors in the inner
and outer plexiform layers, in ganglion cells, Müller glia cells, astrocytes, and microglia
in high concentrations [23,52]. Wurm and coworkers [53] reported that, although P2X7
receptors are expressed in human Müller cells, P2X purinoceptors are largely absent in other
mammalian Müller glia cells. Depending on the receptor-coupled signal transduction,
the effects mediated by P2X and P2Y receptors may be synergistic or antagonistic in
retinal circuitry.

Similarly to P2 purinoceptors, P1 purinoceptors are present in retinal pigment epithe-
lial cells and ganglion cells also express multiple adenosine receptors [49]. A1, A2A, and A3
adenosine receptor mRNAs were detected in the inner nuclear layer of the retina. A2A and
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A2B receptors are present in retinal pigment epithelial cells, Müller glia cells, and they are
also expressed in microglia in the retina [2].

A1 receptors are inhibitory in nature and suppress excitatory neurotransmission [46].
Adenosine is a major inhibitor of neural activity in the retina. Increased production
of adenosine in the extracellular space activates inhibitory A1 receptors and neuronal
activity is decreased [13]. The A1 receptor agonist CPA decreased the number of apoptotic
nuclei and GFAP immunoreactivity in the retina exposed to excessive light to induce
neurodegeneration. This effect was reversed by the A1 receptor antagonist DPCPX [54].

4.3. Purinergic Regulation of Microglia

Microglia express P2Y and P2X purinoceptors in resting and activated states [4].
Further analysis demonstrated that the majority of microglial cells in proliferating (resting)
state express P2X purinoceptors and non-proliferating (activated or alerted phenotype)
microglial cells express both P2Y and P2X purinoceptors [48]. Färber and Kettenmann [34]
reported the presence of all the eight different types of P2Y purinoceptors and six types of
P2X purinoceptors (P2X1,2,3,4,6,7,) in the microglial cell line. Accordingly, addition of ATP
affects several metabotropic and ionotropic transduction systems in microglia [55,56].

ATP and adenosine alter the morphology of microglia by inducing an outgrowth
of microglia processes. ATP also regulates the motility of microglial processes and elic-
its rapid chemotactic responses in the retina [7,57]. Microglial chemotaxis as a response
to neuronal injury is regulated by P2Y12 receptors. Ogata and coworkers [56] reported
that activation of P2Y receptors induces microglia proliferation and accelerates process
retraction of the cells. Furthermore, P2Y1,2,4 receptors expressed on microglia regulate
phagocytosis [58]. Uckermann and coworkers [21] also reported that rabbit retinal mi-
croglial cells contain P2Y1 receptors and their activation leads to microglial cell activation.
In addition, P2X4 purinoceptors mediate chemotaxis, and P2X7 purinoceptors are in-
volved in transformation of microglia to the proinflammatory phenotype [26]. Of the P1
purinoceptors, A1 and A3 adenosine receptors have been negatively implicated into the
regulation of microglia morphology and responses, and proliferation and mediator re-
lease [11]. A2A receptor upregulation has a role in the regulation of extension and retraction
of microglial processes [59].

LPS stimulated TNFα, IL-1β, and IL-6 release and ATP inhibited these effects in cul-
tured microglia obtained from rat spinal cord. In addition, the P2Y purinoceptor agonist
2-MeSATP exerted similar inhibition [56]. It was shown that the P2Y2 and P2Y6 purinocep-
tor ligands UTP, UDP, and the hydrolysis-resistant ATP analogue ATPγS stimulated the
basal and TNFα-induced secretion of the chemotactic factor IL-8 in human retinal pigment
epithelium [60]. These observations raise the possibility that P2Y purinoceptors coupled to
Gq or Gi proteins may oppositely regulate the production of proinflammatory cytokines
from microglia.

Activation of different P2 receptors occurs at a temporal scale. First, ATP activates
microglial P2X7 purinoceptors following an ischemic insult inducing an immediate tissue
necrosis followed by activation of purinoceptors on astroglia cells and neurons [5]. In
addition, ATP stimulates P2X7 purinoceptors at milliomolar concentration, whereas P2Y
purinoceptors can be activated in a 10–100 µmol concentration range of ATP [56]. P2X7
purinoceptors exhibit a low sensitivity to ATP resulting in activation only in pathologi-
cal conditions (tissue damage, neuroinflammation, mechanical stress or injury, trauma,
hypoxia, or ischemia) when extracellular ATP concentrations reach high levels.

ATP-activated P2X purinoceptors are also principal regulators of neuroinflammatory
responses. P2X purinoceptor activation induces IL-1β release from macrophages and ADP
and AMP also act as promoters of LPS-induced IL-1β secretion in microglia cells [36]. P2X7
receptor mediates cytokine release from microglia [52]. A series of studies demonstrated
that P2X7 receptor stimulation of immune cells by ATP evokes release of the proinflam-
matory TNFα and IL-1β from mouse or rat microglial cell lines [61]. This release of TNFα
was found to be dependent upon Ca2+ influx and MAP kinase cascade activation [62].
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In contrast, Shigemito-Mogami and coworkers [63] reported that the production of the
proinflammatory cytokine IL-6 was under the control of P2Y rather than P2X purinoceptors
in mouse microglial cell lines.

The production and release of proinflammatory cytokines seem to be oppositely regu-
lated by the metabotropic P2Y and the ionotropic P2X receptors in microglial cells [4]. The
apparently opposite effects of P2X and P2Y purinoceptors on proinflammatory factors may
be explained by the different signal transduction systems utilized by these receptors. Ogata
and coworkers [56] also found opposite effects of P2X (stimulation) and P2Y purinoceptor
(inhibition) on TNFα release from cultured spinal cord microglia.

Microglial cells express all subtypes of P1 purinoceptors, A1, A2A//B, and A3 [11]. The
various types of adenosine receptors also exhibit different sensitivity to their natural ligand
adenosine [39]. Gi protein-coupled A1 adenosine receptor stimulation decreases and Gs
protein-coupled A2A receptors stimulation exerts an opposite effect on microglia activity
(Table 2). The A1 receptor agonist CPA inhibited TNFα and GFAP mRNA expression and
the A1 receptor antagonist DPCPX caused an opposite effect on GFAP immunoreactivity
in the retina [54]. CPA also lowered TNFα mRNA expression in light-induced retinal
degeneration in rats. Activation of A1 adenosine receptors inhibited LPS-induced TNFα
release in activated retinal microglial cells [2]. Madeira and coworkers [64] reported
that blockade of A2A receptor prevents retinal microglia activation and inflammatory
responses in the retina. On the contrary, the A2A receptor agonist CGS21680 decreased
TNFα release in diabetic retina. CGS21680 also attenuated the expression of inflammatory
IL-6 and TNFα. Suppression of the inflammatory cascade C-Raf/ERK by A2A receptor
activation may be involved in the latter effect in microglia [2]. Ahmad and coworkers [65]
also reported that activation of A2A adenosine receptors attenuated the hypoxia- or LPS-
induced TNFα release. At present, conflicting reports can be found in the literature
indicating that both stimulation and blockade of A2A receptors regulate the release of
microglial proinflammatory bioactive proteins in the same direction [11,39,66]. The A3
receptor agonist CF101 exerts anti-inflammatory effects and inhibits proinflammatory
cytokine release (TNFα, IL-6, IL-12). Downregulation of the NF-kB signaling pathway was
suggested to be involved in the mechanism of CF101 [2].

Table 2. Purinoceptors, their signal transductions and endogenous ligands.

Receptor Signal Transduction Ligands

P2Y nucleotide purinoceptors

P2Y purinoceptors subtypes

P2Y1,2,4,6,11* Gq protein-coupled ATP, ADP and/or UTP, UDP

P2Y purinoceptors subtypes

P2Y12,13,14 Gi protein-coupled ADP, UDP

P2X nucleotide purinoceptors

P2X purinoceptors subtypes

P2X1,2,3,4,5,6,7 cationic ion channel-coupled ATP

P1 nucleoside purinoceptors

A1 adenosine receptor Gi protein-coupled adenosine

A2A, A2B adenosine receptor Gs protein-coupled adenosine

A3 adenosine receptor Gi protein-coupled adenosine
P2Y1,12,13 purinoceptors are sensitive to adenine nucleotides, P2Y2,4 purinoceptors are activated by adenine and
uridine nucleotides, human P2Y24,6 are affected primarily by uridine nucleotides [4,23], P2Y11* purinoceptors
also mediate stimulation of adenylyl cyclase activation. Increased cAMP may mobilize intracellular Ca2+ via
activation of PLC-epsilon [67,68].
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5. Glycinergic Transmission in the Retina

Glycine is an inhibitory neurotransmitter that exerts inhibition on various neurons by
acting on strychnine-sensitive glycine receptors (GlyRs) in the retina. All the α1-4 subunits
of GlyRs were identified in the mammalian retina [69]. Glycine also has a mandatory
coagonist role in activation of glutamate N-methyl-D-aspartate (NMDA) receptors both in
the central nervous system and in the retina [70–72].

The neural circuit of the retina contains two kinds of glycinergic interneurons. Amacrine
cells in the inner nuclear layer are synapsed with the cone pathway and establish feedback
inhibition of bipolar cells thereby inhibiting responses of ganglion cells to light [73]. About
half of the amacrine cells are glycinergic and they form in- and output innervations with
bipolar cells, ganglion cells, and other amacrine cells [74]. Glycinergic amacrine cells
synapse primarily with OFF bipolar cells [75] (Figure 1B). The other type of interneuron,
which operates with glycine as a neurotransmitter, is the AII amacrine cells [8,76]. These
interneurons transfer the light signal from rod bipolar cells to the cone pathways. Of the
retinal glial cells, Müller cells and astrocytes are the potential sources of glycine. The
cellular location of glycine in the retina indicates that it serves as a neurotransmitter in
neurons and a gliotransmitter in glia cells and also participates in microglia activation [77].

The release of glycine from interneurons and macroglia cells occurs with vesicular
exocytosis or reverse-mode operation of glycine transporter 1 (GlyT-1). Following neuronal
release, glycine may reach the extrasynaptic space by spillover mechanism and affects
extrasynaptic GlyR and NMDA receptor activities. In the vicinity of these receptors, glycine
concentration is determined by GlyT-1 both in the synaptic and extrasynaptic space of the
retina [78]. GlyT-1 is primarily localized to glial cells (Table 3), whereas GlyT-2, which is
responsible for refilling presynaptic vesicles with glycine, is absent in the retina [79,80], but
see Pena-Rangel et al. [81].

Table 3. Some characteristics of glia cells in the retina.

Glia Cell Type Locations in the Retina Receptor Subtype Expression GlyT Expression

Macroglia

Müller cells Span all retina layers
P2Y1 GlyT-1
P2X7

A2A/2B

Astroglia Ganglion cell layer P2Y1,12,13 GlyT-1
P2X7

Microglia

In healthy retina Inner and outer plexiform layers P2X4,7
A2A/2B

?

In retina pathologies

Ganglion cell layer P2Y1,2,4,12 ?
Perivascular accumulation P2X7

Outer nuclear layer A1,2A/2B,3
Subretinal space

?-no data about GlyT in microglia.

Of the macroglia cells, glycine is released from both Müller glia cells and astrocytes
in the retina. In energy shortage conditions, declining cellular ATP levels cause failure of
ion Na+-K+-ATPase ion pump operation and as a result intracellular Na+ concentration
is elevated [1]. This altered ionic milieu favors shifting the operation of both glycine and
glutamate transporters into the reverse mode [82]. The consequence of transporter reversal
is an increased release of the amino acid neurotransmitters glycine and glutamate as was
shown in isolated rat hippocampus and retina as well [15,78]. In response to hypoxia and
cellular energy failure, ATP is also released from neuronal or glial sources, although the
mechanism of this release differs from that of glutamate or glycine [35].
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5.1. Heterogeneity of NMDA Receptors in the Retina

The ionotropic glutamate NMDA receptors, on which glycine acts as a mandatory
coagonist, exhibit uneven distribution in the retina: A great number of NMDA receptors can
be found in the ganglion cell layer [9,83]. NMDA receptors are expressed in retinal ganglion
cells with different subunit compositions: NR1/NR2B NMDA receptors were found on
ON ganglion cells in higher density, whereas the presence of NR1/NR2A NMDA receptors
was demonstrated both in ON and OFF ganglion cell dendrites [84]. NR1/NR2A receptors
are believed to be localized synaptically and extrasynaptic NMDA receptors are primarily
composed of NR1NR2B subunits [85]. NR1/NR2A and NR1/NR2B receptors possess
different coagonists, D-serine and glycine, respectively [86]. D-Serine may be released
from stressed Müller glia cells and astrocytes to potentiate the agonist effect of glutamate
on synaptic NMDA receptors [87]. On the other hand, extrasynaptic glycine potentiates
the effect of glutamate on extrasynaptic NR1/NR2B NMDA receptors [88]. Glycine, after
its release from synapses between amacrine cells and the OFF pathway neurons, diffuses
into the extrasynaptic space and influences activity of extrasynaptic NR1/NR2B receptors
primarily located on ON ganglion cells [75,89]. Extrasynaptic NR1/NR2B NMDA receptors,
which exhibit higher glycine sensitivity, mediate ganglion cell death by activating pro-death
intracellular signaling in retinal ischemia/hypoxia [90,91].

5.2. Glycinergic Regulation of Microglia

Glycine bears modulatory features on microglia and is able to influence their pro-
and anti-inflammatory functions. Accordingly, Carmans and coworkers [92] reported
that glycine activated macrophage functions and stimulated the production of TNFα and
other proinflammatory mediators. This effect of glycine was not mediated by GlyRs
but rather by activation of the neutral amino acid transporter (NAAT) system. Glycine
activates Na+-dependent NAAT leading to increases in intracellular Na+ concentrations,
inducing membrane depolarization, and enhancement of Ca2+ signaling; these events are
essential for the release of inflammatory modulators [93]. Increases in extracellular glycine
concentrations in response to ischemia of the retina or brain tissues may be high enough to
activate the NAAT system in macrophages or microglial cells.

Schilling and Eder [77] also reported GlyR- and GlyT-independent, but NAAT-dependent,
glycine-mediated effects in mouse microglia. Metabolic activity of cultured microglia
was increased in the presence of glycine, whereas it was suppressed in a glycine-free
medium [22]. Glycine is also known to enhance LPS-induced nitric oxide and superoxide
productions in microglial cells [93]. Furthermore, glycine enhanced ATP-induced intra-
cellular Ca2+ transients in microglial cells and this effect was due to Na+-coupled NAAT
operation [93]. These effects of glycine in microglia point to a depolarization-dependent
Ca2+ signaling and an increased production of inflammatory mediators. Ca2+ signals
may, however, be under the control of different signaling systems in microglia. As men-
tioned above, ATP enhances the glycine-evoked intracellular Ca2+ transients in microglial
cells possibly via activation of P2X purinoceptors. It was shown by Raouf and cowork-
ers [94] that ATP initiates inflammatory cascades by acting on surface P2X purinoceptors
of microglial cells.

Others concluded, however, that glycine has an inhibitory effect on immune cells
by reducing the production of proinflammatory cytokines. It has been reported that
glycine decreased the production of TNFα and IL-1β in human monocytes and inhibited
TNFα production in rat alveolar macrophages [95,96]. These effects of glycine may be
mediated by GlyR-dependent mechanisms rather than the NAAT system. These find-
ings indicate that glycine influences macrophages by both GlyR-dependent and GlyR-
independent mechanisms.

Hayashi and coworkers [97] reported that transferred microglia- and microglia-
conditioned medium potentiated NMDA receptor-mediated synaptic responses in corti-
cal neurons. Analyses with HPLC methods revealed that glycine and serine present in
microglia-conditioned medium may be responsible for potentiation of NMDA-induced
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currents. Released glycine accumulates around glutamatergic synapses and it may build
up a concentration sufficient to induce NMDA receptor activity-mediated neurotoxic-
ity. Further in this line, microglia, after activation, have been reported to induce NMDA
receptor-mediated neurotoxicity and neuronal death [22].

In energy compromised conditions, when disruption of the balances between normal-
and reverse-mode operation of GlyT-1 occurs, GlyT-1 inhibitors decrease extracellular glycine
levels [15,78], i.e., this class of compounds may negatively influence microglia activity.

6. Neurodegenerative and Neuroinflammatory Disorders in the Retina

Of the various clinical appearances of retinopathies, hypoxia/ischemia, glaucoma,
diabetic neuropathy, and age-related macular degeneration affect a great number of the
population. While these disorders exhibit different symptoms, there are several common
evens in their pathogeneses. Retinal hypoxia as a persisting insult may induce enhanced
purinergic signaling and glutamatergic–glycinergic neurotransmission. Activation of the
two systems may lead to a sustained release of inflammatory mediators from activated
microglia and the resulting chronic inflammatory environment may initiate or exacerbate
retinal neurodegenerative disorders. Ganglion cell destruction can be detected in parallel
with abnormally elevated activity of microglia in almost all neurodegenerative disorders
of the retina.

6.1. Enhanced Purinergic Signaling in Neurodegenerative/Neuroinflammatory Disorders of
the Retina

Purinergic signaling is activated in all neurodegenerative disorders of the retina. ATP
is released in excess amount into the extracellular space in hypoxia, inflammation, oxidative
stress, or nutrient starvation [4]. Ischemia-like conditions trigger ATP release from rat
hippocampal slices and this release likely occurs from the ischemic retina as well [35,98].
Using an in vivo microdialysis technique, co-release of ATP and glutamate was demon-
strated from the accumbens nucleus following traumatic injury in the rat and interaction of
ATP and glutamate has been proposed [68]. In addition, the non-selective P2 purinoceptor
antagonist PPADS and the selective P2X7 purinoceptor antagonist BBG inhibited oxygen
and glucose deprivation-induced glutamate release in rat hippocampus [99]. These find-
ings indicate that endogenous ATP, when its release is evoked in energy-compromised
conditions, may exert a stimulatory influence on glutamate release. Oxygen-glucose depri-
vation also evokes glutamate release from isolated rat retina [15] and glutamate released in
ischemic retina evokes Ca2+-independent ATP release and transporter-mediated adenosine
release [100]. In these experiments, hypoxia was induced by elevated intraocular pressure
in rat retina and elevated glutamate release activated purinergic signaling by releasing ATP
from glial cells. Thus, a bidirectional facilitation may exist between purinergic signaling
and glutamatergic neurotransmission in ischemic neural and retinal tissues.

Experimental observations suggest that purinergic signaling involves P2Y purinocep-
tors in the mediation of both neurodegenerative and neuroprotective processes. In mice,
deletion of P2Y receptors from Müller glia and ganglion cells was associated with increased
survival of amacrine cells following retinal ischemia reperfusion, whereas ischemic death
of photoreceptor cells appeared to be more pronounced. P2Y purinoceptor activation
likely increases cytosolic Ca2+-signaling during ischemia leading to neurodegeneration
of amacrine cells [51]. Accordingly, P2Y purinoceptors may support survival of photore-
ceptors but result in death of amacrine cells. In the zebrafish retina, P2Y1 purinoceptor
stimulation by ADP exerts neuroprotection of inner retinal neurons [38]. These findings
raise the possibility that neurons express P2Y purinoceptors coupled to Gq or Gi proteins
and the excitatory or inhibitory downstream signaling results in neurodegeneration or
neuroprotection in the retina [5].

An increase in extracellular ATP concentration also evokes P2X7 purinoceptor stimula-
tion, which opens receptor-coupled ion channels and cation influx into the cells. Activation
of P2X7 purinoceptors, which ensures excess Ca2+ permeability in neurons, occurs in tissue
damage, neuroinflammation, or mechanical stress. Elevated intraocular pressure is also
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accompanied by increased levels of ATP in the extracellular space [13]. Moreover, P2X7
purinoceptor activation induces release of TNFα and proinflammatory cytokines from
microglia and may cause neuronal degeneration and cell death [34]. Stimulation of the
P2X7 purinoceptor has a role in ischemic neurodegeneration in the retina and can modulate
retinal ganglion cell destruction [52].

Increased adenosine tissue concentration was observed in rat retina following liga-
tion of the central retinal artery [41]. This increase in tissue adenosine levels may be the
consequence of increased ATP hydrolysis due to imbalance between energy supply and
demand [1]. Adenosine produced from released ATP may contribute to the neuroprotec-
tive effect in ischemic retina [41]. Alternatively, energy deprivation provokes enhanced
intracellular Na+ concentrations and equilibrative nucleoside transporter type-1 operat-
ing in the reverse-mode increases adenosine efflux [4]. Elevated extracellular adenosine
may activate a series of P1 adenosine receptors expressed in retinal neurons or glial cells
leading to a short-term antiischemic effect [42,101]. Accordingly, the A1 receptor agonist
R-PIA reduced retinal damage induced by the raise in intraocular pressure and improved
electroretinogram after ischemia in the rat eye [102]. On the other hand, the blockade of A1
receptors increases neurotoxicity caused by hypoxia/ischemia or glutamate [46]. Thus, the
Gi protein-coupled A1 receptor signal transduction can be considered as an endogenous
neuroprotective system. This neuroprotective effect may be attributed to inhibition of
neuronal Ca2+ uptake [39]. In addition, activation of the inhibitory A1 receptors by adeno-
sine attenuates the release of excitatory amino acids and exerts neuroprotection during
glutamatergic neurotoxicity [46].

A2A receptors, which are coupled to Gs proteins, facilitate glutamate release and also
facilitate NMDA receptor function at postsynaptic levels [46]. Blockade of A2A receptors
with selective antagonists protect ganglion cells in retinal ischemia [11,42,101]. In microglia,
inhibition of A2A adenosine receptors reduces the inflammatory response in retinal pigment
epithelium and also reduces photoreceptor cell death [64]. In addition, the adenosine A2A
receptor antagonist SCH58261 prevented microglia-mediated neuroinflammation and
induced neuroprotection in the retina [64]. However, a series of experiments is paradoxical:
It has been reported that the A2A receptor agonist CGS21680, similarly to the receptor
antagonist, decreased microglial activation and retinal cell death in a mouse traumatic
optic neuropathy model [65], but see Santiago et al. [66].

6.2. Enhanced Glutamatergic–Glycinergic Tone in Neurodegenerative/Neuroinflammatory
Disorders of the Retina

The concentration of glutamate, the principal neurotransmitter in the retina, is ele-
vated in the vitreous body or aqueosus humor following experimental retinal ischemia,
optic nerve neuropathy, and also in glaucoma patients [103]. Increases in extracellular glu-
tamate concentration facilitate glutamate uptake into Müller glia cells, leading to cellular
swelling [100]. This finding points to the important role of glia cells in neurodegenerative
disorders including excitotoxic injury of the retina [1,103]. In addition, NMDA receptors are
overstimulated when extracellular glutamate concentration is increased and this increase
plays a pivotal role in neurodegenerative disorders of the retina. The resulting cellular
insults can be ameliorated by using various NMDA receptor antagonists [1,104], albeit
their clinical usefulness is a subject of debate.

Increased glycine levels have also been demonstrated in neurodegenerative–
neuroinflammatory disorders of the central nervous system (amyotrophic lateral scle-
rosis, multiple sclerosis) and also of the eye [92]. Elevated glycine concentrations were
found in the vitreous body in ischemia following ophthalmic artery occlusion [105]. Exo-
cytotic glycine release can also be demonstrated from glycinergic amacrine cells and this
release may be directed outward concerning the synaptic cleft by the spillover mechanism.
Glycine may be released from Müller glia cells and astrocyte by reverse-mode operation
of GlyT-1 [71].

In physiological conditions, the GlyT-1-mediated glycine uptake reduces the possi-
bility of glycine/glutamate-induced neurotoxicity. In oxygen and glucose deprivation-
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induced neurotoxicity, a decrease in glycine uptake and an increase in glycine release were
found to indicate a forced reverse-mode operation of GyT-1 in rat retina [15]. Ischemic
conditions evoke simultaneous increase in [3H]glutamate and [3H]glycine release in the
retina ensuring excess availability of the agonist and co-agonist at NR1/NR2B-type NMDA
receptors [15]. The coagonist role of glycine in NMDA receptor activation indicates that
glycine concentrations determined by GyT-1 may have a key role in neurodegenerative
disorders of the retina [15,71].

6.3. Activated Microglial Cells in Neurodegenerative Disorders of the Retina

Elevated intraocular pressure, which results in hypoxia in the retina, elicits glauco-
matous neuropathy characterized by damage of ganglion cell axons and gradual loss of
ganglion cells [100,106]. Reactive microglia have been observed in the retina following
increased ocular pressure [11]. Microglial cells are redistributed in the retina as they can
be detected in close vicinity of ganglion cell soma and axons [10]. Activation of microglia
is showed by the observed increases of TNFα, IL-6, and IL-8 proinflammatory cytokines
in aquesous humor obtained from glaucoma patients [11]. These findings indicate that
a neuroinflammatory component is present and plays a significant role in glaucomatous
retinal neuropathy.

Retinal hypoxia may also be involved in the pathomechanism of diabetic neuropathy
of the retina [51]. Tissue hypoxia may result from insufficient microvascular circulation
in diabetic neuropathy, which is accompanied by neurodegenerative events in the neural
network of the retina. Reactive microglia in diabetic retinopathy are hypertrophic and
exhibit an amoeboid shape. The perivascular presence of reactive microglia can be detected
in cluster formation in diabetic retina [7]. Increased cytokine levels (TNF, IL-1β, IL-6, and
IL-8) have been reported in the vitreous fluid of the eye indicating the involvement of
a chronic inflammatory process in diabetic retinopathy [3]. Microcirculatory failure also
induces a release of VEGF in diabetic retinopathy [107].

In age-related macular degeneration, pathological changes can be found in the reti-
nal pigment epithelium and loss of photoreceptors is a key finding [64]. Impairment of
photoreceptor functions is a consequence of neovascularization as novel blood vessels
are formed in the outer retina in the wet-form of this retinal pathology. In age-related
macular degeneration, microglia are accumulated in the outer nuclear layer and the sub-
retinal space and around drusen deposits. Choroidal neovascularization and degeneration
of the retinal pigment epithelium and photoreceptors are further characteristics of this
disorder. Microglia are enlarged and exhibit an amoeboid shape in the retinal pigment
epithelium. Activated microglia induce secretion of the proinflammatory cytokine IL-1β
and increased cytokine levels were reported in the aqueosus humor [3]. In wet-form of
age-related macular degeneration, hypoxia/ischemia induces expression of VEGF, which
results in disruption of the blood–retinal barrier and retinal edema underlies the pathology
of macular degeneration [31].

7. A Tripartite Interaction: Purinergic–Glycinergic Cross-Talk and Microglia
Activation in Neurodegenerative–Neuroinflammatory Disorders of the Retina

We have hypothesized a tripartite interaction in the development of neuroinflammatory–
neurodegenerative disorders of the retina with the participation of the purinergic signaling,
glutamatergic–glycinergic neurotransmission, and activated microglial cells. This inter-
action may be synergistic or attenuative depending on whether the participating events
strengthen or debilitate each other’s effects, creating positive or negative feedback regula-
tion. Whether pathological changes reinforce or weaken the functions of the participants in
the tripartite interaction may have importance in microglia activation. Thus, microglia in an
M1-activated state may turn into a sustained activation and chronic inflammatory patholo-
gies in the retina, whereas microglia turning into an M2 state induce neuroregeneration,
remodeling, and neuronal repair [30].

Activation of the tripartite interaction may be triggered by anoxia/ischemia resulting
from disturbances in retinal blood circulation [31,52]. Thromboembolic occlusion of the
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retinal artery or vein, microcirculatory abnormalities in diabetic neuropathy, increased
intraocular pressure, pathological angiogenesis in age-related macular degeneration, or
arteriosclerosis of arteries in the optic nerve head all lead to reduced arterial blood flow
in the posterior eye [32,105,108]. These disturbances in blood circulation lead to cellular
energy shortage, which is accompanied by increased release of ATP and the amino acid
neurotransmitters glycine and glutamate from neuronal or glial sources. ATP, when
released in response to hypoxia, stimulates P2X receptors expressed on resting microglial
cells facilitating their transit to activated state and neuroinflammatory conditions develop.
Microglial cell activation by purinergic signaling may result in a sustained pathological
state as ATP evokes glutamate release and in turn glutamate stimulates further efflux of
ATP [28]. Thus, there might be a self-strengthening regulation between ATP and glutamate
release occurring in hypoxic conditions. Further in line with glutamate released from
neurons or macroglia cells in high concentrations activates NMDA receptors leading to a
condition when excitotoxicity may be triggered.

Hypoxic conditions, however, also evoke glycine release from neurons and astrocytes
in the central nervous system and retina. High extracellular glycine concentration stimu-
lates microglia activity and the glycine-induced proinflammatory cytokine release may be
an additional factor in neuronal cell damage in retinal circuitry [34,100]. Moreover, high
extracellular glycine levels ensure the required coagonist concentration for activation of
NMDA receptors. Microglial glycine has been reported to participate in stimulation of
NMDA receptors leading to the possibility that activated microglial cells evoke in part
overactive NMDA receptor-induced neurodegeneration [22]. Thus, interaction among
neurons, macroglia, and microglial cells in glycine release also forms a self-strengthening
regulation, which may end up in neurodegeneration.

Besides these self-strengthening mechanisms, attenuative regulations can also be ob-
served in the proposed tripartite interaction. Accordingly, activated microglia are altered
in order to express purinoceptors of the P2Y type and their activation decreases the pro-
duction and release of proinflammatory cytokines and progress of neuroinflammation may
slow down [56]. Moreover, P2Y purinoceptors activated by ATP on astrocytes stimulate
normal (uptake) mode operation of GlyT-1 leading to a decrease of extracellular glycine
concentrations [50]. Recognition of the coagonist role of glycine in glutamate-mediated
NMDA receptor activation led to the conclusion that decreases in extracellular glycine
concentration may actually result in NMDA receptor hypofunctionality and exert neuropro-
tection in retinal neurodegenerative disorders. This goal can also be reached by inhibition
of the reverse-mode operation of GlyT-1 by its selective inhibitors [15,109]. As shown in
Figure 2A, the GlyT-1 inhibitor ACPPB decreased the oxygen-glucose deprivation-induced
[3H]glycine release in isolated rat retina and this effect was due to an inhibition of the
reverse-mode operation of GlyT-1. Besides inhibition of the reverse mode operation of
GlyT-1, stimulation of normal mode operation also leads to a decrease of extracellular
glycine concentrations and consequently to inhibition of overactivated NMDA receptors.

Jiménez [50] and coworkers reported that the P2Y1,12,13 purinoceptor agonist 2-MeS-
ADP stimulated the uptake (normal) mode operation of GlyT-1 in rat brainstem primary
neuronal cultures. This effect was partially reversed by the P2Y1 antagonist MRS2179,
the P2Y13 antagonist MRS2211, and the non-selective P2 purinoceptor antagonist suramin
(Table 1). This finding suggests the involvement of the Gq protein-coupled P2Y1 and
Gi protein-coupled P2Y13 purinoceptors in the regulation of GlyT-1 activity with an ap-
parent P2Y1 purinoceptor dominance. Thus, besides GlyT-1 inhibition, P2 purinoceptor
stimulation may also decrease extracellular glycine concentrations by stimulation of the
normal-mode operation of GlyT-1. As shown in Figure 2B, the non-selective P2 natural
purinoceptor agonist ATP decreased the oxygen-glucose deprivation-induced [3H]glycine
release from rat retina. While we consider our finding preliminary and in need of further
confirmation using more selective receptor ligands, we speculated that ATP stimulating
P2Y purinoceptors forces GlyT-1 operation into the uptake mode. The resulting decrease
in extracellular glycine concentrations may then prevent overactivation of NMDA re-
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ceptors and thereby attenuate the exocytotic cascade. The biological substrate for the
cross-talk between purinoceptors and GlyT-1 might be the astrocytes, which express P2
type purinoceptors as well as GlyT-1 immunoreactivity in the retina [68,79].
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The third participant in this tripartite interaction is microglia. Concerning retinal
pathologies, in which glutamatergic–glycinergic neurotransmission and ATP/adenosine-
mediated signaling are functional, the presence of activated microglia has also been demon-
strated. Induction of proinflammatory cytokine production may be deleterious to injured
cells after ischemic insults as was shown in retinal vascular occlusion and reperfusion [112].
Microglial cells in the hypothesized tripartite interaction receive stimulation by glycine re-
leased in excess from neurons and astrocytes and by ATP and adenosine via P2X purinocep-
tors and stimulatory adenosine receptors. On the other hand, a number of experiments
point to the inhibitory purinergic influence mediated by ATP and adenosine via P2Y
purinoceptors and inhibitory adenosine receptors. The balance between stimulatory and
inhibitory influences determines whether activated microglia are shifted to permanent
neuroinflammation or remodeling and neuronal repair occur. The hypothesized tripartite
interaction between glutamatergic–glycinergic neurotransmission, purinergic modulation,
and microglia is shown in Figure 3.
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Figure 3. Purinergic–glycinergic cross-talk and microglia activation in neurodegenerative–neuroinflammatory disorders in
the retina: A hypothetical model. Impaired microcirculation evokes energy deficiency in the retina leading to increased
release of glutamate from neurons or macroglial cells by vesicular exocytosis or reverse-mode operation of excitatory
amino acid transporter (EAAT). Cellular energy deficiency also evokes increase in ATP efflux from neurons or glia cells by
Ca2+-dependent exocytosis or opening of pannexin hemichannels. There may be a self-strengthening interaction between
glutamate and ATP: Glutamate induces ATP release and ATP efflux leads to an increase of glutamate release. In addition,
glycine is released from energy-compromised neurons and macroglia by reverse-mode operation of glycine transporter
1 (GlyT-1) in the retina. Excess release of glycine and glutamate overactivates extrasynaptic NR1/NR2B type NMDA
receptors, which evokes neurotoxicity. In contrast, synaptic NR1/NR2A type NMDA receptors mediate neuroprotection.
Increased glycine release induces further release of glycine from activated microglial cells by altering Ca2+ transients and
shifts neutral amino acid transporter (NAAT) operation in reverse-mode. Glycine-induced glycine release from microglia, a
self-strengthening interaction, facilitates glutamate-induced overstimulation of NMDA receptors, triggering excytotoxicity.
This mechanism can be an additional self-strengthening interaction: Glycine induces further release of glycine from activated
microglial cells, which participates in extrasynaptic NMDA receptor overstimulation. The evoked NMDA receptor-mediated
neurotoxicity primarily damages ON ganglion cells in the retina. Further in the interactions: ATP released by cellular energy
deficiency stimulates GlyT-1 normal operation via activation of P2Y purinoceptors, which decreases extracellular glycine
levels. GlyT-1 inhibitors inhibit pathological reverse-mode operation of GlyT-1. These two effects on GlyT-1 operation
inhibit microglia activity by decreasing extracellular glycine concentrations. ATP released from stressed neurons and
glia cells stimulates P2X and P2Y purinoceptors expressed in microglia, which induces stimulation or inhibition of the
production and release of TNFα and proinflammatory cytokines (IL-1α, IL-1β, IL-6, IL-12). Adenosine produced by a
breakdown of ATP or released from cells stimulates or inhibits microglia activity via adenosine receptors; the participating
receptors with opposite effects are the inhibitory A1 and A3 and the stimulatory A2A and A2B adenosine receptors. The
balance of this tripartite interaction may either be shifted to a neurodegenerative–neuroinflammatory direction or lead to
neuroprotection serving inflammation resolution and neuronal survival.

8. Conclusions: Possible Therapeutic Consequences

The tripartite interaction between purinergic modulation, glutamatergic–glycinergic
neurotransmission, and microglia activation provides three therapeutic target pathways in
neuroinflammatory–neurodegenerative disorders of the retina. First, GlyT-1 inhibitors [16,113]
block reverse-mode operation of the transporter in pathological conditions and decrease the
concentrations of the coagonist glycine at NR1/NR2B-type NMDA receptors. These effects
of GlyT-1 inhibitors may lead to protection of retina ganglion cells. Moreover, decreased
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extracellular glycine concentrations may also lead to decreased microglia activity with
therapeutic consequences.

Second, P2Y purinoceptor agonists and P2X purinoceptor antagonists inhibit micoglial
activity and decrease the production and release of TNFα and other proinflammatory bi-
ological substances. Thus, modulation of microglial reactivity by P2Y agonists and P2X
antagonists has emerged as a possible therapeutic intervention to maintain neurodegenera-
tive courses at a low level. A similar effect might be expected from A1 adenosine receptor
agonists and A2 adenosine receptor antagonists [43].

Third, microglia activation inhibited by minocycline may suppress the damage of
retinal ganglion cells in ischemia and glaucoma [114]. Moreover, decreasing circulated
VEGF released from microglia or blockade of VEGF receptor may slow down exacerbation
of choroidal neovascularization with a beneficial influence on retina functions in diabetic
retinopathy and wet-form of retina macular degeneration [7,31].
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Abstract: Adenosine is a signaling molecule, which, by activating its receptors, acts as an important
player after cerebral ischemia. Here, we review data in the literature describing A2BR-mediated
effects in models of cerebral ischemia obtained in vivo by the occlusion of the middle cerebral artery
(MCAo) or in vitro by oxygen-glucose deprivation (OGD) in hippocampal slices. Adenosine plays
an apparently contradictory role in this receptor subtype depending on whether it is activated
on neuro-glial cells or peripheral blood vessels and/or inflammatory cells after ischemia. Indeed,
A2BRs participate in the early glutamate-mediated excitotoxicity responsible for neuronal and
synaptic loss in the CA1 hippocampus. On the contrary, later after ischemia, the same receptors
have a protective role in tissue damage and functional impairments, reducing inflammatory cell
infiltration and neuroinflammation by central and/or peripheral mechanisms. Of note, demyelination
following brain ischemia, or autoimmune neuroinflammatory reactions, are also profoundly affected
by A2BRs since they are expressed by oligodendroglia where their activation inhibits cell maturation
and expression of myelin-related proteins. In conclusion, data in the literature indicate the A2BRs as
putative therapeutic targets for the still unmet treatment of stroke or demyelinating diseases.

Keywords: cerebral ischemia; oxygen-glucose deprivation; neuroinflammation; A2B receptors;
oligodendrocyte differentiation; demyelination; adenosine

1. Introduction

Adenosine as a Signaling Molecule

Adenosine is a naturally occurring nucleoside belonging to one of the oldest signaling pathways,
the purinergic system, involved in a variety of physiological and pathological processes [1]. In the CNS,
adenosine is formed intracellularly from adenosine monophosphate (AMP) degradation, particularly
under high energy demand, or extracellularly by the metabolism of released nucleotides operated
by membrane-bound ecto-enzymes like CD39 and CD73 [2]. A vesicular mechanism of adenosine
release in an excitation–secretion manner has also been postulated [3,4]. Extracellular adenosine is
removed by enzymes devoted to its degradation, such as adenosine deaminase (ADA) or adenosine
kinase (AK) [5], or taken up by the equilibrative nucleoside transporter (ENT) isoforms ENT1 and

133



Int. J. Mol. Sci. 2020, 21, 9697

ENT2 [6]. Enhanced extracellular concentrations of adenosine can be considered as a general harm
signal, contributing to the recruitment of damage-associated molecular effectors [2].

Adenosine acts through the activation of four different purinergic P1 receptors: A1, A2A, A2B,
and A3 adenosine receptors (A1Rs, A2ARs, A2BRs, and A3Rs, respectively), all belonging to the
G-protein coupled, metabotropic receptor family [7]. Adenosine signaling through P1 receptors has
long been a target for drug development, with adenosine itself or its derivatives being used clinically
since the 1940s. Methylxanthines such as caffeine and theophylline have profound biological effects as
antagonists at adenosine receptors [5]. Moreover, drugs such as dipyridamole and methotrexate act by
enhancing the activation of adenosine receptors [8,9].

The most widely recognized adenosine signaling is through the activation of A1Rs, which inhibits
adenylyl cyclase (AC) through Gi/o protein activation [10]. A1Rs are widely distributed in most
species, and mediate diverse biological effects. They are dominant in the central nervous system
(CNS), with high levels being reported in the cerebral cortex, hippocampus, cerebellum, thalamus,
brainstem, and spinal cord, where they inhibit neurotransmission by different mechanisms: (1) they
decrease glutamate release by inhibiting presynaptic voltage-gated Ca2+ channels (VGCC) [11,12]
and (2) they stabilize neuronal membrane potential by increasing K+ and Cl- conductances at the
postsynaptic site [13]. Consistently, A1R stimulation has been implicated in sedative, anticonvulsant,
anxiolytic, and locomotor depressant effects in the CNS, whereas, at cardiovascular levels, they are
potent bradycardic agents [14].

The A2AR subtype is known to stimulate AC [10] being coupled to Gs proteins [7]. This receptor
subtype was isolated from a human hippocampal cDNA library [15] and, in the brain, it is also highly
expressed in the striatum/caudate-putamen nuclei [16], whereas, in the periphery, high expression
has been observed in immune tissues [17]. At central level, the functional effect of A2AR activation is
at variance from A1Rs, as they are reported to enhance glutamate release by facilitating Ca2+ entry
through presynaptic VGCC and inhibiting its uptake [18]. Moreover, A2AR inhibits voltage-dependent
K+ channels, thus promoting cell excitability and neurotransmitter release [19]. Concerning peripheral
functions of A2ARs, it is worth noting that adenosine, thanks to its actions on this receptor subtype,
is one of the most powerful endogenous anti-inflammatory agents [7]. Indeed, A2ARs are highly
expressed in inflammatory cells including lymphocytes, granulocytes, and monocytes/macrophages,
where their activation reduces pro-inflammatory cytokine production, i.e., tumor necrosis factor-alpha
(TNFα), interleukin-1β (IL-1 β), and IL-6 [20] and enhances the release of anti-inflammatory mediators,
such as IL-10 [21].

The relatively new A3R subtype, cloned in 1993 [22], is coupled to Gi/o proteins and inhibits AC
but, under particular conditions or in different cell types, activation of Gq/11 by A3R agonists has also
been reported [7], with consequent increase in intracellular [IP3] and [Ca2+]. The A3R shows large
interspecies differences, with only 74% sequence homology between rat and human [23]. Its expression
is not uniform throughout the body—low levels are found in the brain and spinal cord, whereas a
predominance of this receptor subtype is described in peculiar regions at the periphery, i.e., in the
testis, lung, kidneys, placenta, heart, brain, spleen, and liver [24]. Interestingly, most of the cell types of
the immune system express functional A3Rs on their surface [25] and its activation is one of the most
powerful stimuli for mast cell degranulation [26].

2. A2B Adenosine Receptors (A2BRs)

This adenosine receptor subtype is somewhat the most enigmatic and less studied among the four
P1 receptors. Although it was cloned in 1995 [27], a pharmacological and physiological characterization
of A2BRs has long been precluded by the lack of suitable ligands able to discriminate among the other
adenosine receptor subtypes [28].

The distribution of A2BRs in the CNS on neurons and glia is scarce but widespread, whereas in
the periphery, abundant expression of A2BRs is observed in the bronchial epithelium, smooth muscles,
mast cells, monocytes, and digestive tracts such as ileum and colon [29]. Functional A2BRs have
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been also recognized in vascular beds, fibroblasts, and hematopoietic and neurosecretory cells [30].
The activation of A2BRs stimulates Gs and, in some cases, Gq/11 proteins, thus enhancing intracellular
[cAMP] or [IP3], respectively [7]. As mentioned above for the cognate A2AR subtype, in addition to brain
cells and endothelial cells, A2BRs are present on hematic cells, such as lymphocytes and neutrophils,
with the highest expression levels on macrophages [31,32]. Here, A2B receptors in most cases are
coexpressed with A2ARs and their activation exerts anti-inflammatory effects, inhibiting vascular
adhesion [32] and migration of inflammatory cells [33]. Thus, attenuation of hypoxia-associated
increases of tissue neutrophils due to infiltration in different tissues including the brain, may largely
depend on blood cell A2BR signaling [34].

Differently from the high affinity A1Rs, A2ARs and A3Rs, which are activated by physiological
levels of extracellular adenosine (low nM and high nM, respectively [35]), the A2BR needs much higher
adenosine concentrations (in the µM range) reached only in conditions of tissue damage or injury.
Such a low affinity of A2BRs for the endogenous agonist implies that they represent a good therapeutic
target, since they are activated only by high adenosine efflux reached under pathological conditions or
injury, when a massive release of adenosine occurs [35,36] or that they can be driven to function by
selective agonists

3. A2B Adenosine Receptors (A2BRs) in the Hippocampus

Similarly to the A2AR subtype, A2BR activation within the CNS is reported to increase glutamate
release [37,38]. However, a distinct mechanism has been described. Indeed, Cunha and co-workers
demonstrated that the A2BR selective agonist BAY60-6583 attenuates the predominant A1R-mediated
inhibitory control of synaptic transmission in the CA1 hippocampus [37]. These data are consistent
with the relatively abundant expression of A2BRs in hippocampal synaptosome preparations reported
by the authors [37]. The facilitatory effect of A2BRs on glutamatergic neurotransmission was assessed
in acute hippocampal slices using the electrophysiological protocol of paired pulse facilitation (PPF),
which is known to modulate short-term synaptic plasticity. Our group of research recently confirmed
that A2BRs decreases PPF, thus enhancing glutamate release, in an A1R-dependent manner. Indeed,
the effect of BAY60-6583 was prevented not only by the A2BR antagonists MRS1754 and PSB-603,
but also by the A1R blocker DPCPX [38]. Furthermore, we extended results to a newly synthetized
BAY60-6583 analogue, the A2BR-selective agonist P453 recently described [39], which proved to have
higher affinity than BAY60-6583 [38].

The fact that neither A2BR agonists [37,38] nor antagonists [40] affect basal hippocampal
glutamatergic transmission suggests that the role of A2BRs might be confined to conditions of
synaptic plasticity. Nevertheless, the effect of A2BR activation on PPF should not be underestimated as
it could be crucial to cognitive performances and mechanisms related to memory and learning [41].
Indeed, it was demonstrated that compounds able to facilitate a PPF ratio, as A2BR agonists do,
may improve cognitive processes and memory performances in behavioral tests in rodents [42].

4. A2BRs and Oligodendrogliogenesis

We recently and originally demonstrated that A2BRs are crucially involved in oligodendrocyte
progenitor cell (OPC) maturation. We found that the selective A2BR agonists BAY60-6582 (10 µM) and
P453 (500 nM) inhibited the differentiation of purified primary OPC cultures, as demonstrated by
the reduced expression of myelin-related proteins such as myelin basic protein (MBP) or myelin
associated glycoprotein (MAG). We also demonstrated that A2BR activation reversibly inhibits
tetraethylammonium- (TEA-) sensitive, sustained IK, and 4-amynopyridine- (4-AP) sensitive, transient
IA, conductances [43]. As IK are known to be necessary to OPC maturation [44], this could be one
of the mechanisms by which A2BRs inhibit myelin production. These results are similar to what
was observed in cultured OPCs exposed to the A2AR agonist CGS21680, as demonstrated by us
in a previous work [45–47]. At variance, the activation of a Gi-coupled, P2Y-like receptor GPR17,
recently deorphanized [48,49], produces the opposite effects in OPC cultures, i.e., it increases IK [50]
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and stimulates OPC maturation [50,51]. The fact that both A2ARs and A2BRs are Gs-coupled whereas
GPR17 is a Gi-coupled receptor, let us hypothesize that cAMP is involved in the myelination process.
Indeed, when we applied the AC activator forskolin to patch-clamped cultured OPCs, we observed the
same effect as A2R agonists, i.e., a decrease in IK. Furthermore, a subsequent BAY60-65683 application
in the continuous presence of forskolin was devoid of effects [43], thus confirming that cAMP increase
is responsible at least for A2BR-mediated inhibition of IK and cell maturation. Results that forskolin
inhibit IK and cell maturation were reported in the nineties by Soliven and co-workers on cultured
ovine OPCs [52].

Interestingly, an interplay occurs in cultured OPCs between A2BRs and sphingosine kinase 1
(SphK1), one of the enzymes devoted to the synthesis of sphingosine 1 phosphate (S1P). This bioactive
lipid mediator is reported to act as a mitogen in OPC cells [43]. We demonstrated that the A2BR agonist
BAY60-6583 activates SphK1, thus rising S1P production, whereas its silencing by small interference
RNA (siRNA) increases the expression of S1P lyase, the enzyme catalyzing irreversible S1P degradation
inside the cells [43]. This observation led to hypothesize that the anti-differentiating effect exerted by
A2BR activation in OPCs is mediated by an increase in S1P intracellular levels, as confirmed by findings
that the SphK inhibitors VPC96047 or VPC96091 markedly increased MAG and MBP expression and
also significantly reduced IK currents in cultured OPCs [43].

Data about an inhibitory role of A2BR in myelin formation are consistent with recent findings
from Manalo et al. [53] who demonstrated that elevated cochlear adenosine levels in ADA−/− mice
is associated with sensorineural hearing loss (SNHL) due to cochlear nerve fiber demyelination and
mild hair cell loss. Intriguingly, A2BR-specific antagonists administered in ADA−/− mice significantly
restored auditory capacity, nerve fiber density, and myelin compaction [53]. The same authors also
provided genetic evidence for A2BR upregulation not only in ADA−/− hearing-impaired mice but also
in age-related SNHL [53].

5. Conditions of Tissue Damage: Brain Ischemia

Ischemic stroke is the second leading cause of death in industrialized countries and the major cause
of long-lasting disabilities worldwide [54]. Current treatments are confined to promote blood fluidity
after the insult by the administration of tissue plasminogen activator (tPA) within the first phases
(4–4.5 h) after stroke onset [55] and are efficient only in a restricted time window. The considerable
socioeconomic impact of this pathology, together with the lack of effectiveness of current treatments,
emphasizes the urgent need for new therapeutic targets able to prevent/repair brain damage.

Brain ischemia results from a permanent or transient reduction in cerebral blood flow mostly due
to the occlusion of a brain artery. The consequent reduction of blood and/or oxygen supply to the brain
leads to neuronal death caused by excessive glutamate release [56]. This early excitotoxic damage
is followed by a secondary chronic phase of neuroinflammation that develops hours and days after
ischemia. Either or both of these deleterious processes are important therapeutic targets.

Brain ischemia triggers a strong inflammatory response involving damage to the endothelium
and to the blood–brain barrier (BBB), early recruitment of granulocytes, and delayed infiltration into
the ischemic areas and the boundary zones by T cells and macrophages. This inflammatory scenario is
mainly generated by necrotic cells, reactive oxygen species (ROS) generation, and numerous other
factors caused by blood flow interruption in the brain. Once activated, these initiators of inflammation
lead to numerous responses among which is the activation of microglia, the brain’s resident immune
cells. Microglia then generate more proinflammatory cytokines [57] which in turn leads to adhesion
molecule induction in the cerebral vasculature. These are the conditions under which adenosine is
typically released in great amounts and may activate all subtypes of P1 adenosine receptors.

Protracted neuroinflammation is now recognized as the predominant mechanism of secondary
ischemic damage [58]. Thus, besides the approved treatment with tPA in the first hours after ischemia,
an important strategy to counteract the ischemic damage is to control brain injury progression after
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ischemia. Among neuromodulators involved in this event, adenosine has been recognized as a front
line endogenous mediator for anti-inflammatory responses.

During ischemia, adenosine is released in massive amounts [35,59] and has long been known to
act predominantly as an endogenous neuroprotectant agent [2,60]. Indeed, adenosine infusion into
the ischemic striatum has been shown to significantly ameliorate neurological outcome and reduce
infarct volume after transient focal cerebral ischemia [61]. This well recognized neuroprotection
by adenosine during ischemia is principally ascribed to A1R stimulation [62], as they emerged as
potent inhibitors of excitatory synaptic transmission both in vitro [63–65] or in vivo [66], as mentioned
above. In particular, A1Rs counteract overstimulation of N-methyl D-aspartate (NMDA) receptors
due to excessive glutamate release and consequent intracellular Ca2+ overload [11]. Among favorable
consequences of A1R stimulation during ischemic insults are also reduction in cell metabolism and
energy consumption [67], and a moderate hypothermia [68–70]. Unfortunately, the use of adenosine
A1R agonists in ischemia is hampered by profound central and peripheral side effects such as
bradycardia and sedation [70–72].

Of note, high levels of the enzyme AK, which recycles and removes adenosine by phosphorylation
to form AMP, results in a decrease in the ambient adenosine and thus in reduced P1 receptor activation.
The prompt ability of AK to alter adenosine availability has been recently described by Boison and
Jarvis to provide a “site and event” specificity to the endogenous protective effects of adenosine in
situations of cellular stress [73].

6. A2BRs and Brain Ischemia

As mentioned above, A2BRs are activated by µM concentrations of adenosine in tissues that
experience ischemia, trauma, inflammation, or other types of stressful insults and, interestingly,
mRNA and protein expression of A2BR increase to a greater extent after ischemia-reperfusion than
does expression of the other three adenosine receptors [74]. Few works have investigated the role of
A2BRs in brain ischemia up to now because of the low potency of adenosine for the receptors and the
few selective ligands developed so far.

Since it is known that A2BRs enhance glutamate release in the CA1 hippocampus [37,38], one of
the brain areas more susceptible to ischemic insults, the block of A2BRs may be neuroprotective as it
counteracts glutamate overload by preserving the inhibitory role of A1Rs on neurotransmission [37,38,40].
This is indeed the case in an in vitro model of brain ischemia reproduced in rat hippocampal slices
by oxygen and glucose deprivation (OGD), as demonstrated by our group of research. We recently
showed that the selective block of A2BRs by the prototypical antagonist PSB-603 (50 nM) and by
MRS1754 (200 nM) prevents irreversible synaptic failure produced by a severe, 7 min, OGD event
in CA1 hippocampal slices. We also showed, in the same work, that anoxic depolarization (AD),
an unequivocal sign of glutamate-induced excitotoxicity during OGD [75], is completely abolished in
A2BR antagonist-treated slices exposed to 7 min OGD and is significantly delayed in slices undergoing
a 30 min OGD insult. These results were accompanied by immunohistochemical analysis revealing that
the A2BR block also counteracts the reduction of neuronal density found in CA1 stratum pyramidale at
3 h after OGD insults, decreases apoptosis, and maintains activated mTOR levels similar to those of
controls, thus sparing neurons from the degenerative effects caused by the injury. Moreover, astrocytes
significantly proliferate in CA1 stratum radiatum at 3 h after the end of OGD, possibly due to
increased glutamate release [40]. A2BR antagonism significantly prevents astrocyte modifications.
Of note, neither A2BR antagonist tested protects CA1 neurons from the neurodegeneration induced
by exogenous glutamate application, indicating that the antagonistic effect is upstream of glutamate
release, in line with data indicating a presynaptic effect of A2BRs on glutamatergic terminals [37,38].

We consolidated the concept of A2BRs acting through inhibition of presynaptic A1R subtype
by showing that the application of a brief, reversible, synaptic episode of 2 min duration delays the
reduction of evoked field potentials during OGD ascribed to A1R activation [38].
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However, beyond neuroprotection exerted by A2BR antagonists acting at the neuro-glial level,
it is worth noting that the bulk of evidence in the literature points to a beneficial role exerted by A2BR
agonists acting on the same receptor subtype expressed also on peripheral blood cells [32,34]. Indeed,
studies in mice ablated of A2BRs on bone marrow cells indicate an important contribution of vascular
A2BRs in attenuating vascular leakage during hypoxia [34]. It was also found that activation of A2BRs
in a model of femoral artery injury is vasoprotective as it reduces myocardial infarct size in rabbit and
mouse hearts when administered before or at the onset of reperfusion [32].

Of note, post-treatment with intravenous BAY60-6583 (1 mg/kg) reduces lesion volume in the
absence or presence of tPA (10 mg/kg) and attenuates brain swelling, blood–brain barrier disruption,
and tPA-exacerbated hemorrhagic transformation (HT) at 24 h after ischemia induced by transient (2 h)
middle cerebral artery occlusion (tMCAo) [74]. Additionally, in the same work, BAY60-6583 mitigates
sensorimotor deficits in the presence of tPA and inhibits tPA-enhanced matrix metalloprotease-9
activation, thus decreasing BBB permeability 24 h after ischemia [74]. Protection from BBB permeability
after ischemia might protect from blood cell infiltration, that on their turn promote expansion of the
inflammatory response in the ischemic tissue [25].

Our group of research contributed to the field by demonstrating that the chronic treatment with
BAY60-6583, administered intraperitoneally twice/day for 7 days at the dose of 0.1 mg/kg, from 4 h
after focal ischemia induced by tMCAo, since one day after ischemia protects from neurological
deficit. Seven days after ischemia it protects from ischemic brain damage, neuronal death, microglia
activation, and astrocyte alteration [76]. Interestingly, 7 days after ischemia, the A2B agonist decreases
TNF-α and increases IL-10 levels in the blood [76]. Both cytokines are considered valuable blood
markers of the brain damage following an ischemic insult [77]. Among putative mechanism mediating
protective effects of A2B agonists, it is worth mentioning that A2BR agonists reduce the expression
of TNF-α in primary microglia cultures [78] and increase IL-10 production from murine microglial
cells [79] with consequent rescuing of the resting state of microglia. Besides a protection due to a direct
agonism of A2BR located on rat microglial and/or astrocytic cells, observation that 2 days after tMCAo,
BAY60-6583 significantly reduces granulocyte infiltration in the cortex [76] and supports the idea that
A2BR activation on peripheral endothelial and blood cells is involved in counteracting inflammation of
brain parenchyma. This possibility is also supported by the evidence that adenosine A2BR knock out
(KO) mice show increased basal levels of TNF-α and expression of adhesion molecules in lymphoid
cells, resulting in increased leukocyte rolling and adhesion [34]. Actually, increasing evidence indicates
a role for A2BR in the modulation of inflammation and immune responses in distinct pathologies like
cancer, diabetes, as well renal, lung, and vascular diseases [80]. Indeed, stroke and inflammation are
strictly interrelated. Brain ischemia induces profound inflammatory changes in peripheral organs
(especially lungs and gut) as early as 2 h after tMCAo in mice as detected by whole body single photon
emission computed tomography (SPECT)-based imaging protocols [81]. Such peripheral inflammatory
changes, in turn, may contribute to poorer recovery after stroke [81]. Data suggest that the A2BR
agonists can be proposed as adjuvant therapy to the accepted pharmacological strategy with tPA in
brain ischemia.

Taken together, data point toward the possibility that stimulation of A2BR plays a dual time-related
role after ischemia. In the early hours after ischemia, a robust and sustained increase in cerebral
extracellular levels of adenosine able to activate low affinity A2BRs in the brain may contribute
to expand excitotoxicity. However, in the hours and days following ischemia, when profound
neuroinflammation develops, A2BRs located on glial, vascular endothelial, and blood cells exert a
prevalent immunomodulatory role attenuating the neuroinflammation. Thus, on the whole, it appears
that A2BRs located on any cell type of the brain and on vascular and blood cells partake in either
salvage or demise of the tissue after a stroke and represent an important target for drugs that have
different therapeutic time-windows after stroke.

Since it is known that an A2BR agonist administered within the first 4 h after brain ischemia is
able to reduce neurological deficit measures at 24 h after the insult [76], we could hypothesize that a
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beneficial effect of A2BR activation could be achieved by administration of a selective agonist starting
at 1 day after stroke. Table 1 summarizes A2BR-mediated effects in in vitro or in vivo experimental
models of brain ischemia.

Table 1. Effects of adenosine A2BR receptor (A2BR) activation or blockade in different in vitro or in vivo
experimental approaches.

A2BR-Mediated Effects In Vitro Ischemia in Rat
Hippocampal Slices (OGD)

In Vivo Ischemia Model
(MCAo) in the Rat

In Vivo Model of
Multiple Sclerosis

(EAE) in the Mouse

A2BR activation ↓ A1R-mediated inhibition
of Glu release [38]

Protects from brain
damage, neurological
deficit [76], and BBB

disruption [74]

Reverses MSC-mediated
BBB repair [82]

A2BR block Protects from AD and
synaptic failure [40] unknown Protects from myelin loss and

neurological damage [83]

Glutamate: Glu. Anoxic depolarization: AD. Oxygen and glucose deprivation: OGD. Middle cerebral artery
occlusion: MCAo. Experimental autoimmune encephalomyelitis: EAE. Mesenchymal stem cells: MSCs.

In recent years, a similar dual role of the other subtype of A2Rs, the A2AR, was described. Indeed,
antagonists at this receptor proved neuroprotective when applied during in vitro OGD [84,85] or in
the acute post-ischemic phase after MCAo in rats [86–89], whereas the same receptor agonists proved
protective at later phases after ischemia by decreasing neuroinflammation [35,90]. This “paradoxical”
role of the A2ARs has been discussed in several review papers [35,91].

Hence, it appears that the reciprocal influence of central (neuro-glia) versus peripheral
(blood vessels–inflammatory cells) mechanisms involved in brain ischemia are hard to dissect.

What recently and interestingly emerged about the A2BR subtype is that it might be a “sensor”
of blood oxygen levels and rescue hypoxic tissues by an additive mechanism involving the release
of oxygen from erythrocytes. Indeed, recent findings obtained in humans challenged with altitude
indicate that A2BRs expressed on erythrocytes elevate their O2 releasing capacity by increasing
2,3-biphosphoglycerate (2,3-BPG) levels in an AMP-activated protein kinase-dependent manner [92].
Of note, the same authors also reported a significant increase in plasma adenosine concentrations and
soluble CD73 activity in 21 healthy humans within 2 h of arrival at 5260 m altitude [92]. These findings
unveiled a novel mechanism of human adaptation to hypoxia, in this case due to high altitude,
and pointed to A2BRs as possible targets to facilitate O2 release capacity to peripheral tissues and a
potential therapeutic approach for counteracting hypoxia-induced tissue damage.

7. A2BRs and Demyelinating Diseases

Demyelination occurs in a variety of pathological conditions affecting central or peripheral nervous
systems. As an example, myelin disorganization in caudate/putamen striatal nuclei have been reported
by us [88] and others [93,94]. Furthermore, chronic demyelinating diseases, such as multiple sclerosis
(MS), are highly invalidating pathologies with elevated incidence among the “under 40” population
worldwide [95], but an efficacious therapy is still lacking.

It is interesting to note that elevated adenosine levels have been detected in cerebrospinal fluid of
MS patients [96,97]. Furthermore, an upregulation of A2AR [98] and A2BR [83] has been reported in
peripheral blood leukocytes of MS patients and in the CNS [82] and peripheral lymphoid tissues [83,99]
in a mouse model of MS, the experimental autoimmune encephalomyelitis (EAE).

Hence, a crucial role of adenosine, and in particular of A2AR and/or A2BR subtypes,
in demyelinating pathologies have been postulated. Under these conditions, excessive signaling by
excitatory neurotransmitters like glutamate may be deleterious to neurons and oligodendroglia by
exacerbating excitotoxicity and contributing to brain injury. For this reason, the inhibitory effect
on glutamate release described above for antagonists at both A2R subtypes could prove protective.
This was indeed the case, as demonstrated by Chen and colleagues [100] and by Wei and co-workers [83]
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who reported that A2AR and A2BR antagonists, respectively, alleviated the clinical symptoms of EAE
and prevented demyelination and CNS damage. Recent data by Liu and co-workers [82] confirmed that
A2BR activation seems to participate in EAE-induced damage as BAY60-6583 reverted the protective
effects, i.e., reduced inflammatory cell infiltration and demyelination, exerted by mesenchymal stem
cell therapy in EAE mice. Of note, the above results demonstrating a deleterious role of A2BRs in
demyelinating diseases are in agreement with our in vitro data demonstrating that A2BR blockade [44],
as well as A2AR antagonism [45], facilitates OPC differentiation in vitro.

However, things are probably more complicated as suggested by the fact that, again, A2R-mediated
actions are mainly anti-inflammatory when observed in a longer time-span. Indeed, genetically
modified A2AR−/− EAE mice are more prone to EAE-induced damage [45], and the A2AR agonist
CGS61680 ameliorates EAE by reducing Th1 lymphocyte activation and cytokine-induced BBB
dysfunction [101]. Indeed, adenosine receptors are expressed also by infiltrating lymphocytes,
macrophages, and microglial cells and, accordingly, many works suggest that the possible beneficial
effects linked to this pathway are mainly related to the immune-modulating consequences rather than
to a remyelinating or neuroprotecting effect. The dual role of A2ARs in demyelinating diseases has
been elegantly commented by Rajasundaram who tried to reconcile the apparently paradoxical data
reported up to now about A2ARs in demyelinating diseases [102].

Unfortunately, data about the effects of A2BR ligands in demyelinating pathologies are not that
abundant yet, as shown in Table 1.

8. Conclusions

In conclusion, results underlie that after hypoxia/ischemia, brain injury results from a complex
sequence of pathophysiological events that evolve over time—a primary acute mechanism of
excitotoxicity and periinfarct depolarizations followed by a secondary brain injury activation triggered
by protracted neuroinflammation. Information so far acquired indicates that adenosine A2BRs located
on any cell type of the brain and on vascular and blood cells partake in either salvage or demise of the
tissue after a stroke, including protracted demyelination.

Thus, they all represent important targets for drugs having different therapeutic time-windows
after stroke. The final protective outcome for an agonist versus antagonist compound depends on time
of administration and district of activation of the receptor targeted by the drug.
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Abbreviations

4-AP 4-amynopyridine
A1Rs A1 receptors
A2ARs A2A receptors
LD linear dichroism
A2BRs A2B receptors
A3Rs A3 receptors
AC adenylyl cyclase
ADA adenosine deaminase
AK adenosine kinase
AMP adenosine monophosphate
BBB blood brain barrier
CA1 cornus ammonis 1
cAMP cyclic adenosine monophosphate
CNS central nervous system
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ENT equilibrative nucleoside transporter
IK potassium current
IL-1β interleukin-1β
IL-6 interleukin-6
IL-10 interleukin-10
IP3 inositol 1,4,5-triphosphate
MAG myelin associated glycoprotein
MCAo middle cerebral artery occlusion
MBP myelin basic protein
NMDA N-methyl D-aspartate
PPF paired pulse facilitation
OGD oxygen-glucose deprivation
ROS reactive oxygen species
S1P sphingosine 1 phosphate
siRNA small interference RNA
SNHL sensorineural hearing loss
SphK1 sphingosine kinase 1
TNFα tumor necrosis factor-alpha
TEA tetraethylammonium
tPA tissue plasminogen activator
VGCC voltage-gated Ca2+ channels
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Abstract: Adenosine is a purine nucleoside, responsible for the regulation of multiple physiological
and pathological cellular and tissue functions by activation of four G protein-coupled receptors
(GPCR), namely A1, A2A, A2B, and A3 adenosine receptors (ARs). In recent years, extensive progress
has been made to elucidate the role of adenosine in pain regulation. Most of the antinociceptive effects
of adenosine are dependent upon A1AR activation located at peripheral, spinal, and supraspinal
sites. The role of A2AAR and A2BAR is more controversial since their activation has both pro- and
anti-nociceptive effects. A3AR agonists are emerging as promising candidates for neuropathic pain.
Although their therapeutic potential has been demonstrated in diverse preclinical studies, no AR
ligands have so far reached the market. To date, novel pharmacological approaches such as adenosine
regulating agents and allosteric modulators have been proposed to improve efficacy and limit side
effects enhancing the effect of endogenous adenosine. This review aims to provide an overview of the
therapeutic potential of ligands interacting with ARs and the adenosinergic system for the treatment
of acute and chronic pain.

Keywords: adenosine; pain; adenosine receptors; antinociception

1. Introduction

Today, although substantial progress has been made, many pathological pain conditions
remain poorly understood and resist currently available treatments. There is, therefore, a need
for novel molecular targets to develop new therapeutic agents with improved efficacy and tolerability.
Many experimental reports have identified adenosine receptors (ARs) as potential targets for the
management of acute and chronic pain.

Adenosine is a ubiquitous endogenous autacoid that mediates its physiopathological effects by
interacting with four G protein-coupled receptors (GPCR), namely A1, A2A, A2B, and A3 ARs [1].
A1 and A3AR are coupled with Gi and Go members of the G protein family, through which they
have an inhibitory effect on adenylyl cyclase (AC) activity, while A2AARs and A2BARs stimulate
it by coupling to Gs proteins. The consequent modulation of cyclic adenosine monophosphate
(cAMP) levels activates or inhibits a large variety of signaling pathways depending on the specific
type of cell involved. Although there are instances in which adenosine exerts detrimental effects in
various pathological conditions, it is generally considered a protective and homeostatic mediator
against tissue damages and stress conditions [2,3]. In physiological and unstressed conditions,
the extracellular concentrations of adenosine are maintained low as a result of the rapid metabolism
and uptake [4]. However, its levels rise considerably during conditions involving increased metabolic
demand, hypoxia, inflammation, and tissue injury. In particular, increased levels of extracellular
adenosine were observed in pathological conditions such as epilepsy [5,6], ischemia [7,8], cancer [9,10],
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inflammation [11], and ultimately pain [12,13]. Although adenosine can be produced intracellularly, the
main source of adenosine in pathological states is adenosine triphosphate (ATP), released by cells under
stressful conditions and dephosphorylated from the combined action of two hydrolyzing enzymes
termed ectonucleoside triphosphate diphosphohydrolase (CD39) and ecto-5′-nucleotidase (CD73) [1].
Regarding nociception, these elevated levels of endogenous adenosine can alter pain transmission
by actions at spinal, supraspinal, and peripheral sites. The extracellular action of adenosine can
then be terminated by its transformation to inosine through adenosine deaminase (ADA) and/or by
intracellular uptake via nucleoside transporters [14]. Intracellularly, adenosine is phosphorylated to
AMP by adenosine kinase or deaminated to inosine by ADA. Given these regulation mechanisms of
adenosine concentration, potential pain management can be obtained not only with specific ligand
interacting with ARs but also by manipulating endogenous tissue levels of adenosine by modulating
its metabolism or transport [13] (Figure 1).
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Figure 1. Adenosine (Ado) metabolism and involvement of adenosine receptors (ARs) in pain. The main
source of adenosine is adenosine triphosphate (ATP) released from various cell types in response to
different stimuli. ATP is dephosphorylated to adenosine diphosphate (ADP)/adenosine monophosphate
(AMP) and then to adenosine by two ectonucleotidases (CD39, CD73). In nociception, the elevated
levels of adenosine may alter the pain signaling. Thus, the modulation of adenosine metabolisms,
increasing its levels, could represent an alternative strategy for pain management. Soluble CD73
provokes long-lasting thermal antihyperalgesic and mechanical antiallodynic effects through A1AR
activation. Prostatic acid phosphatase (PAP), acting as an ectonucleotidase, induces A1AR-dependent
antinociceptive effects in inflammatory and neuropathic pain models. Extracellular adenosine is rapidly
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metabolized to inosine by adenosine deaminase (ADA). Inosine is able to bind A1ARs, with an affinity
similar to that of adenosine, inducing antinociceptive effects. Another strategy to promote the
accumulation of inosine is represented by the inhibitors of the enzyme xanthine oxidase such as
allopurinol. In the extracellular space, adenosine can interact with its receptors. A1ARs stimulation
with adenosine, adenosine metabolites like inosine, or synthetic agonists presents analgesic effects
in acute, neuropathic, visceral, postoperative, and inflammatory pain. Activation of A2AARs by
endogenous adenosine or exogenous agonists results in antinociception in case of inflammatory
pain. While, A2AARs blockade shows analgesic effects in neuropathic pain. Regarding A2BARs,
their stimulation has antinociceptive effects in neuropathic pain and their blockade is useful for acute
pain treatment. Finally, A3ARs activation gives analgesic effects in different types of pain such as
neuropathic, cancer, and visceral pain.

Although adenosine and its receptors represent a clear target for pharmacological treatment of
various diseases and pathological states including pain, very few drugs acting on the adenosinergic
system have so far reached the market. The reason behind this discrepancy may be partly due to the
ubiquitous distribution of ARs in almost every cell and tissue, making it difficult to avoid unwanted
side effects. In recent years, many efforts have been made to improve our understanding of the role
of adenosine in nociception and identify novel strategies to exploit the therapeutic potential of the
adenosinergic system such as selective ligands, partial agonists, allosteric modulators, or adenosine
concentration modulating agents.

The focus of the present review is to describe the recent advances in our understanding of the role
of ARs in nociception. For each receptor subtype, we will briefly summarize and discuss the preclinical
experimental studies that investigated their role and mechanism of action in the modulation of acute
and chronic pain.

2. ARs and Pain

2.1. A1ARs

The antinociceptive effect of adenosine has been primarily attributed to the activation of A1ARs [15]
and various A1AR agonists or positive allosteric modulators have been shown to be effective in several
preclinical models of pain (Table 1). The signaling pathway underlying A1ARs antinociception
includes inhibition of cyclic AMP and consequently protein kinase A (PKA) activation, inhibition
of Ca2+ channels, activation of K+ currents, and interactions with phospholipase C (PLC), inositol
triphosphate (IP3), diacylglycerol (DAG), extracellular signal-regulated kinases (ERK), and β-arrestin
pathways [3]. The prominent role of this receptor subtype in analgesic responses is due to its
peculiar expression in different sites relevant to pain transmission. A1ARs are indeed located on
peripheral sensory nerve endings in the spinal cord dorsal horn, and at supraspinal pain-processing
structures [13,16]. Microglia represent another important localization for the antinociceptive action of
A1ARs, especially for pain states involving glial activation [17]. The peripheral activation of A1ARs
diminished inflammatory hypernociception caused by carrageenan intraplantar administration. Using
specific inhibitors, the antinociceptive effect of the A1AR agonist CPA was shown to be dependent on
the nitric oxide (NO)/cyclic guanosine monophosphate (cGMP)/protein kinase G (PKG)/KATP signaling
pathway [18]. The contribution of peripheral A1ARs to antinociception was further corroborated when
the selective A1AR antagonist DPCPX reversed the antinociceptive effects of locally and systemically
administered acetaminophen or tramadol in the formalin test [19]. A proof of the supraspinal
antinociceptive action of A1AR has been reported in a study where the A1AR agonist 2′-Me-CCPA
injected into the intra-periaqueductal grey (PAG) reduced pain behavior in the plantar and formalin tests.
When microinjected into the PAG, 2′-Me-CCPA decreased the ongoing activity of the pronociceptive
ON cells and increased the ongoing activity of the antinociceptive OFF cell in the rostral ventromedial
medulla [20]. In neuropathic pain rats, the A1AR agonist CPA reduced thermal and mechanical
sensitivity, while in naïve rats it decreased hypersensitivity to heat but not to mechanical stimuli. In this
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study, electrophysiological experiments suggested that spinal application of CPA depressed long-term
potentiation of A- and C-fiber evoked field potentials while it depressed the baseline of C-fiber but
not A-fiber response. To explain this different response, authors have hypothesized that A1ARs may
be more expressed at C-fiber nerve endings than at A-fiber endings. [21]. In resiniferatoxin-induced
neuropathy, the downregulation of A1ARs was suggested to contribute to nociception, while the
intrathecal injection of adenosine attenuated mechanical allodynia, an effect abrogated by A1AR
antagonism [22].

A1ARs also seem to be involved in visceral antinociception. Centrally injected agonist CPA
increased the threshold volume of colonic distension-induced abdominal withdrawal reflex in conscious
rats. Besides, the use of the A1 antagonist DPCPX suggested that adenosinergic signaling via A1ARs
is also involved in the central orexin-induced antinociceptive action against colonic distension [23].
In a subsequent study, the authors suggested that serotonin 5-HT1A, 5-HT2A, dopamine D1 or
cannabinoid CB1 receptors, and the opioid system might specifically mediate the CPA-induced visceral
antinociception [24].

The potential role of A1ARs in postoperative pain was also investigated. Intrathecal administration
of the A1AR agonist R-PIA decreased nonevoked spontaneous pain behavior and increased withdrawal
thresholds after plantar incision. The opening of KATP channels contributed to this antinociceptive
effect [25]. In a mouse model of acute postoperative pain, ankle joint mobilization decreased
hyperalgesia through the involvement of peripheral and central A1ARs [26]. In another report,
intrathecal adenosine injection inhibited hyperalgesia in two neuropathic pain models but not in a
postoperative pain model represented by the plantar incision. However, in this model A1AR mRNA
and protein expression were decreased suggesting that the lack of antinociceptive effect of adenosine
on postoperative pain was due to the decrease in A1ARs [27].

An intriguing connection has been uncovered between A1ARs and acupuncture, an invasive
practice worldwide used to relieve pain. Many studies report that the antinociceptive effects of
acupuncture are dependent upon A1AR activation. It was shown that extracellular adenosine
concentration is increased during acupuncture in mice and A1AR expression is required for the
adenosine-mediated analgesic effect of acupuncture [28]. The involvement of A1ARs in the reduction
in neuropathic pain exerted by electroacupuncture was demonstrated by the intrathecal injection of
the A1AR antagonist DPCPX in a chronic constriction injury (CCI) model. In this report, the effect
of A1ARs was related to the inhibition of astrocyte activation. [29]. Similar results were obtained in
a Complete Freund’s adjuvant (CFA)-induced inflammatory pain mouse model, corroborating the
involvement of A1ARs in electroacupuncture-mediated antinociception [30]. In another study, the
analgesic effect of electroacupuncture was suggested to be mediated by overexpressed A1ARs in the
spinal cord [31].

Different studies suggested that A1AR activation is required for the antinociceptive action of
various natural compounds. Indeed, the A1AR antagonist DPXPC blocked the effect of norisoboldine,
a benzylisoquinoline alkaloid isolated from Radix Linderae that diminishes pain response, in the
formalin and writhing test [32]. In addition, A1AR is necessary to the analgesic effect of paeoniflorin,
the major active component extracted from Paeonia lactiflora. In a study carried out in mice, paeoniflorin
increased the mechanical threshold and prolonged the thermal latency after partial sciatic nerve
ligation (SCNL), an effect abolished by the A1AR antagonist CPT or the genetic deletion of A1ARs [33].
In the hot plate test, the antinociceptive effect of (–)-linalool, a natural occurring enantiomer in essential
oils, was blocked by both an A1 and an A2AAR antagonist [34]. D-Fructose-1,6-bisphosphate is an
intermediate in the glycolytic pathway, inhibiting hyperalgesia induced by intraplantar injection of
carrageenin and its mechanism of action seems dependent on adenosine accumulation that in turns
exerts antinociceptive effects by activating peripheral A1ARs [35].

Adenosine is rapidly metabolized to inosine by ADA. Interestingly, different studies have identified
inosine as a putative endogenous ligand of A1ARs and demonstrated the A1-mediated antinociceptive
effect of the more stable metabolite of adenosine. In particular, inosine binds to A1ARs with an
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affinity resembling that of adenosine and induces antinociceptive, antiallodynic, and antihyperalgesic
effects. In rats, both the A1AR antagonist DPCPX and the A2AAR antagonist ZM241385 reversed the
antiallodynic, and antihyperalgesic effects of inosine in models of mechanical and heat hyperalgesia
induced by bradykinin and phorbol 12-myristate 13-acetate [36]. In the formalin test, inosine did not
induce antinociception in A1ARs knockout (KO) mice and the A1AR antagonist DPCPX inhibited its
effects [37]. In a subsequent study, DPCPX, but not the A2AAR antagonist SCH58261, abrogated the
antinociceptive effect of inosine in the intraplantar glutamate test [38]. A different strategy to promote
the accumulation of purines like adenosine or inosine is by using the xanthine oxidase inhibitor,
allopurinol. Indeed, it has been reported that intraperitoneal administration of allopurinol increased
cerebrospinal fluid concentrations of adenosine and its metabolites inducing antinociceptive effects in
different pain models. The selective A1AR antagonist DPCPX, but not the selective A2AAR antagonist
SCH58261, prevented allopurinol-induced anti-nociception [39,40]. Since extracellular adenosine is
primarily derived from the hydrolysis of AMP, the antinociceptive effect of a soluble version of the
recombinant CD73, the enzyme that converts AMP to adenosine, has been tested in different pain
models. The results of this study revealed long-lasting thermal antihyperalgesic and mechanical
antiallodynic effects that were dependent on A1AR activation [41]. Prostatic acid phosphatase (PAP) acts
as an ectonucleotidase hydrolyzing extracellular AMP to adenosine in nociceptive dorsal root ganglia
neurons [42,43]. Intrathecal injection of a secretory version of human PAP induced A1AR-dependent
antinociceptive effects in inflammatory and neuropathic pain models [44,45]. Furthermore, the injection
of PAP into the popliteal fossa—a common acupuncture point—reduces pain responses in mouse
models that lasted up to six days after a single injection, an effect dependent upon A1AR activation [46].

Several papers in the literature proposed a link between opioid-mediated antinociception and
A1ARs. In a rat with spinal cord injury (SCI), it was demonstrated a supra-additive interaction between
the adenosine A1AR agonist R-PIA and morphine in the reduction in mechanical allodynia-like
behavior [47]. In spinal cord neuronal nociceptive responses, the antinociceptive effects of the
A1AR agonist CPA were associated with activation of κ-opioid receptors since the reversal of the
CPA effect was observed with norbinaltorphimine (a selective κ-opioid receptor antagonist) but not
with low doses of µ-opioid antagonist naloxone [48]. While the opioid antagonist naltrexone did
not affect the antinociception induced by CPA in the formalin test, the activation of A1 or A2AAR
counteracted the µ-opioid receptor increase induced by formalin in the spinal cord, confirming
the interaction between adenosinergic and opioid systems [49]. In a rat model of nerve ligation
injury, the intrathecal administration of morphine synergistically enhanced the antiallodynic effect
of the A1AR agonist R-PIA, suggesting an interaction between µ-opioid receptors and A1ARs at the
spinal level [50]. In addition, other works reported that the antiallodynic/antihyperalgesic effect
of morphine is reversed in the presence of the selective A1AR antagonist DPCPX [51] or in A1ARs
KO mice [52]. Beyond opioids, the involvement of A1ARs has been observed in the antinociceptive
effect of non-steroidal anti-inflammatory drugs such as acetaminophen. In the formalin test, when
acetaminophen was administered systemically or locally, its antinociceptive effects were reversed by the
intraplantar injection of the A1AR antagonist DPCPX, suggesting a link between activation of peripheral
A1ARs and acetaminophen effects [53]. The contribution of spinal A1ARs to the action of acetaminophen
secondarily to the involvement of descending serotonin pathways and the release of adenosine within
the spinal cord was also suggested [54]. The involvement of A1ARs was also demonstrated in the
antinociceptive effects of amitriptyline [55,56], oxcarbazepine [57], levetiracetam [58], and neuropeptide
S [59].

Collectively, these preclinical studies provide strong support for the therapeutic potential of A1AR
agonists. However, limited clinical efficacy and relevant cardiovascular and central adverse effects have,
to date, hampered the development of A1AR agonists as analgesic drugs. An alternative approach to
increase selectivity and reduce the possibility of adverse effects exploiting the physiological action of
endogenous adenosine is the development of A1AR-positive allosteric modulators [60,61]. These agents
enhance the function of receptors activated by endogenous agonists, they are expected to have a
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much lower side effect potential than an exogenous orthosteric ligand, a low propensity for receptor
desensitization, and a high selectivity for a given receptor subtype [62]. T62 was the first A1AR-positive
allosteric modulator to be tested in animal models of pain. Intrathecal or systemic administration of T62
reduced mechanical hypersensitivity induced by spinal nerve ligation (SNL) [63,64], reversed thermal
hypersensitivity in carrageenin-inflamed rats [65], and was effective for postoperative hypersensitivity
following plantar incision [66]. More recently, TRR469 was characterized as one of the most potent
A1AR-positive allosteric modulators so far synthesized being able to increase adenosine affinity by
33 fold [67–69]. TRR469 effectively inhibited nociceptive behaviors in the formalin and writhing
tests, with effects comparable to morphine. Furthermore, it revealed an antiallodynic action in the
streptozotocin (STZ)-induced diabetic neuropathic pain model without inducing locomotor or cataleptic
side effects as the orthosteric-acting CCPA did [69].

Table 1. A1AR ligands with antinociceptive effects in preclinical models of pain.

Ligand Pharmacological Behavior Pain Model Species Route of Administration

2′-Me-CCPA agonist
formalin test rat intra-PAG, i.p. [20]
plantar test rat intra-PAG, i.p. [20]
tail flick test rat intra-PAG, i.p. [20]

CCPA agonist

formalin test mouse i.p. [69]

writhing test mouse i.p. [69]

STZ-induced mechanical allodynia mouse i.p. [69]

CFA induced-mechanical allodynia
and thermal hyperalgesia mouse Zusanli acupoint-injection

[28]

SCNL induced-mechanical allodynia
and thermal hyperalgesia mouse Zusanli acupoint-injection

[28]

CPA agonist

formalin test mouse i.p. [49]; i.t. [54]

CFA-induced-mechanical allodynia
and thermal hyperalgesia mouse i.m. [30]; i.p. [42]; Weizhong

acupoint-injection [46]

carrageenan-induced
mechanical allodynia rat i.pl. [18]

PGE2-induced mechanical allodynia rat i.pl. [18]

SCNL-induced mechanical allodynia
and thermal hyperalgesia rat i.p. [21]

colonic distension-induced
visceral pain rat s.c., i.c. [23,24]

R-PIA agonist

plantar incision-induced
mechanical allodynia rat i.t. [25]

photochemical SCI-induced
mechanical and thermal allodynia rat i.t. [47]

SCNL-induced mechanical allodynia rat i.t. [50]

photochemical sciatic nerve
injury-induced mechanical and

thermal allodynia
rat, mouse i.t. [52]

carrageenan-induced mechanical and
thermal allodynia rat, mouse i.t. [52]

T62 positive allosteric modulator

SNL-induced mechanical allodynia rat i.p. [63]; i.t. [63,64]; p.o. [64]

carrageenan-induced
thermal hyperalgesia rat i.t. [65]

plantar incision-induced
mechanical allodynia rat i.t. [66]

TRR469 positive allosteric modulator

formalin test mouse i.p. [69]

writhing test mouse i.p. [69]

STZ-induced mechanical allodynia mouse i.p. [69]

PAG (periaqueductal grey); i.p. (intraperitoneal); STZ (streptozotocin); CFA (Complete Freund’s adjuvant);
SCNL (sciatic nerve ligation); i.t. (intrathecal); i.m. (intramuscular); i.pl. (intraplantar); s.c. (subcutaneous);
i.c. (intracisternal); SCI (spinal cord injury); SNL (spinal nerve ligation); p.o. (per os).

2.2. A2AARs and Pain

The presence of A2AARS both on neurons and on glial cells is at the basis of A2AARs implications
in pain [70]. The relation between A2AARs and pain has been controversial with evidence sustaining

152



Int. J. Mol. Sci. 2020, 21, 8710

either pronociceptive and antinociceptive activity depending on the receptors’ localization and the
kind of pain (Table 2) [13]. Studies supporting the pronociceptive role of A2AAR report that the
selective blockade of this receptor subtype by systemic administration of SCH58261, a selective A2AAR
antagonist, is able to counteract nociception; even the administration at the spinal level produced
an equal effect [13,54]. These results are supported by experimental models of acute and nerve
injury pain in A2AARs KO which showed a decreased algesic reaction to pain tests and even a
reduction in markers of neural activity [71]. Moreover, the administration of caffeine, which is a
well-known non-selective antagonist of ADA, avert the sleep deprivation due to hypersensitivity
following surgical operation. A2AAR selective blockade with ZM241385 has shown to decrease surgical
pain levels and the thermal hyperalgesia caused by sleep deprivation in rats. These results support the
hypothesis that A2AARs are implicated in the regulation of the interplay between sleep and pain [72].
The pronociceptive effect of A2AAR stimulation was further corroborated in a study reporting that
carrageenan-induced hyperalgesia was significantly reduced in A2AAR KO mice compared to wild
type controls. Interestingly, the A2AAR inverse agonist ZM241385 injected into the hindpaw reduced
the nociceptive behavior following carrageenan in female wild type mice, but not in males suggesting
a sex difference in response to A2AAR activation in the periphery [73]. In addition, a series of inverse
agonists showing two different affinity values for the A2AARs with the high affinity value in the
picomolar/femtomolar range was recently synthesized [74,75] and tested for their antinociceptive
properties. In particular, one of these potent inverse agonists, namely TP455, proved to be more potent
than morphine in writhing and tail immersion tests in mice [74].

Furthermore, the blockade of A2AARs could provide protection in cases of neuropathic pain,
which is one of the most common kinds of chronic pain, and it is found in different disorders and
could lead to nerve dysfunctionalities [76]. Neuropathic pain pathophysiology is extremely intricate
because it comprises central and peripheral mechanisms such as changes in ion channel expression,
neurotransmitter release, and pain pathways [77]. Even oxidative stress could play an important role in
the neuropathic pain origin process [78]. A body of evidence reveals that, after SCI, there are events that
trigger reactive oxygen species (ROS) formation pathways such as microglia activation and glutamate
release [79,80]. The injury at the sensory nerves level also involves damage to nuclear and mitochondrial
DNA, and loss of antioxidant enzymes [81–83]. In fact, numerous studies report that the anti-oxidant
or ROS scavengers administration has analgesic effects in many in vivo models of neuropathic pain.
Furthermore, neuropathic pain is often a consequence of antitumoral treatments containing platinum
because these drugs can provoke peripheral neuropathy and chemotherapy-induced oxidative stress is
one of the important pathogenic factors damaging peripheral sensory neurons [84]. Recently, it has
been proved that novel A2AAR antagonists featuring antioxidant moieties can reduce pain associated
with oxaliplatin treatment in a mouse model of neuropathy reducing ROS level [85,86]. After peripheral
nerve injury, A2AARs stimulation induces both activation and proliferation of microglia and astrocytes
responsible for inflammation occurring in neuropathic pain, while genetic deletion of the A2AARs
decreases all the behavioral and histological signs of pain [77,87]. Several studies also showed that
systemic and spinal administration of the selective A2AAR antagonist SCH58261 has antinociceptive
effects in different preclinical models [54,74].

Notwithstanding the coherence of the studies testifying for a pronociceptive role of A2AARs, in the
literature there is evidence even for an antinociceptive role. In particular, since A2AARs are expressed
in immune cells where they exert a potent anti-inflammatory action, their stimulation may be helpful
in cases of inflammatory pain [3,13]. A2AARs KO animals under prolonged inflammatory conditions
show an up-regulation of markers of spinal cord neural activation. In these KO mice, the loss of the
antinociceptive A2AARs on immune cells exceeds the decrease in pronociceptive A2AARs on nerve
terminals leading to enhanced pain signaling [88]. It is well known that the stimulation of A2AARs has
anti-inflammatory effects but less is known about A2AAR agonists treatment and chronic inflammatory
pain. Different studies report that A2AARs expression is up-regulated in lymphocytes of rheumatoid
arthritis patients, these data should represent a basis for further investigations in this field [89,90].
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The selective agonist of A2AAR CGS21680 shows the ability to slow down disease progression in an
in vivo model of arthritis [91]. Even in a rat animal model, it has been demonstrated that CGS21680
treatment was very effective in decreasing clinical features in comparison to standard antirheumatic
drugs such as methotrexate and etanercept [92]. The treatment with the A2AAR agonist CGS21680
was also able to inhibit the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
activation and to reduce the release of inflammatory cytokines such as tumor necrosis factor-α (TNF-α),
IL-1β, and IL-6. Besides, the A2AAR stimulation leads to a decrease in metalloproteinases 1 and
3 [93]. Finally, in another mice model of monoarthritis, a new A2AAR agonist, named LASSBio-1359,
showed an important analgesic effect in response to inflammatory pain. This treatment was also able
to reduce inflammation by decreasing TNF-α, inducible NO synthase (iNOS) expression, and joint
damage [94]. The results of the above-mentioned studies highlight a role for A2AAR agonists as a
potential therapeutic tool in the management of inflammatory pain [89,93].

Different reports demonstrated an antinociceptive role of A2AAR activation in models of
neuropathic pain. An acute administration of A2AAR agonists, such as ATL313 and CGS21680,
leads to an analgesic effect that lasts for many weeks and reverses the mechanical allodynia and thermic
hyperalgesia while decreasing the markers of microglia and astrocytes activation [95]. Interestingly,
the effect of A2AARs activation was just specific for nerve injury or sensitized state suggesting a
potential role of A2AAR agonists for neuropathic pain. Moreover, the blockade of A2AARs by using a
receptor antagonist in the presence of an anti-IL-10 antibody reverted the effect of ATL313, suggesting
that the observed effects were due to the activation of A2AARs and the simultaneous enhanced IL-10
production [95]. In a subsequent study, ATL313 induced long-lasting protection against allodynia
caused by CCI, SNL, and sciatic inflammatory neuropathy (SIN), through a mechanism involving PKA
and protein kinase C (PKC) [96]. In a recent study, a single intrathecal injection of the A2AAR agonists
CGS21680 reversed mechanical allodynia in a rat model of SCI termed spinal neuropathic avulsion
pain for at least 6weeks [97]. In the follow-up work, the peri-sciatic injection of the agonist ATL313 also
demonstrated the efficacy of A2AAR activation at the site of nerve injury. These anti-allodynic effects
were accompanied by a reduction in interleukin (IL)-1β and NO release, and reduced expression of iNOS
and sciatic markers of monocytes/macrophages [98]. These studies revealed that the agonism toward
A2AARs was able to reduce different kinds of neuropathic pain such as inflammatory neuropathic pain
and traumatic ones. In all these cases the A2AARs stimulation averted and reverted the nociceptive
stimuli amplification [98]. Additionally, the long time span of the analgesic effect after a single treatment
suggests that A2AAR agonists could be useful for central neuropathic pain therapy. It is worth noting
that in these studies, the antiallodynic effects of A2AAR agonists were associated with diminished
reactive gliosis. Glial cells have a pivotal role in starting and carrying on neuropathic pain, and for
this reason, many studies are directed toward the discovery of new strategies in order to defeat the
pain expansion directed by glia. In recent years, A2AAR agonists have emerged as possible candidates
for glial inhibition thanks to their capability to suppress inflammation in immune cells; consequently,
A2AAR agonists represent a promising tool for the treatment of chronic pain of neuroinflammatory
origin [99].

The activation of the A2AAR subtype also seems to be involved in the analgesic effect of
neuropeptide S observed in the formalin test. Intracerebroventricular administration of this
eicosapeptide reduced formalin-induced nociception during both phases 1 and phase 2 of the
test, an effect counteracted by the non-selective AR antagonist caffeine or the selective A2AAR
antagonist ZM241385 [59]. Besides, an interaction between A2AARs and the opioid system was
reported when the antinociceptive effect exerted by the intracerebroventricular injection of Adonis,
an agonist-like monoclonal antibody with high specificity for the A2AARs, was counteracted by
naloxone, a non-selective opioid antagonist [100].
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Table 2. A2AAR ligands with antinociceptive effects in preclinical models of pain.

Ligand Pharmacological Behavior Pain Model Species Route of Administration

ATL313 agonist

CCI-induced mechanical allodynia
and thermal hyperalgesia rat i.t. [95,96]; peri-sciatic

nerve injection [98]

SNL-induced mechanical allodynia rat i.t. [96]

SIN-induced mechanical allodynia rat i.t. [96]

SCI-induced mechanical and
thermal allodynia rat i.t. [97]

CGS21680 agonist

formalin test (early phase) mouse i.p. [49]

CFA-induced-mechanical allodynia
and thermal hyperalgesia rat i.p. [92]

CCI-induced mechanical allodynia
and thermal hyperalgesia rat i.t. [95,96]

SCI-induced mechanical and
thermal allodynia rat i.t. [97]

LASSBio-1359 agonist
formalin test mouse i.p. [94]

carrageenan induced-mechanical
allodynia and thermal hyperalgesia mouse i.p. [94]

Adonis
agonist-like

monoclonal antibody
hot plate test mouse i.c.v. [100]

tail flick test mouse i.c.v. [100]

TP455 inverse agonist
writhing test mouse i.p. [74]

tail immersion test mouse i.p. [74]

ZM241385 antagonist

writhing test mouse i.p. [74]

tail immersion test mouse i.p. [74]

carrageenan induced-
mechanical allodynia mouse s.c. [73]

sleep deprivation-induced
thermal hyperalgesia rat i.c.v. [72]

plantar incision-induced mechanical
allodynia and thermal hyperalgesia rat i.c.v. [72]

CCI (chronic constriction injury); i.t. (intrathecal); SNL (spinal nerve ligation); SIN (sciatic inflammatory neuropathy);
SCI (spinal cord injury); i.p. (intraperitoneal); CFA (Complete Freund’s adjuvant); i.c.v. (intracerebroventricular);
s.c. (subcutaneous).

2.3. A2BARs and Pain

A2BARs are expressed both at the central level and in the periphery: among pain-relevant sites,
they are localized on immune-inflammatory cells, where they have pro-inflammatory functions,
in the spinal cord, and on astrocytes [1,101,102]. Since adenosine presents a lower affinity for A2BARs
in comparison to other AR subtypes, A2BARs are more involved when adenosine concentration rises,
for example in pathological conditions such as hypoxia/ischemia and inflammation [2,103].

Nonetheless, the different functions of A2BARs in various tissues and their involvement in the
pathogenesis of pain are poorly known. As a consequence, more studies are needed in order to clarify
their pro or anti-nociceptive actions in different types of pain conditions [11,101].

Unfortunately, studies on the relationship between pain and A2BARs are limited due to the lack
of selective ligands (Table 3). One of the first studies using selective A2BAR antagonists reported an
antinociceptive activity of A2BARs blockade in an acute pain model represented by the hot plate test.
One of these ligands, PSB-1115, did not penetrate the blood brain barrier due to its polar sulfonate
group, suggesting that peripheral A2BARs were implicated in the analgesic activity [104]. Interestingly,
the efficacy of morphine was enhanced by subeffective doses of these A2BAR antagonists. In a follow-up
study, the systemic administration of PSB-1115 decreased the algesic response and edema in both
phases of the formalin test [105]. In the same test, the selective blockade of A2BARs by using alloxazine
resulted in a dose-dependent reduction in nociceptive behavior [106]. Moreover, it has been reported
that the treatment with A2BAR antagonists, MRS1754 and PSB-1115, was able to decrease pain in
visceral hypersensitivity rat models [107,108]. PSB-1115 also reverted the antinociceptive effect of
diphenyl diselenide, organoselenium compounds, in the hot plate test in mice [109].
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A2BARs seem to be involved even in chronic pain, with evidence highlighting that these receptor
subtypes stimulate the interactions between immune cells and neurons. It was reported that high
extracellular adenosine levels activate A2BARs on myeloid cells, and that this leads to the activation of
pain sensory neurons giving rise to hypersensitivity and chronic pain [110]. Intriguingly, the author
demonstrated that A2BAR stimulation caused nociceptor hyperexcitability and promoted chronic pain
via soluble IL-6 receptor trans-signaling. From these results, it is possible to deduce that the blockade
of A2BARs may repress the nociceptive activity.

All these findings seem to testify for a pronociceptive role of A2BARs. However, it has been
reported that even the activation of A2BARs, using a selective agonist (BAY606583), presented an
analgesic effect in an accredited model of neuropathic pain, in a similar way to A2AAR agonists
treatment [96]. As it is well known, both A2AARs and A2BARs lead to increased cAMP accumulation
and activation of downstream pathways; they also probably have a similar spinal mechanism of
action. Normally, A2BAR stimulation activates PKA and the pathway of PLC/IP3/DAG leading
to changes in gene transcription, while β-arrestins are responsible for the receptor internalization
mechanism [13,111].

Table 3. A2BAR ligands with antinociceptive effects in preclinical models of pain.

Ligand Pharmacological Behavior Pain Model Species Route of Administration

BAY606583 agonist CCI-induced mechanical allodynia mouse i.t. [96]

PSB-10 antagonist formalin test mouse i.p. [105]

PSB-36 antagonist formalin test mouse i.p. [105]

PSB-1115 antagonist formalin test mouse i.p. [105]

CCI (chronic constriction injury); i.t. (intrathecal); i.p. (intraperitoneal).

2.4. A3ARs and Pain

A3ARs are present at the peripheral level in many tissues including inflammatory cells; they are
less expressed in the central nervous system, nonetheless their activation causes functional effects,
in particular, in glial cells [112]. The possibility to exploit A3AR stimulation, using selective agonists,
has been studied in different pathologies counting cancer and inflammation [112,113].

A3ARs involvement has also been investigated in relation to pain; the first pieces of evidence
reported a pronociceptive role [114]. Further studies, using more selective ligands, overturned previous
results showing that A3AR agonists present antinociceptive activity so, they can be useful as analgesics
especially for neuropathic pain (Table 4) [113]. In fact, the systemic administration of selective A3AR
agonists, such as IB-MECA, Cl-IB-MECA and MRS1898, reduced the mechanical allodynia in a model of
neuropathic pain—especially IB-MECA was as efficacious as morphine. The specificity of this effect was
demonstrated by blocking A3ARs with the selective antagonist MRS1523, which abrogated the analgesic
effect of A3AR agonists [115]. Interestingly, the A3AR agonists have no effects in acute pain models,
for instance, hot plate and tail flick tests [116]. Another A3AR selective agonist, named MRS5698,
was demonstrated to be able to reduce mechanical allodynia in different models of neuropathic
pain. MRS5698 had an analgesic effect in acute pain tests but its activity persisted with repeated
administrations [117]. The mechanism of action of this agonist involves GABA signaling: the A3ARs
activation normalizes the changes in GABA concentrations caused by nerve damages, thus restoring
the GABA inhibitory effect on pain transmission [118]. Moreover, it has been noticed that A3ARs
stimulation inhibits N-type calcium channel opening in isolated rat dorsal root ganglion neurons,
causing a reduction in the neurotransmitter release and the neuronal excitation [119]. In another
model of nerve injury that produces tactile allodynia, the daily administration of IB-MECA averted the
appearance of hypersensitivities, the activation of glial cells and the altered transmission of nociceptive
stimuli, resulting in an attenuation of neuropathic pain [120]. In a recent study, MRS7476, a prodrug
with increased aqueous solubility compared with parent MRS5698, was found to be efficacious in
reversing neuropathic pain induced by CCI [121].
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Anticancer chemotherapeutic treatments often induce neuropathy as an adverse effect;
the stimulation of A3ARs can help to decrease the pain in these cases. The A3AR agonist IB-MECA
is able to reduce the allodynia and the hyperalgesia induced by different anticancer drugs such as
paclitaxel, oxaliplatin and bortezomib without diminishing their antitumoral effectiveness; even other
A3AR agonists, Cl-IB-MECA and MRS1898 present the same effects [115,116]. The pathway involved
seems to imply NF-κB, ERK and p38 inhibition and the production of inflammatory cytokines.
In particular, the treatment with A3AR agonists reduces the release of the pro-inflammatory cytokines
TNF-α and IL-1β while increases the anti-inflammatory IL-10 [122]. Other mechanisms have been
proposed to explain the antinociceptive activity of A3ARs; among these are the diminished activation
of astrocytes, inhibition of cAMP, PKA, the interaction with the PLC/IP3/DAG and phosphoinositide
3-kinase (PI3K)/mitogen-activated protein kinase (MAPK)/ERK/cAMP response element-binding
protein (CREB) pathways and the signaling via Gi [123]. Even in the A3AR subtype, the internalization
of the receptor is mediated by β-arrestins [111]. Recently, in a model of cancer chemotherapy-induced
neuropathic pain, the A3AR agonist MRS5698 attenuated pro-inflammatory IL-1β production and
promoted anti-inflammatory and neuroprotective IL-10 expression by regulating the nucleotide-binding
oligomerization domain-like receptor protein 3 inflammasome [124].

Besides the antinociceptive effect of A3AR agonists in cancer pain and neuropathic pain related
to chemotherapy, they have also found to be potent antitumoral agents in many animal models of
different forms of cancer (melanoma, prostate, colon, and hepatocellular carcinoma), where they are
able to reduce tumor growth [113,125]. Their therapeutic potential has also been assessed in a model
of bone cancer pain in which mammary gland tumoral cells were injected into the tibia [126]. In this
model, the repeated administration of Cl-IB-MECA decreased tumor growth, mitigated the nociception
and the bone degradation associated with cancer. In addition, the A3AR agonist was also effective in
delaying the onset and the advancement of bone cancer with a major efficacy when the treatment with
Cl-IB-MECA was done before the injection of cancer cells [126].

The involvement of A3ARs in diabetic neuropathy was also investigated. It has been demonstrated
that IB-MECA treatment ameliorates mechanical hyperalgesia and thermal hypoalgesia in STZ-treated
mice. Moreover, reduced expression or functionality of A3ARs promoted diabetic neuropathy
development [127].

It is well established that long-lasting treatments with opioids lead to hyperalgesia and tolerance
to drugs, reducing the analgesic effect of opioids in chronic pain [128,129]. In a rodent model, it has
been reported that the opioid adverse effects seem to be linked to reduced A3ARs signaling. In fact,
the stimulation with A3AR agonists ameliorates pain sensitivity suggesting that selective A3AR agonists
may be used in addition to opioids for chronic pain management [130]. Importantly, it has been
reported that the antinociceptive effects of A3AR agonists persist at least up to 2 weeks of treatment,
suggesting that stimulation of A3ARs does not induce tolerance [87].

A recent study reports the effect of a new A3AR agonist, AL170, in a rat model of colitis.
AL170 mitigates the colonic damage and inflammation, reducing the release of TNF-α, IL-1β,
and myeloperoxidase. AL170 was demonstrated to have an efficacy comparable to that of
dexamethasone, one of the most used drugs in the colitis treatment and other inflammatory bowel
diseases [131]. The activation of A3ARs resulted able to decrease the infiltration of inflammatory
cells and the production of inflammatory mediators thus softening visceral pain [131]. A further
study revealed that the treatment with A3AR agonists is useful in another model of abdominal pain
induced by colitis. In this model, Cl-IB-MECA and MRS5980 decreased visceral hypersensitivity in the
postinflammatory phase as well as in the and persistence one and showed effectiveness comparable to
that of linaclotide, a drug used for the treatment of irritable bowel syndrome [132,133].

The possibility to exploit A3AR agonists in rheumatic pathologies has been studied, starting from
the observation that A3ARs are up-regulated in synovial tissue and peripheral blood mononuclear
cells in rheumatoid arthritis patients. Treatment with A3AR agonists leads to an improvement of
symptoms and clinical signs [90,93,113]. Another potential therapeutic approach for arthritis could
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be represented by allosteric enhancer, in order to exploit the anti-inflammatory action of A3ARs and
the high adenosine concentrations typical of inflammatory pathologies. LUF6000, an A3AR allosteric
modulator, was showed to reduce inflammation in models of adjuvant- and monoiodoacetate-induced
arthritis [134]. Even if the analysis of the nociceptive activity was not comprised in these studies,
it is reasonable to hypothesize that a decreased inflammation would be accompanied by a reduction
in pain.

Table 4. A3AR ligands with antinociceptive effects in preclinical models of pain.

Ligand Pharmacological Behavior Pain Model Species Route of Administration

AR170 A3AR agonist colitis-induced
visceral hypersensitivity rat i.p. [131]

Cl-IB-MECA A3AR agonist

chemotherapy-induced
mechanical allodynia mouse i.p. [115]

CCI-induced mechanical allodynia mouse i.p. [115]

bone cancer-induced
mechanical allodynia rat i.p. [126]

colitis-induced
visceral hypersensitivity rat i.p. [133]

IB-MECA A3AR agonist

chemotherapy-induced
mechanical allodynia mouse/rat i.p. [115,122]

CCI-induced mechanical allodynia mouse i.p. [115]; i.t. [118]

STZ-induced mechanical allodynia
and thermal hyperalgesia mouse i.p. [127]

opioid-induced thermal hyperalgesia rat p.o. [130]

tibial nerve injury-induced
mechanical allodynia rat i.p. [120]

MRS1898 A3AR agonist
chemotherapy-induced
mechanical allodynia mouse i.p. [115]

CCI-induced mechanical allodynia mouse i.p. [115]

MRS5698 A3AR agonist

CCI-induced mechanical allodynia rat s.c., i.p., i.v. [117]; i.t. [118]

spared nerve injury-induced
mechanical allodynia rat s.c., i.p., i.v. [117]

SNL-induced mechanical allodynia rat s.c., i.p., i.v. [117]

bone cancer-induced
mechanical allodynia rat s.c., i.p., i.v. [117]

chemotherapy-induced
mechanical allodynia rat s.c., i.p., i.v. [117]; i.t. [124]

opioid-induced thermal hyperalgesia rat p.o. [130]

MRS5980 A3AR agonist colitis-induced visceral
hypersensitivity rat i.p. [133]

MRS7422 A3AR agonist CCI-induced mechanical allodynia mouse p.o. [121]

i.p. (intraperitoneal); CCI (chronic constriction injury); i.t. (intrathecal); STZ (streptozotocin); p.o. (per os);
s.c. (subcutaneous); i.v. (intravenous); SNL (spinal nerve ligation).

3. Conclusions

The modulation of ARs, especially their activation, induces potent antinociceptive effects in
diverse preclinical models of acute and chronic pain. Nevertheless, the efficacy of AR ligands for the
pharmacological treatment of pain in humans is still ambiguous and it has also yet to be determined
whether ARs modulation could be exploited to inhibit spontaneous pain. Many hopes were initially
placed on A1AR agonists, but cardiovascular side effects prevented their progress in the clinic, at least
with regard to their systemic administration. To get around these obstacles, alternative strategies
have been proposed to continue exploiting the huge potential of adenosine and its receptors in
pain management. Partial agonist and allosteric modulators of ARs have been tested in preclinical
settings revealing potent antinociceptive effects with fewer side effects than conventional full agonists.
Furthermore, localized activation of ARs has been proposed as a valid alternative to systemic delivery
to maintain efficacy and reduce side effects, especially considering the ubiquitous localization of ARs in
the human body. Exogenous ectonucleotidases as well as metabolizing enzyme inhibitors could increase
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the extracellular concentration of the short-living mediator adenosine, enhancing its nociceptive effects.
As reviewed here, these alternative pharmacological approaches have shown promising results in
preclinical models of pain and could offer a means to overcome the issues encountered so far by AR
ligands in the clinic. Overall, the data summarized in this review highlight the therapeutic potential of
ARs as pharmacological targets for the treatment of acute and chronic pain and the need to develop
new and more effective strategies to exploit this potential.
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Abbreviations

GPCR G protein coupled receptors
AR adenosine receptor
AC adenylate cyclase
cAMP cyclic adenosine monophosphate
ATP adenosine triphosphate
ADA adenosine deaminase
PKA protein kinase A
PLC protein lipase C
IP3 inositol triphosphate
DAG diacylglycerol
ERK extracellular signal-regulated kinase
NO nitric oxide
cGMP cyclic guanosine monophosphate
PKG protein kinase G
PAG periaqueductal gray
CCI chronic constriction injury
CFA complete Freund’s adjuvant
SCNL sciatic nerve ligation
KO knockout
PAP prostatic acid phosphatase
SCI spinal cord injury
SNL spinal nerve ligation
STZ streptozotocin
ROS reactive oxygen species
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
TNF-α tumor necrosis factor-α
iNOS inducible nitric oxide synthase
SIN sciatic inflammatory neuropathy
PKC protein kinase C
IL interleukin
PI3K phosphoinositide 3-kinase
MAPK mitogen-activated protein kinase
CREB cAMP response element-binding protein
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79. Carrasco, C.; Naziroǧlu, M.; Rodríguez, A.B.; Pariente, J.A. Neuropathic Pain: Delving into the Oxidative
Origin and the Possible Implication of Transient Receptor Potential Channels. Front. Physiol. 2018, 9, 95.
[CrossRef]

80. Kim, H.K.; Park, S.K.; Zhou, J.-L.; Taglialatela, G.; Chung, K.; Coggeshall, R.E.; Chung, J.M. Reactive oxygen
species (ROS) play an important role in a rat model of neuropathic pain. Pain 2004, 111, 116–124. [CrossRef]

81. Han, Y.; Smith, M.T. Pathobiology of cancer chemotherapy-induced peripheral neuropathy (CIPN).
Front. Pharm. 2013, 4, 156. [CrossRef] [PubMed]

82. Kerckhove, N.; Collin, A.; Condé, S.; Chaleteix, C.; Pezet, D.; Balayssac, D. Long-Term Effects,
Pathophysiological Mechanisms, and Risk Factors of Chemotherapy-Induced Peripheral Neuropathies:
A Comprehensive Literature Review. Front. Pharm. 2017, 8, 86. [CrossRef] [PubMed]

83. Naik, A.K.; Tandan, S.K.; Dudhgaonkar, S.P.; Jadhav, S.H.; Kataria, M.; Prakash, V.R.; Kumar, D. Role of
oxidative stress in pathophysiology of peripheral neuropathy and modulation by N-acetyl-L-cysteine in rats.
Eur. J. Pain 2006, 10, 573–579. [CrossRef] [PubMed]

84. Shim, H.S.; Bae, C.; Wang, J.; Lee, K.-H.; Hankerd, K.M.; Kim, H.K.; Chung, J.M.; La, J.-H. Peripheral and
central oxidative stress in chemotherapy-induced neuropathic pain. Mol. Pain 2019, 15, 1–11. [CrossRef]

85. Falsini, M.; Catarzi, D.; Varano, F.; Ceni, C.; Dal Ben, D.; Marucci, G.; Buccioni, M.; Volpini, R.; Di Cesare
Mannelli, L.; Lucarini, E.; et al. Antioxidant-Conjugated 1,2,4-Triazolo[4,3-a]pyrazin-3-one Derivatives:
Highly Potent and Selective Human A2A Adenosine Receptor Antagonists Possessing Protective Efficacy in
Neuropathic Pain. J. Med. Chem. 2019, 62, 8511–8531. [CrossRef]

86. Betti, M.; Catarzi, D.; Varano, F.; Falsini, M.; Varani, K.; Vincenzi, F.; Pasquini, S.; di Cesare Mannelli, L.;
Ghelardini, C.; Lucarini, E.; et al. Modifications on the Amino-3,5-dicyanopyridine Core to Obtain
Multifaceted Adenosine Receptor Ligands with Antineuropathic Activity. J. Med. Chem. 2019, 62, 6894–6912.
[CrossRef]

87. Jacobson, K.A.; Giancotti, L.A.; Lauro, F.; Mufti, F.; Salvemini, D. Treatment of chronic neuropathic pain:
Purine receptor modulation. Pain 2020, 161, 1425–1441. [CrossRef] [PubMed]

88. Hussey, M.J.; Clarke, G.D.; Ledent, C.; Kitchen, I.; Hourani, S.M.O. Deletion of the adenosine A2A receptor in
mice enhances spinal cord neurochemical responses to an inflammatory nociceptive stimulus. Neurosci. Lett.
2012, 506, 198–202. [CrossRef] [PubMed]

89. Varani, K.; Padovan, M.; Govoni, M.; Vincenzi, F.; Trotta, F.; Borea, P.A. The role of adenosine receptors in
rheumatoid arthritis. Autoimmun. Rev. 2010, 10, 61–64. [CrossRef]

90. Varani, K.; Padovan, M.; Vincenzi, F.; Targa, M.; Trotta, F.; Govoni, M.; Borea, P.A. A2A and A3 adenosine
receptor expression in rheumatoid arthritis: Upregulation, inverse correlation with disease activity score
and suppression of inflammatory cytokine and metalloproteinase release. Arthritis Res. Ther. 2011, 13, R197.
[CrossRef]

91. Mazzon, E.; Esposito, E.; Impellizzeri, D.; Di Paola, R.; Melani, A.; Bramanti, P.; Pedata, F.; Cuzzocrea, S. CGS
21680, an Agonist of the Adenosine (A2A) receptor, reduces progression of murine type II collagen-induced
arthritis. J. Rheumatol. 2011, 38, 2119–2129. [CrossRef] [PubMed]

92. Vincenzi, F.; Padovan, M.; Targa, M.; Corciulo, C.; Giacuzzo, S.; Merighi, S.; Gessi, S.; Govoni, M.; Borea, P.A.;
Varani, K. A(2A) adenosine receptors are differentially modulated by pharmacological treatments in
rheumatoid arthritis patients and their stimulation ameliorates adjuvant-induced arthritis in rats. PLoS ONE
2013, 8, e54195. [CrossRef] [PubMed]

93. Ravani, A.; Vincenzi, F.; Bortoluzzi, A.; Padovan, M.; Pasquini, S.; Gessi, S.; Merighi, S.; Borea, P.A.;
Govoni, M.; Varani, K. Role and Function of A2A and A3 Adenosine Receptors in Patients with Ankylosing
Spondylitis, Psoriatic Arthritis and Rheumatoid Arthritis. Int. J. Mol. Sci. 2017, 18, 697. [CrossRef] [PubMed]

94. Montes, G.C.; Hammes, N.; da Rocha, M.D.; Montagnoli, T.L.; Fraga, C.A.M.; Barreiro, E.J.; Sudo, R.T.;
Zapata-Sudo, G. Treatment with Adenosine Receptor Agonist Ameliorates Pain Induced by Acute and
Chronic Inflammation. J. Pharmacol. Exp. Ther. 2016, 358, 315–323. [CrossRef]

95. Loram, L.C.; Harrison, J.A.; Sloane, E.M.; Hutchinson, M.R.; Sholar, P.; Taylor, F.R.; Berkelhammer, D.;
Coats, B.D.; Poole, S.; Milligan, E.D.; et al. Enduring Reversal of Neuropathic Pain by a Single Intrathecal
Injection of Adenosine 2A Receptor Agonists: A Novel Therapy for Neuropathic Pain. J. Neurosci. 2009, 29,
14015–14025. [CrossRef]

164



Int. J. Mol. Sci. 2020, 21, 8710

96. Loram, L.C.; Taylor, F.R.; Strand, K.A.; Harrison, J.A.; RzasaLynn, R.; Sholar, P.; Rieger, J.; Maier, S.F.;
Watkins, L.R. Intrathecal injection of adenosine 2A receptor agonists reversed neuropathic allodynia through
protein kinase (PK)A/PKC signaling. Brain Behav. Immun. 2013, 33, 112–122. [CrossRef]

97. Kwilasz, A.J.; Ellis, A.; Wieseler, J.; Loram, L.; Favret, J.; McFadden, A.; Springer, K.; Falci, S.; Rieger, J.;
Maier, S.F.; et al. Sustained reversal of central neuropathic pain induced by a single intrathecal injection of
adenosine A2A receptor agonists. Brain Behav. Immun. 2018, 69, 470–479. [CrossRef]

98. Kwilasz, A.J.; Green Fulgham, S.M.; Ellis, A.; Patel, H.P.; Duran-Malle, J.C.; Favret, J.; Harvey, L.O.; Rieger, J.;
Maier, S.F.; Watkins, L.R. A single peri-sciatic nerve administration of the adenosine 2A receptor agonist
ATL313 produces long-lasting anti-allodynia and anti-inflammatory effects in male rats. Brain Behav. Immun.
2019, 76, 116–125. [CrossRef]

99. Jacobson, K.A.; Tosh, D.K.; Jain, S.; Gao, Z.-G. Historical and Current Adenosine Receptor Agonists in
Preclinical and Clinical Development. Front. Cell Neurosci. 2019, 13, 124. [CrossRef]

100. By, Y.; Condo, J.; Durand-Gorde, J.-M.; Lejeune, P.-J.; Mallet, B.; Guieu, R.; Ruf, J. Intracerebroventricular
injection of an agonist-like monoclonal antibody to adenosine A(2A) receptor has antinociceptive effects in
mice. J. Neuroimmunol. 2011, 230, 178–182. [CrossRef]

101. Feoktistov, I.; Biaggioni, I. Chapter 5—Role of Adenosine A2B Receptors in Inflammation. In Advances in
Pharmacology; Jacobson, K.A., Linden, J., Eds.; Pharmacology of Purine and Pyrimidine Receptors; Academic
Press: Cambridge, MA, USA, 2011; Volume 61, pp. 115–144.

102. Popoli, P.; Pepponi, R. Potential Therapeutic Relevance of Adenosine A2B and A2A Receptors in the Central
Nervous System. CNS Neurol. Disord.-Drug Targets (Former. Curr. Drug Targets CNS Neurol. Disord.) 2012, 11,
664–674. [CrossRef]

103. Fredholm, B.B.; IJzerman, A.P.; Jacobson, K.A.; Linden, J.; Müller, C.E. International union of basic and clinical
pharmacology. LXXXI. Nomenclature and classification of adenosine receptors—An update. Pharmacol. Rev.
2011, 63, 1–34. [CrossRef] [PubMed]

104. Abo-Salem, O.M.; Hayallah, A.M.; Bilkei-Gorzo, A.; Filipek, B.; Zimmer, A.; Müller, C.E. Antinociceptive
effects of novel A2B adenosine receptor antagonists. J. Pharmacol. Exp. Ther. 2004, 308, 358–366. [CrossRef]
[PubMed]

105. Bilkei-Gorzo, A.; Abo-Salem, O.M.; Hayallah, A.M.; Michel, K.; Müller, C.E.; Zimmer, A. Adenosine receptor
subtype-selective antagonists in inflammation and hyperalgesia. Naunyn. Schmiedebergs. Arch. Pharmacol.
2008, 377, 65–76. [CrossRef]

106. Yoon, M.H.; Bae, H.B.; Choi, J.I.; Kim, S.J.; Chung, S.T.; Kim, C.M. Roles of Adenosine Receptor Subtypes in
the Antinociceptive Effect of Intrathecal Adenosine in a Rat Formalin Test. PHA 2006, 78, 21–26. [CrossRef]

107. Asano, T.; Tanaka, K.-I.; Tada, A.; Shimamura, H.; Tanaka, R.; Maruoka, H.; Takenaga, M.; Mizushima, T.
Aminophylline suppresses stress-induced visceral hypersensitivity and defecation in irritable bowel
syndrome. Sci. Rep. 2017, 7, 40214. [CrossRef] [PubMed]

108. Asano, T.; Takenaga, M. Adenosine A2B Receptors: An Optional Target for the Management of Irritable
Bowel Syndrome with Diarrhea? J. Clin. Med. 2017, 6, 104. [CrossRef]

109. Savegnago, L.; Jesse, C.R.; Nogueira, C.W. Caffeine and a selective adenosine A(2B) receptor antagonist but
not imidazoline receptor antagonists modulate antinociception induced by diphenyl diselenide in mice.
Neurosci. Lett. 2008, 436, 120–123. [CrossRef]

110. Hu, X.; Adebiyi, M.G.; Luo, J.; Sun, K.; Le, T.-T.T.; Zhang, Y.; Wu, H.; Zhao, S.; Karmouty-Quintana, H.;
Liu, H.; et al. Sustained Elevated Adenosine via ADORA2B Promotes Chronic Pain through Neuro-immune
Interaction. Cell Rep. 2016, 16, 106–119. [CrossRef]

111. Chen, J.-F.; Lee, C.; Chern, Y. Chapter One—Adenosine Receptor Neurobiology: Overview. In International
Review of Neurobiology; Mori, A., Ed.; Adenosine Receptors in Neurology and Psychiatry; Academic Press:
Cambridge, MA, USA, 2014; Volume 119, pp. 1–49.

112. Borea, P.A.; Varani, K.; Vincenzi, F.; Baraldi, P.G.; Tabrizi, M.A.; Merighi, S.; Gessi, S. The A3 Adenosine
Receptor: History and Perspectives. Pharm. Rev. 2015, 67, 74–102. [CrossRef]

113. Fishman, P.; Bar-Yehuda, S.; Liang, B.T.; Jacobson, K.A. Pharmacological and therapeutic effects of A3
adenosine receptor agonists. Drug Discov. Today 2012, 17, 359–366. [CrossRef]

114. Wu, W.-P.; Hao, J.-X.; Halldner-Henriksson, L.; Xu, X.-J.; Jacobson, M.A.; Wiesenfeld-Hallin, Z.; Fredholm, B.B.
Decreased inflammatory pain due to reduced carrageenan-induced inflammation in mice lacking adenosine
A3 receptors. Neuroscience 2002, 114, 523–527. [CrossRef]

165



Int. J. Mol. Sci. 2020, 21, 8710

115. Chen, Z.; Janes, K.; Chen, C.; Doyle, T.; Bryant, L.; Tosh, D.K.; Jacobson, K.A.; Salvemini, D. Controlling
murine and rat chronic pain through A3 adenosine receptor activation. FASEB J. 2012, 26, 1855–1865.
[CrossRef] [PubMed]

116. Janes, K.; Symons-Liguori, A.; Jacobson, K.A.; Salvemini, D. Identification of A3 adenosine receptor agonists
as novel non-narcotic analgesics. Br. J. Pharm. 2016, 173, 1253–1267. [CrossRef]

117. Little, J.W.; Ford, A.; Symons-Liguori, A.M.; Chen, Z.; Janes, K.; Doyle, T.; Xie, J.; Luongo, L.; Tosh, D.K.;
Maione, S.; et al. Endogenous adenosine A3 receptor activation selectively alleviates persistent pain states.
Brain 2015, 138, 28–35. [CrossRef] [PubMed]

118. Ford, A.; Castonguay, A.; Cottet, M.; Little, J.W.; Chen, Z.; Symons-Liguori, A.M.; Doyle, T.; Egan, T.M.;
Vanderah, T.W.; Koninck, Y.D.; et al. Engagement of the GABA to KCC2 Signaling Pathway Contributes to
the Analgesic Effects of A3AR Agonists in Neuropathic Pain. J. Neurosci. 2015, 35, 6057–6067. [CrossRef]
[PubMed]

119. Coppi, E.; Cherchi, F.; Fusco, I.; Failli, P.; Vona, A.; Dettori, I.; Gaviano, L.; Lucarini, E.; Jacobson, K.A.;
Tosh, D.K.; et al. Adenosine A3 receptor activation inhibits pronociceptive N-type Ca2+ currents and cell
excitability in dorsal root ganglion neurons. Pain 2019, 160, 1103–1118. [CrossRef]

120. Terayama, R.; Tabata, M.; Maruhama, K.; Iida, S. A3 adenosine receptor agonist attenuates neuropathic pain
by suppressing activation of microglia and convergence of nociceptive inputs in the spinal dorsal horn.
Exp. Brain Res. 2018, 236, 3203–3213. [CrossRef]

121. Suresh, R.R.; Jain, S.; Chen, Z.; Tosh, D.K.; Ma, Y.; Podszun, M.C.; Rotman, Y.; Salvemini, D.; Jacobson, K.A.
Design and in vivo activity of A3 adenosine receptor agonist prodrugs. Purinergic Signal. 2020, 16, 367–377.
[CrossRef]

122. Janes, K.; Esposito, E.; Doyle, T.; Cuzzocrea, S.; Tosh, D.K.; Jacobson, K.A.; Salvemini, D. A3 adenosine
receptor agonist prevents the development of paclitaxel-induced neuropathic pain by modulating spinal
glial-restricted redox-dependent signaling pathways. Pain 2014, 155, 2560–2567. [CrossRef]

123. Kim, Y.; Kwon, S.Y.; Jung, H.S.; Park, Y.J.; Kim, Y.S.; In, J.H.; Choi, J.W.; Kim, J.A.; Joo, J.D. Amitriptyline
inhibits the MAPK/ERK and CREB pathways and proinflammatory cytokines through A3AR activation in
rat neuropathic pain models. Korean J. Anesth. 2019, 72, 60–67. [CrossRef]

124. Wahlman, C.; Doyle, T.M.; Little, J.W.; Luongo, L.; Janes, K.; Chen, Z.; Esposito, E.; Tosh, D.K.; Cuzzocrea, S.;
Jacobson, K.A.; et al. Chemotherapy-induced pain is promoted by enhanced spinal adenosine kinase levels
through astrocyte-dependent mechanisms. Pain 2018, 159, 1025–1034. [CrossRef] [PubMed]

125. Antonioli, L.; Blandizzi, C.; Pacher, P.; Haskó, G. Immunity, inflammation and cancer: A leading role for
adenosine. Nat. Rev. Cancer 2013, 13, 842–857. [CrossRef] [PubMed]

126. Varani, K.; Vincenzi, F.; Targa, M.; Paradiso, B.; Parrilli, A.; Fini, M.; Lanza, G.; Borea, P.A. The stimulation of
A3 adenosine receptors reduces bone-residing breast cancer in a rat preclinical model. Eur. J. Cancer 2013, 49,
482–491. [CrossRef] [PubMed]

127. Yan, H.; Zhang, E.; Feng, C.; Zhao, X. Role of A3 adenosine receptor in diabetic neuropathy. J. Neurosci. Res.
2016, 94, 936–946. [CrossRef]

128. Hayhurst, C.J.; Durieux, M.E. Differential Opioid Tolerance and Opioid-induced HyperalgesiaA Clinical
Reality. Anesthesiology 2016, 124, 483–488. [CrossRef]

129. Rivat, C.; Ballantyne, J. The dark side of opioids in pain management: Basic science explains clinical
observation. Pain Rep. 2016, 1, e570. [CrossRef]

130. Doyle, T.M.; Largent-Milnes, T.M.; Chen, Z.; Staikopoulos, V.; Esposito, E.; Dalgarno, R.; Fan, C.; Tosh, D.K.;
Cuzzocrea, S.; Jacobson, K.A.; et al. Chronic Morphine-Induced Changes in Signaling at the A3 Adenosine
Receptor Contribute to Morphine-Induced Hyperalgesia, Tolerance, and Withdrawal. J. Pharmacol. Exp. Ther.
2020, 374, 331–341. [CrossRef]

131. Antonioli, L.; Lucarini, E.; Lambertucci, C.; Fornai, M.; Pellegrini, C.; Benvenuti, L.; Di Cesare Mannelli, L.;
Spinaci, A.; Marucci, G.; Blandizzi, C.; et al. The Anti-Inflammatory and Pain-Relieving Effects of AR170,
an Adenosine A3 Receptor Agonist, in a Rat Model of Colitis. Cells 2020, 9, 1509. [CrossRef]

132. Lucarini, E.; Coppi, E.; Micheli, L.; Parisio, C.; Vona, A.; Cherchi, F.; Pugliese, A.M.; Pedata, F.; Failli, P.;
Palomino, S.; et al. Acute visceral pain relief mediated by A3AR agonists in rats: Involvement of N-type
voltage-gated calcium channels. Pain 2020. [CrossRef]

166



Int. J. Mol. Sci. 2020, 21, 8710

133. Grundy, L.; Harrington, A.M.; Castro, J.; Garcia-Caraballo, S.; Deiteren, A.; Maddern, J.; Rychkov, G.Y.; Ge, P.;
Peters, S.; Feil, R.; et al. Chronic linaclotide treatment reduces colitis-induced neuroplasticity and reverses
persistent bladder dysfunction. JCI Insight 2018, 3, e121841. [CrossRef] [PubMed]

134. Cohen, S.; Barer, F.; Bar-Yehuda, S.; IJzerman, A.P.; Jacobson, K.A.; Fishman, P. A3 adenosine receptor
allosteric modulator induces an anti-inflammatory effect: In vivo studies and molecular mechanism of action.
Mediat. Inflamm. 2014, 2014, 708746. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

167





 International Journal of 

Molecular Sciences

Article

P2Y2 and P2X4 Receptors Mediate Ca2+ Mobilization
in DH82 Canine Macrophage Cells

Reece Andrew Sophocleous 1,2 , Nicole Ashleigh Miles 1,2, Lezanne Ooi 1,2 and
Ronald Sluyter 1,2,*

1 Illawarra Health and Medical Research Institute, Wollongong, NSW 2522, Australia;
rs256@uowmail.edu.au (R.A.S.); nam993@uowmail.edu.au (N.A.M.); lezanne@uow.edu.au (L.O.)

2 Molecular Horizons and School of Chemistry and Molecular Bioscience, University of Wollongong,
Wollongong, NSW 2522, Australia

* Correspondence: rsluyter@uow.edu.au; Tel.: +612-4221-5508

Received: 7 October 2020; Accepted: 12 November 2020; Published: 13 November 2020

Abstract: Purinergic receptors of the P2 subclass are commonly found in human and rodent
macrophages where they can be activated by adenosine 5′-triphosphate (ATP) or uridine 5′-triphosphate
(UTP) to mediate Ca2+ mobilization, resulting in downstream signalling to promote inflammation and
pain. However, little is understood regarding these receptors in canine macrophages. To establish a
macrophage model of canine P2 receptor signalling, the expression of these receptors in the DH82 canine
macrophage cell line was determined by reverse transcription polymerase chain reaction (RT-PCR)
and immunocytochemistry. P2 receptor function in DH82 cells was pharmacologically characterised
using nucleotide-induced measurements of Fura-2 AM-bound intracellular Ca2+. RT-PCR revealed
predominant expression of P2X4 receptors, while immunocytochemistry confirmed predominant
expression of P2Y2 receptors, with low levels of P2X4 receptor expression. ATP and UTP induced
robust Ca2+ responses in the absence or presence of extracellular Ca2+. ATP-induced responses
were only partially inhibited by the P2X4 receptor antagonists, 2′,3′-O-(2,4,6-trinitrophenyl)-ATP
(TNP-ATP), paroxetine and 5-BDBD, but were strongly potentiated by ivermectin. UTP-induced
responses were near completely inhibited by the P2Y2 receptor antagonists, suramin and AR-C118925.
P2Y2 receptor-mediated Ca2+ mobilization was inhibited by U-73122 and 2-aminoethoxydiphenyl
borate (2-APB), indicating P2Y2 receptor coupling to the phospholipase C and inositol triphosphate
signal transduction pathway. Together this data demonstrates, for the first time, the expression of
functional P2 receptors in DH82 canine macrophage cells and identifies a potential cell model for
studying macrophage-mediated purinergic signalling in inflammation and pain in dogs.

Keywords: P2Y2 receptor; P2X4 receptor; canine; dog; purinergic signalling; DH82; macrophage;
pain; neuroinflammation

1. Introduction

The activation of purinergic receptors by nucleotides such as adenosine 5′-triphosphate (ATP) and
uridine 5′-triphosphate (UTP) is crucial for a number of inflammatory processes, including those in the
central nervous system (CNS) such as chronic pain [1–4] and remyelination of nerves following injury
to the CNS [5,6]. The P2 receptor family consists of seven mammalian ionotropic P2X receptors (P2X1-7)
and eight mammalian metabotropic P2Y receptors (P2Y1,2,4,6,11–14) that can modulate intracellular Ca2+

concentrations through direct ion channel permeation or mobilization of intracellular Ca2+ stores,
respectively [7]. P2 receptors, such as the P2X4 and P2Y2 receptors, are commonly expressed on human
and rodent macrophages and macrophage cell lines [8–14], and have demonstrated roles in signalling
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pathways that control chronic pain and inflammation in humans or rodents [2,8,15–18]. Despite this,
studies on purinergic signalling in canine macrophages are lacking.

The DH82 cell line is a canine macrophage cell line isolated from a 10 year old Golden Retriever
with malignant histiocytosis [19]. This cell line has recently been demonstrated as a useful model of
canine macrophage physiology, bearing similarities to an M0 macrophage subtype with demonstrated
potential for polarisation to either M1 or M2a subtypes through cytokine stimulation [20]. Studies have
demonstrated that DH82 cells express a number of macrophage markers, such as CD11c and CD18 [21],
and can secrete tumour necrosis factor (TNF)-α and interleukin (IL)-6 similar to that observed in
lipopolysaccharide (LPS)-stimulated canine monocytes [22]. Despite its use as an in vitro model of viral
and protozoan infection [23–25], knowledge regarding purinergic signalling in DH82 cells is limited
to a single report describing ATP- and adenosine-induced cytokine release [26]. Although this study
did not investigate any purinergic receptor per se, DH82 cells represent a possible model to study
endogenous P2 receptors in canine macrophages for a number of reasons. Firstly, the original study
revealed that ATP could alter cytokine expression in LPS-stimulated DH82 cells [26]. Secondly, infection
of DH82 cells with canine distemper virus modulates inflammatory signalling pathways [27] that are
common to P2X receptor-mediated signalling [28]. Thirdly, despite few studies analysing the expression
of P2 receptors in dogs, it has been demonstrated that canine monocytes express P2X7 receptors [29,30].
Lastly, human and rodent macrophage or myeloid cell lines, such as THP-1 and RAW264.7 cells,
are well-established models for studying endogenous P2 receptors commonly expressed on human and
rodent macrophages [31–38].

The current study aimed to establish a canine macrophage model of P2 receptor signalling.
Through investigation of canine P2 receptor expression and functional characterisation of these
receptors, this study has identified the P2Y2 receptor and, to a lesser extent, the P2X4 receptor,
as the primary functional P2 receptors in DH82 cells, which are responsible for nucleotide-mediated
Ca2+ mobilization.

2. Results

2.1. DH82 Cells Express Abundant P2RX4 mRNA Compared to Other P2 Receptors

To establish a P2 receptor mRNA expression profile for DH82 cells, cDNA was amplified by
RT-PCR using primer pairs (Table S1) designed to genes encoding canine P2X1-7 receptors and canine
P2Y1,2,4,6,11–14 receptors and amplicons were semi-quantitatively analysed by agarose gel electrophoresis
and densitometry. P2X4 receptor mRNA was most abundant in DH82 cells, with relative amounts
comparable to glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Figure 1) and β-actin (ACTB;
data not shown). Other P2X receptor mRNAs, including P2X1 and P2X7 receptors were detected,
but to a much lesser degree than the P2X4 receptor (Figure 1). Additionally, mRNA from a number of
P2Y receptor subtypes were also detected, including P2Y1, P2Y2, P2Y6 and P2Y11 receptors, however,
as with P2X1 and P2X7 receptors, these were expressed at greatly reduced levels compared to the P2X4
receptor (Figure 1).
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Figure 1. Expression of P2X and P2Y receptor mRNA in DH82 cells. RNA was isolated from DH82 cells
and cDNA was synthesized and amplified using primer pairs designed to each respective P2RX or P2RY
genes, with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a positive control. Amplification
in absence of cDNA was conducted for each primer pair to ensure primer specificity. Amplicons were
visualized by agarose gel electrophoresis using GelRed and the GelDoc XR+ imaging system and
semi-quantitatively analysed by densitometry. Data shown are the mean ± SEM relative to GAPDH
expression from three independent experiments.

2.2. Nucleotides Mediate Ca2+ Responses in DH82 Cells

To establish an agonist profile for functional P2 receptors in DH82 cells, nucleotides which have
previously demonstrated activity towards P2 receptors from dogs, humans or rodents [39,40] were
utilised to measure changes in intracellular Ca2+. These nucleotides were ATP, 3′-O-(4-benzoyl)benzoyl-
ATP (BzATP), adenosine-5′-diphosphate (ADP), 2-methylthio-ADP (2MeSADP), uridine-5′-triphosphate
(UTP) and uridine-5′-diphosphate (UDP). ADP was preincubated with hexokinase to remove trace
amounts of ATP [41]. Incubation with ATP or UTP induced robust Ca2+ responses (∆F340/380) in DH82
cells, which peaked approximately 15 s after application of nucleotides (Figure 2A,B). Ca2+ responses
then decayed more slowly, returning to baseline approximately 70–80 s after the initial peak was
observed (Figure 2A,B). Incubation with ADP or BzATP resulted in much smaller Ca2+ responses
compared to ATP and UTP (Figure 2C,D). UDP and 2MeSADP were unable to induce Ca2+ responses
up to 30 µM and 100 µM, respectively (Figure 2E,F). Decay time, calculated as the time constant
(τ), was similar for ATP and UTP (τ = 56.9 ± 4.8 s and 56.7 ± 5.9 s, respectively), however, BzATP
(τ = 102.3 ± 17.9 s) had a significantly longer decay time compared to ATP (p < 0.05), UTP (p < 0.05) or
ADP (τ = 23.8 ± 0.4 s; p < 0.001), while UDP and 2MeSADP did not respond and as such, decay time
could not be calculated (Figure 2G).

As Ca2+ responses were observed with a number of nucleotides, including those known to activate
mammalian ionotropic P2X (ATP, BzATP) and metabotropic P2Y receptors (ATP, UTP, ADP), both the
peak nucleotide-induced Ca2+ responses (Figure 2H) and net Ca2+ movement (Figure 2I; calculated as
area under the curve [AUC]) were used for constructing concentration-response curves to account for
potential differences in Ca2+ response phenotypes in a model of co-expression of P2X and P2Y receptor
subtypes. In DH82 cells, nucleotides induced concentration-dependent Ca2+ responses with the rank
order of potency of UTP > ATP >> ADP ≈ BzATP, with UDP and 2MeSADP being unresponsive
(Figure 2H,I; Table 1). There were no significant differences between the EC50 values calculated for net
Ca2+ movement and peak Ca2+ response for any nucleotide (Table 1).
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Figure 2. Nucleotide-induced Ca2+ response profiles for DH82 cells. (A–I) DH82 cells in extracellular
Ca2+ solution (ECS) were loaded with Fura-2, incubated in the absence (basal) or presence of each
nucleotide (as indicated) and Fura-2 fluorescence was recorded. Ca2+ traces (∆F340/380) for (A) 100 µM
adenosine 5′-triphosphate (ATP) (n = 6), (B) 30 µM uridine 5′-triphosphate (UTP) (n = 3), (C) 100 µM
adenosine 5′-diphosphate (ADP) (preincubated with 4.5 U/mL hexokinase for 1 h at 37 ◦C) (n = 3),
(D) 300 µM 3’-O-(4-benzoyl)benzoyl-ATP (BzATP) (n = 3), (E) 30 µM uridine 5′-diphosphate (UDP)
(n = 3) and (F) 100 µM 2-methylthio-ADP (2MeSADP) (n = 3). (G) One phase decay time (τ) calculated
from the peak of each Ca2+ trace, ND = no data. (H) Peak nucleotide-induced Ca2+ responses and
(I) net Ca2+ movement were fit to the Hill equation to produce concentration-response curves (n values
correspond to respective individual traces above). (A–I) Data shown are the mean ± SEM from three
to six independent experiments as indicated. (G) * p < 0.05 and *** p < 0.001 between nucleotides as
indicated analysed using a one-way ANOVA with Bonferroni post hoc test.

Table 1. Nucleotide-induced changes in intracellular Ca2+ in DH82 cells as measured by half maximal
effective concentration.

Nucleotide
Peak Ca2+ Response Net Ca2+ Response

pEC50 Hill Coefficient pEC50 Hill Coefficient

ATP 5.88 ± 0.05 (100%) 0.99 5.92 ± 0.09 (100%) 1.43
UTP 6.16 ± 0.09 (65.9%) 1.02 6.26 ± 0.12 (69.1%) 1.71

ADP 1 4.03 ± 0.30 (26.4%) 2 1.47 4.07 ± 0.21 (19.9%) 2 1.00
BzATP <4.00 (12.1%) 3 2.26 <4.00 (20.5%) 3 2.66
UDP ND (<10%) - ND (<10%) -

2MeSADP ND (<10%) - ND (<10%) -

Abbreviations: AUC, area under the curve; ND, not determined (pEC50 not calculated due to lack of response).
Values in parentheses indicate the percent of each maximum agonist response compared to 100 µM ATP.1 ADP in
the presence of hexokinase to remove contaminating ATP.2 p < 0.05 compared to the respective pEC50 of ATP and
UTP (one-way ANOVA).3 p < 0.01 compared to the respective pEC50 of ATP and UTP (one-way ANOVA).
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2.3. P2X4 Receptors Mediate Minor Changes in Intracellular Ca2+ in DH82 Cells

2.3.1. TNP-ATP Partially Reduces ATP-Induced Net Ca2+ Movement

To determine if the observed Ca2+ responses were mediated by P2X receptors, DH82 cells
were preincubated with the non-selective P2X receptor antagonist, 2′,3′-O-(2,4,6-trinitrophenyl)-ATP
(TNP-ATP) [42], then exposed to ATP. Preincubation with 50 µM TNP-ATP partially reduced Ca2+

responses mediated by 10 µM ATP, but did not significantly inhibit Ca2+ responses evoked by 1 µM or
100 µM ATP (Figure 3A–C). This was supported by a significant reduction in net Ca2+ movement at
10 µM ATP, but not at other ATP concentrations (Figure 3E). Despite this, no significant change in peak
Ca2+ response or shift in decay time was observed (Figure 3D,F). Preincubation with TNP-ATP did not
result in a significant shift in the peak Ca2+ response EC50 for ATP, compared to cells preincubated
in the absence of TNP-ATP (Figure 3D; pEC50 5.38 ± 0.08 vs. 5.57 ± 0.13, respectively; p = 0.133
Student’s t-test). In contrast, preincubation with TNP-ATP did result in a significant shift in the net Ca2+

movement EC50 compared to cells preincubated in absence of TNP-ATP (Figure 2E; pEC50 5.04 ± 0.14
vs. 5.69 ± 0.13, respectively; p = 0.007 Student’s t-test).

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 5 of 22 

Table 1. Nucleotide-induced changes in intracellular Ca2+ in DH82 cells as measured by half maximal 

effective concentration. 

Nucleotide 
Peak Ca2+ Response Net Ca2+ Response 

pEC50 Hill Coefficient pEC50 Hill Coefficient 

ATP 5.88 ± 0.05 (100%) 0.99 5.92 ± 0.09 (100%) 1.43 

UTP 6.16 ± 0.09 (65.9%) 1.02 6.26 ± 0.12 (69.1%) 1.71 

ADP 1 4.03 ± 0.30 (26.4%) 2 1.47 4.07 ± 0.21 (19.9%) 2 1.00 

BzATP <4.00 (12.1%) 3 2.26 <4.00 (20.5%) 3 2.66 

UDP ND (<10%) - ND (<10%) - 

2MeSADP ND (<10%) - ND (<10%) - 

Abbreviations: AUC, area under the curve; ND, not determined (pEC50 not calculated due to lack of 

response). Values in parentheses indicate the percent of each maximum agonist response compared to 

100 µM ATP.1 ADP in the presence of hexokinase to remove contaminating ATP.2 p < 0.05 compared to 

the respective pEC50 of ATP and UTP (one-way ANOVA).3 p < 0.01 compared to the respective pEC50 of 

ATP and UTP (one-way ANOVA). 

2.3. P2X4 Receptors Mediate Minor Changes in Intracellular Ca2+ in DH82 Cells 

2.3.1. TNP-ATP Partially Reduces ATP-Induced Net Ca2+ Movement 

To determine if the observed Ca2+ responses were mediated by P2X receptors, DH82 cells were 

preincubated with the non-selective P2X receptor antagonist, 2′,3′-O-(2,4,6-trinitrophenyl)-ATP (TNP-

ATP) [42], then exposed to ATP. Preincubation with 50 µM TNP-ATP partially reduced Ca2+ responses 

mediated by 10 µM ATP, but did not significantly inhibit Ca2+ responses evoked by 1 µM or 100 µM 

ATP (Figure 3A–C). This was supported by a significant reduction in net Ca2+ movement at 10 µM ATP, 

but not at other ATP concentrations (Figure 3E). Despite this, no significant change in peak Ca2+ 

response or shift in decay time was observed (Figure 3D,F). Preincubation with TNP-ATP did not result 

in a significant shift in the peak Ca2+ response EC50 for ATP, compared to cells preincubated in the 

absence of TNP-ATP (Figure 3D; pEC50 5.38 ± 0.08 vs. 5.57 ± 0.13, respectively; p = 0.133 Student’s t-test). 

In contrast, preincubation with TNP-ATP did result in a significant shift in the net Ca2+ movement EC50 

compared to cells preincubated in absence of TNP-ATP (Figure 2E; pEC50 5.04 ± 0.14 vs. 5.69 ± 0.13, 

respectively; p = 0.007 Student’s t-test). 

 

Figure 3. ATP-induced Ca2+ responses in DH82 cells in the absence or presence of 2′,3′-O-(2,4,6-
trinitrophenyl)-ATP (TNP-ATP). (A–F) DH82 cells in ECS were loaded with Fura-2 and preincubated
in the absence (ATP alone) or presence of 50 µM TNP-ATP (in ECS) for 5 min. Cells were exposed to
increasing concentrations of ATP and Fura-2 fluorescence was recorded. (A–C) ATP-induced Ca2+

traces (F340/380) were plotted and the (D) peak Ca2+ response and (E) net Ca2+ movement were fit to the
Hill equation to produce concentration-response curves. (F) One phase decay time (τ) calculated from
the peak of each Ca2+ trace in (A–C). (A–F) Data shown are the mean ± SEM from four independent
experiments. (D–F) ** p < 0.01 compared to respective concentration of ATP alone analysed using a
two-way ANOVA with Bonferroni post hoc test.

2.3.2. Paroxetine Partially Reduces ATP-Induced Net Ca2+ Movement

To further investigate the role of P2X receptors in DH82 cells, ATP-induced Ca2+ responses were
measured in cells preincubated with paroxetine, a selective serotonin reuptake inhibitor which has
been shown to inhibit P2X4 receptors [41,43,44] and human (but not rodent) P2X7 receptors [45,46].
Preincubation with paroxetine partially reduced Ca2+ responses mediated by ATP concentrations
of 10 µM or greater, with a small, but non-significant inhibitory effect observed at 1 µM or below
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(Figure 4A–C). Similar to TNP-ATP, preincubation with paroxetine did not significantly reduce peak
Ca2+ responses (Figure 4D), however, did significantly reduce net Ca2+ movement and decay kinetics
(Figure 4E,F). Preincubation with paroxetine did not significantly shift the EC50 of ATP compared to
cells preincubated in absence of paroxetine for peak Ca+ response (Figure 4D; pEC50 5.55 ± 0.31 vs.
5.51 ± 0.48, respectively; p = 0.479 Student’s t-test) or net Ca2+ movement (Figure 4E; pEC50 5.27 ± 0.35
vs. 5.4 ± 0.28, respectively; p = 0.387 Student’s t-test).
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Figure 4. ATP-induced Ca2+ responses in DH82 cells in the absence or presence of paroxetine. (A–F) DH82
cells in ECS were loaded with Fura-2 and preincubated in the absence (ATP alone) or presence of
100 µM paroxetine (both 0.3% dimethyl sulfoxide; DMSO) for 5 min. Cells were then exposed to
increasing concentrations of ATP and Fura-2 fluorescence was recorded. (A–C) ATP-induced Ca2+

traces (F340/380) were plotted and the (D) peak Ca2+ response and (E) net Ca2+ movement were fit to the
Hill equation to produce concentration-response curves. (F) One phase decay time (τ) calculated from
the peak of each Ca2+ trace in (A–C). (A–F) Data shown are the mean ± SEM from four independent
experiments. (D–F) * p < 0.05, ** p < 0.01 and *** p < 0.001 compared to respective concentration of ATP
alone analysed using a two-way ANOVA with Bonferroni post hoc test.

2.3.3. 5-BDBD Partially Reduces ATP-Induced Net Ca2+ Movement

To determine further if P2X4 receptors played a role in the observed ATP-induced Ca2+ responses,
DH82 cells were preincubated with the selective P2X4 receptor antagonist, 5-BDBD, of which was
recently demonstrated to inhibit the canine P2X4 receptor [41]. Preincubation with 30 µM 5-BDBD
had no significant inhibitory effects on the Ca2+ response mediated by ATP (Figure 5A–C). There was
no significant difference in the EC50 for cells preincubated in the absence or presence of 5-BDBD for
ATP-induced peak Ca2+ response (Figure 5D; pEC50 5.87 ± 0.12 vs. 5.82 ± 0.10, respectively; p = 0.372
Student’s t-test) or net Ca2+ movement (Figure 5E; pEC50 5.73 ± 0.18 vs. 5.64 ± 0.14, respectively;
p = 0.358 Student’s t-test), although a trend towards decreased net Ca2+ movement was observed at
10 µM ATP (Figure 5E). Of note, there was a significant reduction in decay kinetics at 10 µM ATP
for cells preincubated in the presence of 5-BDBD compared to those in absence of the antagonist
(Figure 5F).
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receptors, cells were preincubated with ivermectin prior to activation with increasing concentrations of 

ATP. Preincubation with 3 µM ivermectin revealed a strong potentiation of ATP-induced Ca2+ 

responses in DH82 cells (Figure 6A–C), with significant increases in ATP-induced net Ca2+ movement 

and peak Ca2+ response observed in the presence of ivermectin compared to cells preincubated in 

absence of ivermectin at ATP concentrations upwards of 10 µM (Figure 6D,E). Despite this, there was 

no significant difference in the EC50 in the absence or presence of ivermectin for ATP-induced peak Ca2+ 

response (Figure 6D; pEC50 5.76 ± 0.19 vs. 5.37 ± 0.35; p = 0.372 Student’s t–test) or net Ca2+ movement 
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Figure 5. ATP-induced Ca2+ responses in DH82 cells in the absence or presence of 5-BDBD. (A–F) DH82
cells in ECS were loaded with Fura-2 and preincubated in the absence (ATP alone) or presence of
30 µM 5-BDBD (both 0.3% DMSO) for 5 min. Cells were then exposed to increasing concentrations of
ATP and Fura-2 fluorescence was recorded. (A–C) ATP-induced Ca2+ traces (F340/380) were plotted
and the (D) peak Ca2+ response and (E) net Ca2+ movement were fit to the Hill equation to produce
concentration-response curves. (F) One phase decay time (τ) calculated from the peak of each Ca2+

trace in (A–C). (A–F) Data shown are mean ± SEM from five independent experiments. (D–F) * p < 0.05
compared to respective concentration of ATP alone analysed using a two-way ANOVA with Bonferroni
post hoc test.

2.3.4. Ivermectin Positively Modulates ATP-Induced Net Ca2+ Movement

It has recently been demonstrated that ivermectin can effectively potentiate Ca2+ responses
mediated by canine P2X4 receptors [41]. To further investigate if DH82 cells express functional P2X4
receptors, cells were preincubated with ivermectin prior to activation with increasing concentrations
of ATP. Preincubation with 3 µM ivermectin revealed a strong potentiation of ATP-induced Ca2+

responses in DH82 cells (Figure 6A–C), with significant increases in ATP-induced net Ca2+ movement
and peak Ca2+ response observed in the presence of ivermectin compared to cells preincubated in
absence of ivermectin at ATP concentrations upwards of 10 µM (Figure 6D,E). Despite this, there
was no significant difference in the EC50 in the absence or presence of ivermectin for ATP-induced
peak Ca2+ response (Figure 6D; pEC50 5.76 ± 0.19 vs. 5.37 ± 0.35; p = 0.372 Student’s t–test) or net
Ca2+ movement (Figure 6E; pEC50 5.62 ± 0.01 vs. 5.57 ± 0.12, respectively; p = 0.358 Student’s t-test).
Additionally, there were no significant differences in decay kinetics between cells preincubated in
absence or presence of ivermectin (Figure 6F). Collectively this and the above data suggests that DH82
cells express functional P2X4 receptors.
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Figure 6. ATP-induced Ca2+ responses in DH82 cells in the absence or presence of ivermectin.
(A–F) DH82 cells in ECS were loaded with Fura-2 and preincubated in the absence (ATP alone) or
presence of 3 µM ivermectin (both 0.1% DMSO) for 5 min. Cells were then exposed to increasing
concentrations of ATP and Fura-2 fluorescence was recorded. (A–C) ATP-induced Ca2+ traces (F340/380)
were plotted and the (D) peak Ca2+ response and (E) net Ca2+ movement were fit to the Hill equation
to produce concentration-response curves. (F) One phase decay time (τ) calculated from the peak of
each Ca2+ trace in (A–C). (A–F) Data shown are mean ± SEM from five independent experiments.
(D–F) *** p < 0.001 compared to respective concentration of ATP alone analysed using a two-way
ANOVA with Bonferroni post hoc test.

2.4. ATP and UTP Mediate Both Ca2+ Influx and Store-Operated Ca2+ Entry in DH82 Cells

Despite the apparent P2X4-mediated effects on Ca2+ responses in DH82 cells, a lack of complete
inhibition by P2X receptor antagonists, as well as the responsiveness to UTP, suggest the presence
of functional P2Y receptors in DH82 cells. To determine if Gq/11-coupled P2Y receptors, which have
demonstrated roles in store-operated Ca2+ entry [47], were involved in the observed Ca2+ responses
in DH82 cells, nucleotide-induced changes in intracellular Ca2+ were measured in the presence
of extracellular or intracellular Ca2+ chelators. Compared to cells in the presence of extracellular
Ca2+ (Figure 7A,F), cells incubated with ethylene glycol tetraacetic acid (EGTA) demonstrated a
partial reduction in ATP- and UTP-induced Ca2+ responses (Figure 7B,G). This was supported by
significant reductions in decay time (Figure 7K) and net Ca2+ movement (Figure 7L,M) for both
ATP- and UTP-mediated responses. In contrast, preincubation with the cell-permeant Ca2+ chelator,
1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM),
near completely reduced ATP- and UTP-induced Ca2+ responses (Figure 7C,H) and net Ca2+ movement
(Figure 7L,M) in DH82 cells. Treatment with thapsigargin, to inhibit sarco/endoplasmic reticulum Ca2+

ATPase pumps [48], near completely reduced ATP- and UTP-induced Ca2+ responses in the presence
of extracellular Ca2+ (ECS; Figure 7D,I,L,M) and completely reduced these responses in the absence
of extracellular Ca2+ (EGTA; Figure 7E,J,L,M). Together, this suggests the involvement of both P2X
and P2Y receptors in DH82 cells for mediating changes in intracellular Ca2+ in response to activation
by nucleotides.
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acid tetrakis(acetoxymethyl ester) (BAPTA-AM) for 30 min or (D,E,I,J) 1 µM thapsigargin (TG) for 30 

min prior to incubation in the absence (D,I) or presence (E,J) of 2 mM EGTA. (A–M) Cells were then 

exposed to (A–E) 100 µM ATP or (F–J) 30 µM UTP and Fura-2 fluorescence was recorded. (K) One phase 

decay time (τ) calculated from the peak of each Ca2+ trace in (A,B,F,G). (L,M) Net Ca2+ movement from 

each trace in A–J. (A–M) Data shown are the mean ± SEM from four independent experiments. * p < 

0.05, ** p < 0.01 and *** p < 0.001 compared to respective ECS alone control; † p < 0.05, †† p < 0.01 and ††† p 

< 0.001 compared to EGTA; # p < 0.05 compared to BAPTA-AM analysed using a (K) Student’s t-test or 

(L,M) one-way ANOVA with Bonferroni post hoc test. 

2.5. P2Y2 Receptor Activation Mediates Ca2+ Mobilization in DH82 Cells 

2.5.1. Suramin Reduces ATP- and UTP-Induced Ca2+ Mobilization 

The data presented above suggests a major role for an ATP- and UTP-responsive P2Y receptor in 

Ca2+ mobilization within DH82 cells. Previous studies have demonstrated that the canine P2Y2 receptor 

in Madin–Darby canine kidney (MDCK) cells responds to both ATP and UTP with similar potency [49]. 

Therefore, to determine if nucleotide-induced Ca2+ mobilization was mediated by P2Y2 receptors, DH82 

cells were preincubated with increasing concentrations of the non-selective P2 receptor antagonist, 

suramin [50], which is selective for P2Y2 over P2Y4 receptors [51]. Cells were then incubated with ATP 

or UTP at their respective EC80 to determine the optimal concentration for P2Y receptor inhibition. 

Preincubation of DH82 cells with 1 mM suramin inhibited Ca2+ responses evoked by 3 µM ATP, 

however lower concentrations of suramin (<100 µM) had little to no inhibitory effect (Figure 8A). In 

Figure 7. Nucleotide-induced Ca2+ responses in the absence or presence of extracellular and/or
intracellular Ca2+. (A–M) DH82 cells in (A,D,F,I) ECS or (B,C,E,G,H,J) Ca2+-free solution were loaded
with Fura-2 and preincubated in the absence (A,D,F,I) (ECS) or presence (B,E,F,J) of 2 mM ethylene
glycol tetraacetic acid EGTA for 30 s, (C,H) 15 µM 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic
acid tetrakis(acetoxymethyl ester) (BAPTA-AM) for 30 min or (D,E,I,J) 1 µM thapsigargin (TG) for
30 min prior to incubation in the absence (D,I) or presence (E,J) of 2 mM EGTA. (A–M) Cells were then
exposed to (A–E) 100 µM ATP or (F–J) 30 µM UTP and Fura-2 fluorescence was recorded. (K) One phase
decay time (τ) calculated from the peak of each Ca2+ trace in (A,B,F,G). (L,M) Net Ca2+ movement
from each trace in A–J. (A–M) Data shown are the mean ± SEM from four independent experiments.
* p < 0.05, ** p < 0.01 and *** p < 0.001 compared to respective ECS alone control; † p < 0.05, †† p < 0.01
and ††† p < 0.001 compared to EGTA; # p < 0.05 compared to BAPTA-AM analysed using a (K) Student’s
t-test or (L,M) one-way ANOVA with Bonferroni post hoc test.

2.5. P2Y2 Receptor Activation Mediates Ca2+ Mobilization in DH82 Cells

2.5.1. Suramin Reduces ATP- and UTP-Induced Ca2+ Mobilization

The data presented above suggests a major role for an ATP- and UTP-responsive P2Y receptor
in Ca2+ mobilization within DH82 cells. Previous studies have demonstrated that the canine P2Y2

receptor in Madin–Darby canine kidney (MDCK) cells responds to both ATP and UTP with similar
potency [49]. Therefore, to determine if nucleotide-induced Ca2+ mobilization was mediated by
P2Y2 receptors, DH82 cells were preincubated with increasing concentrations of the non-selective P2
receptor antagonist, suramin [50], which is selective for P2Y2 over P2Y4 receptors [51]. Cells were then
incubated with ATP or UTP at their respective EC80 to determine the optimal concentration for P2Y
receptor inhibition. Preincubation of DH82 cells with 1 mM suramin inhibited Ca2+ responses evoked
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by 3 µM ATP, however lower concentrations of suramin (<100 µM) had little to no inhibitory effect
(Figure 8A). In contrast, preincubation with 100 µM and 1 mM, but not 10 µM suramin or less inhibited
Ca2+ responses evoked by 1 µM UTP (Figure 8B). Inhibitory effects observed in the presence of 100 µM
suramin resulted in significant shifts in the IC50 of suramin between ATP- and UTP-induced peak Ca2+

responses (Figure 8C; pIC50 3.02 ± 0.06 and 3.70 ± 0.05, respectively; p < 0.001 Student’s t-test) and net
Ca2+ movement (Figure 8D; pIC50 3.03 ± 0.12 and 3.54 ± 0.14, respectively; p = 0.025 Student’s t-test).
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Figure 8. ATP- and UTP-induced Ca2+ responses in DH82 cells in the absence or presence of suramin
or ARC-118925. (A–H) DH82 cells in ECS were loaded with Fura-2 and preincubated in the absence or
presence of increasing concentrations of (A–D) suramin (in ECS) or (E–H) AR-C118925 (AR-C; 0.3%
DMSO) for 30 min. Cells were then exposed to 3 µM ATP or 1 µM UTP (respective EC80 values) and
Fura-2 fluorescence was recorded. Nucleotide-induced (C,G) peak Ca2+ response and (D,H) net Ca2+

movement were normalised to 3 µM ATP or 1 µM UTP alone and expressed as a percentage of the
response in absence of inhibitor (% of control). Data were then to fit data to the Hill equation to produce
concentration-response curves and calculate the IC50. (A–H) Data shown are mean ± SEM from three
independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001 compared to respective concentration
of antagonist with ATP or UTP analysed using a two-way ANOVA with Bonferroni post hoc test.

2.5.2. AR-C118925 Reduces ATP- and UTP-Induced Ca2+ Mobilization

To determine if the P2Y2 receptor was mediating nucleotide-induced Ca2+ mobilization in DH82
cells, the selective P2Y2 receptor antagonist AR-C118925 [52] was preincubated with cells prior to
incubation with ATP or UTP at their respective EC80 concentrations. AR-C118925 at concentrations
of 1 µM or greater could only partially inhibit Ca2+ responses evoked by 3 µM ATP (Figure 8E).
In contrast, preincubation with AR-C118925 at concentrations of 10 µM or greater near completely
inhibited Ca2+ responses evoked by 1 µM UTP (Figure 8F). A significant shift was observed in the
IC50 of AR-C118925 in response to activation by ATP and UTP calculated using peak Ca2+ responses
(Figure 8G; pIC50 6.18 ± 0.16 and 6.61 ± 0.09, respectively; p = 0.033 Student’s t-test), but not net
Ca2+ movement (Figure 8H; pIC50 6.67 ± 0.19 and 6.87 ± 0.12, respectively; p = 0.198 Student’s t-test).
The inhibition of nucleotide-induced Ca2+ responses by AR-C118925 supports the presence of P2Y2

receptors in DH82 cells. Moreover, the differing effect of this antagonist on ATP- and UTP-induced
responses indicates the presence of other P2 receptors in this cell line. Additionally, preincubation
of DH82 cells together with 5-BDBD and AR-C118925 resulted in a complete inhibition of both ATP-
and UTP-induced net Ca2+ movement (Figure S1), further suggesting a role for both P2X4 and P2Y2

receptors in nucleotide-mediated Ca2+ responses in DH82 cells.
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2.6. DH82 Canine Macrophages Predominantly Express Cell Surface P2Y2 Receptors

To confirm the presence of P2X4 and P2Y2 receptors, DH82 cells were analysed by
immunocytochemistry and confocal microscopy using anti-P2X4 or anti-P2Y2 receptor antibodies.
Confocal microscopy revealed the presence of both P2X4 and P2Y2 receptors in fixed and permeabilised
DH82 cells (Figure 9A,B). The expression of P2X4 receptors was relatively low and largely intracellular
(Figure 9A). The expression of P2Y2 receptors on DH82 cells was considerably higher and predominantly
localised to the cell surface (Figure 9B), consistent with its reported expression in the membrane of
MDCK cells [53,54]. No fluorescence was detected in DH82 cells stained with secondary antibodies
alone (Figure S2).
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Figure 9. Expression of P2X4 and P2Y2 receptors in DH82 cells. DH82 cells were fixed, permeabilized
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Scale bar = 20 µm. Results are representative of three independent experiments.

2.7. P2Y2 Receptor Activation Downstream Ca2+ Mobilization Is Coupled to the Phospholipase C/Inositol
Triphosphate Signal Transduction Pathway in DH82 Cells

Functional P2Y2 receptors have been reported in human and rodent macrophages [9,10], where
they can activate phospholipase C (PLC) and inositol trisphosphate (IP3) receptors, leading to Ca2+

mobilization from endoplasmic reticulum stores [8,12]. To determine if activation of canine P2Y2

receptors in DH82 macrophage cells results in a similar downstream signalling pathway, cells were
preincubated with antagonists of PLC (U-73122) and IP3 receptors (2-aminoethoxydiphenyl borate;
2-APB), and nucleotide-induced intracellular Ca2+ mobilization was recorded in absence of extracellular
Ca2+. The presence of AR-C118925 under these conditions was also examined. Preincubation of
DH82 cells with AR-C118925 near completely inhibited intracellular Ca2+ mobilization mediated
by ATP (Figure 10A; 90.5 ± 3.3% inhibition) or UTP (Figure 10B; 87.3 ± 7.4% inhibition). Similarly,
preincubation of DH82 cells with 75µM 2-APB near completely inhibited intracellular Ca2+ mobilization
mediated by ATP (Figure 10A; 90.7 ± 4.4% inhibition) or UTP (Figure 10B; 91.2 ± 3.1% inhibition).
In contrast, preincubation with 5 µM U-73122 only partially reduced intracellular Ca2+ mobilization
mediated by ATP (Figure 10A; 64.9 ± 5.9% inhibition) or UTP (Figure 10B; 55.5 ± 8.7% inhibition).
The combination of two or three of these antagonists completely impaired ATP- and UTP-induced Ca2+

responses (Figure 10A,B). Thus, preincubation with AR-C118925, 2-APB, U-73122 or any combination
of these antagonists resulted in a significant reduction of intracellular Ca2+ mobilization (p < 0.001,
one-way ANOVA) compared to that mediated by ATP (Figure 10A) or UTP (Figure 10B) in the absence
of antagonists.
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Figure 10. Nucleotide-induced Ca2+ mobilization in DH82 cells depleted of extracellular Ca2+ in
the absence or presence of AR-C118925, U-73122 and 2-APB. DH82 cells were loaded with Fura-2
and preincubated in Ca2+-free solution containing 2 mM EGTA in the absence or presence of 10 µM
AR-C118925 (AR-C; 0.03% DMSO), 5 µM U-73122 (0.05% DMSO) or 75 µM 2-APB (0.15% DMSO)
for 5 min. Cells were then exposed to (A) 10 µM ATP or (B) 10 µM UTP and Fura-2 fluorescence
was recorded. Data shown are the mean ± SEM from five independent experiments. ** p < 0.01
and *** p < 0.001 compared to respective nucleotide alone, analysed using a one-way ANOVA with
Bonferroni post hoc test.

3. Discussion

To date, the DH82 canine macrophage cell line has primarily been utilized as a model of viral and
protozoan infection [23–25], such as for the study of canine distemper and its oncolytic potential [55–57].
Although studies have described the expression of functional P2 receptors in human or rodent
macrophages and macrophage cell lines [8,10,11,34], studies directly investigating P2 receptors in
canine macrophages have been absent. The current study described, for the first time, the expression
and function of P2 receptors in DH82 cells, demonstrating a primary role for cell surface P2Y2 receptors
in nucleotide-mediated Ca2+ mobilization through PLC/IP3 signal transduction. This study also
demonstrates a minor functional role for P2X4 receptors in DH82 cells, suggesting this cell line may
present as a suitable model for studying P2 receptor-mediated inflammation and pain signalling
in dogs.

The agonist profile of ATP on DH82 cells demonstrated pharmacological similarities to the
recombinant canine P2X4 receptor [41], as well as studies of endogenous P2X4 receptors in a human
macrophage cell model [34]. BzATP induced partial Ca2+ responses in DH82 cells with significantly
lower potency compared to ATP, consistent with the recent report that BzATP is a partial agonist of
recombinant canine P2X4 receptors [41]. In addition, the increased decay kinetics of Ca2+ responses
evoked by BzATP, compared to ATP, further supports a role for P2X4 receptors in the observed Ca2+

responses [41]. TNP-ATP and paroxetine, two non-selective antagonists of P2X4 receptors [44], as well
as 5-BDBD, a selective P2X4 receptor antagonist [58], had minor inhibitory effects on ATP-induced
Ca2+ responses in DH82 cells. Although it has recently been demonstrated that these antagonists can
inhibit recombinant canine P2X4 receptors, the minor inhibition observed with these antagonists in
DH82 cells were potentially in part due a lack of potency towards the canine P2X4 receptor [41], as well
as the relatively low expression of P2X4 receptors in DH82 cells observed by immunocytochemistry.
In contrast, ivermectin, the positive allosteric modulator which is routinely used to investigate P2X4
receptor activity [59], demonstrated strong potentiation of ATP-induced Ca2+ responses and efficacy
of ATP, with little effect on decay time. This data further supports the expression of functional P2X4
receptors in canine macrophages, however, it suggests that potentiation or upregulation of P2X4
receptors may first be required to observe notable responses.
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Consistent with the pharmacological profiles reported for the canine P2Y2 receptor cloned from
MDCK cells [49], both ATP and UTP induced robust Ca2+ responses in DH82 cells with similar EC50

values. These responses were observed even in the absence of extracellular Ca2+, consistent with
the P2Y-mediated mobilization of intracellular Ca2+ [60]. Similar to the current study with DH82
cells, other studies have also demonstrated that ADP is a low-potency agonist of the canine P2Y2

receptor cloned from MDCK cells [49,61]. In addition, incubation of DH82 cells with BzATP revealed
pharmacological similarities to that observed with human P2Y2 receptors, where BzATP is ineffective
at concentrations below 100 µM [33,62]. Collectively, this suggests that functional P2Y2 receptors were
responsible for nucleotide-induced Ca2+ mobilization in DH82 cells. This was supported by inhibition
observed in the presence of the P2Y2 receptor antagonists, suramin and AR-C118925. Despite suramin
lacking potency and selectivity, it remains a valuable tool in characterising P2Y receptor responses,
as it is considered a low-potency antagonist of P2Y2 receptors, but is relatively insensitive to P2Y4

receptors [51,63]. This suggests that the ATP/UTP-sensitive P2Y2, but not P2Y4 receptor, is responsible
for the observed Ca2+ mobilization, consistent with the expression of P2Y2 receptors in DH82 cells
determined by confocal microscopy. Notably, P2Y2 receptor protein expression was greater than that
of P2X4 receptor protein expression, with an opposite pattern observed for mRNA expression of these
receptors. Reasons for this discrepancy remain unknown, but a lack of correlation between mRNA
and protein expression is well documented and attributed to various contributing factors related to
post-transcriptional and post-translational regulation of mRNA and protein expression [64].

A number of other canine P2Y receptors from MDCK cells have been cloned and characterised,
including the P2Y1 and P2Y11 receptors [49,65,66], of which mRNA of both these receptors were
detected in DH82 cells. The nucleotide agonist profile of canine P2Y11 receptors differs markedly from
the human P2Y11 receptor, where ATP is a potent agonist of human, but not canine P2Y11 receptors,
and ADP and its analogue 2MeSADP are potent agonists of canine, but not human P2Y11 receptors [66].
In the current study, it was revealed that ATP, but not ADP, was a moderately potent mediator of Ca2+

responses in DH82 cells, while no such responses were observed with 2MeSADP. BzATP is also a
full agonist of human P2Y11 receptors [67], further suggesting that DH82 cells likely do not express
functional P2Y11 receptors. ADP and 2MeSADP have also been reported as potent agonists of the
canine P2Y1 receptor [68]. However, it was demonstrated in the current study that only ADP, but not
2MeSADP, induced a small Ca2+ response in DH82 cells. Although this could suggest that DH82 cells
express low amounts of functional P2Y1 receptors, the complete lack of response to 2MeSADP suggests
that P2Y1 receptors are unlikely to be responsible for P2Y receptor-mediated Ca2+ mobilisation in DH82
cells. Additionally, a complete lack of Ca2+ response in DH82 cells incubated with the P2Y6 receptor
agonist, UDP [69,70], strongly suggests that DH82 cells do not express functional P2Y6 receptors.

The current study demonstrated that nucleotide-mediated Ca2+ mobilization in DH82 cells was also
inhibited by antagonists of PLC and IP3 receptors, U-73122 and 2-APB, respectively. This was consistent
with previous studies that demonstrate coupling of P2Y2 receptors to Gq/11 and downstream signalling
pathways in MDCK cells [49,65,71]. While 2-APB near completely inhibited Ca2+ mobilisation, U-73122
only resulted in partial inhibition, although higher concentrations (>10 µM) have been shown to
completely block P2Y2 receptor-mediated Ca2+ responses [72]. Notably, pre-incubation with P2Y2

receptor antagonists resulted in approximately two-fold greater inhibition of UTP-induced Ca2+

responses compared to ATP-induced responses, suggesting that ATP remained active at other receptors
involved in mediating changes in intracellular Ca2+, such as P2X4 receptors, which are also relatively
insensitive to suramin [73]. In addition, both ATP- and UTP-induced Ca2+ responses could be
completely inhibited by co-incubation with 5-BDBD and AR-C118925, supporting a role for both P2X4
and P2Y2 receptors in DH82 cells.

Pro-monocytic and macrophage-like cell lines, such as human THP-1 cells, have recently proven
useful models for studying endogenous purinergic signalling via P2X4 and P2Y2 receptors [10,13,34].
However, studies have demonstrated that these cell lines can be polarised towards a more specialised
macrophage phenotype, in which the expression of P2 receptors, such as P2X4 and P2X7 receptors,
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are commonly upregulated [34,38,74]. A study has recently demonstrated that DH82 canine macrophage
cells could be polarised towards the M1 or M2a subtype through cytokine stimulation [20]. However,
the DH82 cells utilised throughout this study remained unpolarised (M0) and, thus, it remains to
be determined if cytokine stimulation influences P2 receptor expression or function. To this end,
future studies could determine the purinergic signalling landscape of polarised DH82 cells. Future studies
could also analyse P2 receptor expression and signalling in native canine macrophages. Given the known
expression of P2X7 receptors on canine monocytes [29,30], canine monocyte-derived macrophages may
provide a suitable candidate for the study of other purinergic receptors in native canine macrophages.

The upregulation of P2X4 receptors in macrophages and microglia has been highlighted as a
key component in the signalling of inflammatory conditions, including chronic inflammatory and
neuropathic pain [75,76], and remyelination of damaged nerves in the CNS [77]. P2X4 receptors, which
reside primarily within lysosomes of macrophages, can be upregulated at the cell surface through
lysosomal exocytosis [78]. This process plays a key role in Ca2+ homeostasis, ATP release and local
activation of cell surface purinergic receptors [79]. Notably, activation of the C-C chemokine receptor
2 (CCR2) by C-C chemokine ligand 2 (CCL2) is known to mediate lysosomal exocytosis [80], while
in rat alveolar macrophages and human THP-1 cells it has been demonstrated that the activation of
cell surface P2Y2 receptors induces the upregulation and secretion of CCL2 [8,10]. Thus, it could be
suggested that activation of macrophage P2Y2 receptors results in a P2 receptor signalling feedback
mechanism which results in an increase in Ca2+ flux through upregulation of lysosomal exocytosis
and trafficking of P2X4 receptors to the cell surface, leading to the release of prostaglandin E2 and
subsequent chronic inflammatory pain signalling [2]. These activated macrophages may also modulate
microglial P2X4 receptors to control neuroinflammatory signalling following injury to the central
nervous system [81]. Given the expression profile of these receptors in DH82 canine macrophages,
this cell line may provide a suitable model for studying inflammatory pain signalling mechanisms of
dogs in vitro, as well as for the pre-clinical testing of novel therapeutics targeting chronic pain.

Finally, although the sequence of P2X4 and P2Y2 receptors in DH82 cells is yet to be determined,
it remains of interest to identify novel single nucleotide polymorphisms should they exist in the genes
encoding these receptors in dogs. A recent whole genome study of 582 dogs has revealed at least one
missense variant (Ala9Asp) within the canine P2RX4 gene and two missense variants (Gly193Ser and
Val375Ile) within the canine P2RY2 gene [82] (data accessed from the European Variation Archive;
https://www.ebi.ac.uk/eva/). Whilst the effects of single nucleotide polymorphisms in the canine P2RX4
and P2RY2 genes are largely unknown, it has been demonstrated that single nucleotide polymorphisms
of the genes encoding the human P2X4 and P2Y2 receptors can alter receptor function [83,84]. Notably,
in human macrophages, a 312Ser polymorphism of the P2Y2 receptor has been demonstrated to
alter secretion of CCL2 following activation by UTP [10], suggesting a potential association with
macrophage-mediated chronic inflammatory pain signalling. Despite this however, studies by our
group have demonstrated that the canine P2RX4 and P2RX7 genes are much more conserved than
their human counterparts [41,85,86] and, as such, naturally-occurring polymorphisms in the canine
P2RY2 gene may also be rare or limited to uncommon breeds not frequently sampled in canine whole
genome studies.

In conclusion, the current study demonstrates for the first time, that DH82 canine macrophages
primarily express functional P2Y2 receptors and low levels of functional P2X4 receptors. As such,
DH82 cells provide the first canine macrophage cell line for the study of endogenous P2X4 and P2Y2

receptors. The data presented here provides indirect evidence that P2X4 and P2Y2 receptors play a
role in mediating changes in intracellular Ca2+ in canine macrophages in vivo. This mimics events
observed in human and rodent macrophages and macrophage cell lines, where these P2 receptors have
been suggested to play a key role in inflammation and chronic pain. Thus, DH82 cells may aid in
the study of P2 receptor-mediated inflammation, including neuroinflammatory signalling processes,
as well as preclinical screening of novel P2 receptor-targeting compounds for potential use in the
treatment of inflammatory conditions, such as chronic pain in dogs.
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4. Materials and Methods

4.1. Compounds and Reagents

BSA, EGTA and reagents for producing Ca2+ solutions were from Amresco (Solon, OH, USA). Fetal
bovine serum (FBS) was purchased from Bovogen Biologicals (East Keilor, Melbourne, Australia) and
heat inactivated at 56 ◦C for 30 min before use. 2-APB, U-73122 and UDP were from Cayman Chemical
(Ann Arbor, MI, USA). Primers for RT-PCR were from Integrated DNA Technologies (Coralville, IA,
USA). 5-BDBD, ADP (pre-treated with hexokinase as per [41]), ATP, BAPTA-AM, BzATP, hexokinase
from Saccharomyces cerevisae, ivermectin, MEM non-essential amino acid solution, paraformaldehyde,
paroxetine, phosphate buffered saline (PBS), poly-D-lysine hydrobromide (5 µg·mL−1 working stock),
pluronic F-127, saponin, suramin and UTP were from Sigma-Aldrich (St. Louis, MO, USA). DMEM/F12
medium, ExoSAP-IT, Fura-2 AM, GlutaMAX, penicillin-streptomycin and 0.05% trypsin-EDTA were
from ThermoFisher Scientific (Melbourne, Australia). 2MeSADP, AR-C118925, thapsigargin and
TNP-ATP were from Tocris Bioscience (Bristol, UK).

4.2. Cells

DH82 cells were obtained from the European Collection of Authenticated Cell Cultures (ECACC
cat. no. 94062922, RRID: CVCL_2018). DH82 cells were cultured in DMEM/F12 medium supplemented
with 10% FBS, 2 mM GlutaMAX, 100 U/mL penicillin, 100 µg/mL streptomycin and 1% non-essential
amino acids at 37 ◦C/5% CO2. Cells were routinely found to be negative for mycoplasma contamination
using the MycoAlert Mycoplasma Detection Kit (Lonza, Waverley, Australia).

4.3. RNA Isolation, cDNA Synthesis and RT-PCR

Total RNA was extracted from DH82 cells using the ISOLATE II RNA Mini Kit (Bioline, London,
UK) according to manufacturer’s instructions. cDNA was synthesised from RNA using the qScript
cDNA SuperMix Kit (Quanta Biosciences, Gaithersburg, MD, USA) according to manufacturer’s
instructions. RT-PCR amplification of cDNA was carried out using the primer pairs and conditions
listed in Table S1, the MangoTaq DNA polymerase kit (Bioline) and a Mastercycler Pro S (Eppendorf,
Hamburg, Germany). PCR cycling consisted of initial denaturation at 95 ◦C for 2 min, followed by
35 cycles of denaturation at 95 ◦C for 30 s, annealing at 49–61 ◦C for 30 s and extension at 72 ◦C for 1 min.
Amplicons were treated with ExoSAP-IT and loaded onto a 1% agarose gel and imaged using GelRed
Nucleic Acid Gel Stain (Biotium, Fremont, CA, USA) and a Bio-Rad Molecular Imager Gel Doc XR+

(Hercules, CA, USA). Densitometry quantification was carried out using ImageJ [87] analysis software.

4.4. Measurement of Intracellular Ca2+

Measurements of intracellular Ca2+ were determined using Fura-2 AM as previously described [41].
Recordings were performed in extracellular Ca2+ solution (ECS; 145 mM NaCl, 2 mM CaCl2, 1 mM
MgCl2, 5 mM KCl, 13 mM glucose and 10 mM HEPES, pH 7.4) or in Ca2+ free solution (145 mM NaCl,
1 mM MgCl2, 5 mM KCl, 13 mM glucose and 10 mM HEPES, pH 7.4) for recordings in absence of Ca2+.
Cells were plated at 6× 104 cells/well in poly-D-lysine-coated black-walled µClear bottom 96-well plates
(Greiner Bio-One, Frickenheisen, Germany) and incubated at 37 ◦C/5% CO2 for 18–24 h. Cells were
washed in ECS then preincubated with Fura-2 AM loading buffer (2.5 µM Fura-2 AM/0.2% pluronic acid
in ECS) in the dark for 30 min at 37 ◦C. Prior to recording fluorescence, excess Fura-2 was removed and
cells were washed with ECS (or Ca2+ free solution for recordings in absence of Ca2+), then incubated
for a further 20 min to allow for complete de-esterification. Fura-2 fluorescence emission at 510 nm was
recorded every 5 s at 37 ◦C using a Flexstation3 (Molecular Devices, Sunnyvale, CA, USA) following
excitation at 340 and 380 nm. Recordings were taken for 15 s prior to addition of compounds to
establish baseline fluorescence then for 3–5 min after addition of agonists. Where indicated, cells were
preincubated with antagonists for up to 30 min prior to addition of nucleotides. The relative change in
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intracellular Ca2+ (∆Ca2+) was calculated as ratio of Fura-2 fluorescence following excitation at 340 nm
and 380 nm (F340/380) was determined and normalized to the mean basal fluorescence according to the
formula (1):

∆Ca2+ =
∆F
F

=
F− Frest

Frest
(1)

where F is the F340/380 at any given time and Frest is the mean fluorescence of the given well prior to
the addition of nucleotides [88]. To investigate endogenous P2X and P2Y receptor-mediated Ca2+

responses in DH82 canine macrophages, both the peak Ca2+ response (F340/380) and the net Ca2+

movement (calculated as area under the curve using GraphPad Prism) were calculated and, where
indicated, used for fitting concentration-response curves fit to the Hill equation using the least squares
method. Decay time (τ, time constant) was calculated from the peak F340/380 using the nonlinear
regression one phase decay model for GraphPad Prism. Decay times were not calculated where no
response to agonists was recorded. Where antagonist IC50 was calculated against the approximate
EC80 of ATP or UTP, responses were normalized to the response in absence of antagonist to allow data
to be fit to a curve.

4.5. Immunocytochemistry and Confocal Microscopy

Cells were plated at 1 × 105 cells/18 mm glass coverslip in 24-well plates (Greiner Bio-One) and
incubated at 37 ◦C/5% CO2 overnight prior to use. Cells were fixed with 3% (w/v) paraformaldehyde
at 4 ◦C for 15 min then washed three times with PBS. Cells were permeabilized with 0.1% (w/v)
saponin resuspended in a blocking buffer (2% BSA (w/v) in PBS) at room temperature for 15 min and
then incubated with anti-P2Y2 (1:250; Alomone, cat no. APR-102, RRID: AB_2756769) or anti-P2X4
(1:250; Sigma-Aldrich cat no. SAB2500734, RRID:AB_10604119) primary antibody in 2% BSA/PBS
at room temperature for 2 h. Cells were washed three times with PBS and then incubated with
Alexa Fluor594-conjugated anti-rabbit (1:200; Abcam cat no. ab150080, RRID: AB_2650602), or Alexa
Fluor594-conjugated anti-goat (1:200; Abcam cat no. ab150136, RRID: AB_2782994) secondary antibody
in 2% BSA/PBS at room temperature for 60 min. Cells were washed three times with PBS and then
incubated with secondary antibody in 2% BSA/PBS at room temperature for 60 min. Washed coverslips
were mounted onto a glass slide using 50% glycerol in PBS and sealed with nail polish. Cells were
visualized on a Leica (Mannheim, Germany) SP5 confocal microscope.

4.6. Data and Statistical Analysis

All data were analysed using GraphPad Prism 5. Half-maximal effective and inhibitory
concentrations (EC50 and IC50, respectively) are expressed as their negative logarithm (pEC50/pIC50) ±
SEM. Data were compared using a two-tailed Student’s t test or one-way ANOVA with Bonferroni
post hoc test for single or multiple comparisons, respectively. Multiple comparisons involving two
interdependent variables were analysed using a two-way ANOVA with Bonferroni post hoc test.
Throughout this study p < 0.05 was considered statistically significant.

4.7. Nomenclature of Targets and Ligands

All targets and ligands used throughout this manuscript conform with the guidelines outlined
by the International Union of Basic and Clinical Pharmacology and British Pharmacological Society
(IUPHAR/BPS) Guide to Pharmacology [40,89].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/22/
8572/s1.
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Abbreviations

2-APB 2-Aminoethoxydiphenyl borate
2MeSADP 2-Methylthio-ADP
ADP Adenosine 5′-diphosphate
ATP Adenosine 5′-triphosphate
BAPTA-AM 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester)
BzATP 3’-O-(4-Benzoyl)benzoyl-ATP
CNS Central nervous system
CCL2 C-C chemokine ligand 2
CCR2 C-C chemokine receptor 2
DMSO Dimethyl sulfoxide
EC50 Half maximal effective concentration
EGTA Ethylene glycol tetraacetic acid
FBS Fetal Bovine Serum
IC50 Half-maximal inhibitory concentration
IL Interleukin
IP3 Inositol triphosphate
LPS Lipopolysaccharide
MDCK Madin Darby canine kidney
PLC Phospholipase C
TNF Tumor necrosis factor
TNP 2′,3′-O-(2,4,6-Trinitrophenyl)
UDP Uridine 5′-diphosphate
UTP Uridine 5′-triphosphate
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Abstract: Endometriosis is an estrogen-dependent gynecological disease, with an associated chronic
inflammatory component, characterized by the presence of endometrial tissue outside the uterine
cavity. Its predominant symptom is pain, a condition notably altering the quality of life of women
with the disease. This review is intended to exhaustively gather current knowledge on purinergic
signaling in endometriosis-associated pain. Altered extracellular ATP hydrolysis, due to changes in
ectonucleotidase activity, has been reported in endometriosis; the resulting accumulation of ATP in the
endometriotic microenvironment points to sustained activation of nucleotide receptors (P2 receptors)
capable of generating a persistent pain message. P2X3 receptor, expressed in sensory neurons,
mediates nociceptive, neuropathic, and inflammatory pain, and is enrolled in endometriosis-related
pain. Pharmacological inhibition of P2X3 receptor is under evaluation as a pain relief treatment for
women with endometriosis. The role of other ATP receptors is also discussed here, e.g., P2X4 and
P2X7 receptors, which are involved in inflammatory cell–nerve and microglia–nerve crosstalk, and
therefore in inflammatory and neuropathic pain. Adenosine receptors (P1 receptors), by contrast,
mainly play antinociceptive and anti-inflammatory roles. Purinome-targeted drugs, including
nucleotide receptors and metabolizing enzymes, are potential non-hormonal therapeutic tools for the
pharmacological management of endometriosis-related pain.
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1. Introduction

Endometriosis is an estrogen-dependent gynecological disease characterized by the presence
of endometrial tissue, glands, and stroma outside the uterine cavity, including the ovaries, pelvic
peritoneum, and gastrointestinal tract, among other locations. In fact, depending on the location
and characteristics, there are three different subtypes of endometriosis: peritoneal, ovarian, and
deep infiltrating endometriosis [1]. It is estimated that this debilitating disease affects around 10%
of women of reproductive age, but the true prevalence is difficult to quantify due to its unspecific
symptoms and the lack of non-invasive diagnostic techniques that complicates diagnosis and can
sometimes lead to misdiagnoses. Moreover, around 20–25% of women remain asymptomatic [2–4].
Even though pathogenesis of endometriosis is uncertain, the most widely accepted theory is the
retrograde menstruation, described by Sampson, that includes three events that have to occur for
endometriosis to develop: (i) menstrual blood flow backwards into the pelvic cavity (retrograde
menstruation); (ii) the presence of available cells in menstrual debris; and (iii) the ectopic establishment
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and growth of endometrial cells [5]. More research on endometriosis is needed to fill the gaps in our
understanding of its pathogenesis so as to help develop new diagnostic and therapeutic tools.

Associated with endometriosis is a chronic inflammatory component necessary for the
establishment and progression of endometriotic lesions and which is related with its main symptoms
and signs [6–9]. The main clinical features defining this disorder are pain and infertility, with the most
common symptoms being cyclic pelvic pain, dysmenorrhea (painful menstrual periods), dyspareunia
(painful sexual relations), dysuria (painful urination), and dyschezia (painful defecation) [10]. Different
types of pain have been described in endometriosis: nociceptive, inflammatory, neuropathic, and a
mixture of all of them. Interestingly, the predominant type of pain, its intensity, and its cyclicity vary
between patients without a clear correlation between the scope of endometriotic lesions and pain
experience [11]. This turns endometriosis-associated pain into a complex symptom that is difficult
to manage.

Current treatments, both pharmacological and surgical, are addressed to providing symptom relief
and are mainly focused on complex pain management, without effective results for all patients [11].
Several studies are attempting to overcome these obstacles by identifying molecular targets to develop
new therapeutic approaches to improve the quality of life of affected women.

In recent decades, a large body of data has been published on the role of purinergic signaling
in different inflammatory pathologies and its possible use as therapeutic target. The purinergic
system is the extracellular signaling with biological effects mediated by nucleotides, such as adenosine
triphosphate (ATP), and nucleosides, such as adenosine, involved in a wide range of physiological and
pathological inflammatory conditions and in pain generation and transmission [12]. The purinergic
signaling complex of a cell is sometimes referred to as the purinome [13]. In recent years, several
studies have shown the involvement of purinome elements in endometriosis, but few studies have
assessed their role as therapeutic targets for the endometriosis-derived chronic pain.

In this review, we aim to highlight the role of purinergic signaling in the pathogenesis and
pathophysiology of endometriosis-associated pain. This information may be useful in presenting the
molecular mechanisms underlying endometriosis-associated pain and toward the development of
novel pharmacological approaches for endometriosis treatment.

2. Overview of Purinergic Signaling

Extracellular ATP and adenosine are the main purinergic mediators, with multiple roles in
physiology and pathophysiology. The release of endogenous nucleotides and nucleosides into
extracellular space by different cells in response to cell injury, necrosis, apoptosis, or various mechanical
and chemical stimuli represents the beginning of the purinergic signaling cascade, which eventually
induces an inflammatory response [12,14].

Under physiological conditions, extracellular ATP concentrations are low (submicromolar levels).
However, with the release of endogenous ATP under situations such as inflammation, there is a marked
increase of these levels [15].

To avoid sustained ATP signaling and the adverse effects of increased extracellular ATP levels,
ectonucleotidases act extracellularly by degrading ATP into adenosine. Ectonucleotidases are
specialized nucleotide-hydrolyzing enzymes, broadly expressed at the cell surface of many tissues,
which, acting alone or sequentially, control nucleotide and nucleosides levels in the extracellular
milieu (Figure 1). Four families of ectonucleotidase have been described: (i) the ectonucleoside
triphosphate diphosphohydrolase (ENTPDase) family (also known as CD39 family), with NTPDase1
(CD39), -2, -3, and -8 as plasma membrane-bound members, which hydrolyze extracellular ATP to
adenosine diphosphate (ADP), and ADP to adenosine monophosphate (AMP); (ii) the ectonucleotide
pyrophosphatase/phosphodiesterase (ENPP) family, which converts ATP to AMP and inorganic
pyrophosphate (PPi); (iii) the 5′-nucleotidase family, with only one membrane-bound member, the
ecto-5′-nucleotidase, also known as CD73, which hydrolyzes AMP to adenosine; and (iv) the alkaline
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phosphatase (ALP) family, able to hydrolyze adenine nucleotides and pyrophosphate, releasing
inorganic phosphate (Pi) [12,16].
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Figure 1. Diagram of the main elements of purinergic signaling. In the extracellular milieu, adenosine
and nucleotides can activate P1 and P2 receptors on the surface of a wide variety of cell types. A
number of different nucleotides can activate P2Y receptors (blue box), and ATP can also activate
P2X receptors (green box). In contrast, adenosine actions involve the activation of P1 receptors (red
box). Different enzymes are involved in the metabolism of adenosine and ATP in the process of
achieving transient signaling. Abbreviations: adenosine triphosphate, ATP; adenosine diphosphate,
ADP; adenosine monophosphate, AMP; uridine triphosphate, UTP; uridine diphosphate, UDP;
ectonucleoside triphosphate diphosphohydrolase family, ENTPDase; alkaline phosphatase family,
ALP; ectonucleotide pyrophosphatase/phosphodiesterase family, ENPP; ecto-5′-nucleotidase, CD73;
nucleoside diphosphate kinase, NDPK; AMP-activated protein kinase, AMPK; adenosine kinase, AK;
adenosine deaminase, ADA.

Adenosine also has important biological functions. In general, adenosine has been linked mainly to
an anti-inflammatory effect. There are two enzymes responsible for adenosine metabolism: adenosine
deaminase (ADA) and adenosine kinase (AK). ADA is a cytoplasmic enzyme but also an ectoenzyme
that regulates intra- and extracellular adenosine levels, catalyzing the adenosine deamination yielding
inosine [12]. As ectoenzyme, ADA is expressed as a soluble form or as membrane-associated
enzyme-forming complexes with CD26/dipeptidyl peptidase IV in humans. AK is a cytosolic enzyme
that catalyzes the phosphorylation of intracellular adenosine to AMP [12].

Once in the extracellular microenvironment, adenosine and nucleotides can activate two different
purinergic receptor families, P1 and P2, respectively, which are widely and differentially expressed in the
surface of most cells. Adenosine binds to P1 receptors, which are G protein-coupled receptors classified
into four subtypes: A1, A2A, A2B, and A3 [17]. These receptors mainly act via adenylate cyclase (AC)
activity, modulating cyclic AMP (cAMP) production. The stimulation of the A2A and A2B receptors
induces activation of AC, increasing second-messenger cAMP levels. In contrast, the activation of
the A1 and A3 receptors inhibits AC, causing a decrease in cAMP production [17]. Furthermore, A3

and A2B receptors lead to the activation of phospholipase C (PLC) and an increase in intracellular
calcium levels [18,19]. Moreover, A1 receptor is involved in the opening of K+ channels [18,19].
Cation mobilization triggered by adenosine receptors leads to transmission and modulation of pain.
In addition, adenosine receptors stimulate mitogen-activated protein kinases (MAPK), regulating
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growth and proliferation, apoptosis, necrosis, and inflammation, essential for the development of
endometriosis [20].

In addition, P2 receptors are nucleotide-selective and include P2X and P2Y receptor subtypes.
The ionotropic P2X receptors, comprising seven subtypes (P2X1–P2X7), are ligand-gate ion channels
strictly activated by extracellular ATP to mediate K+ efflux, and Na+ and Ca2+ influx, which mainly
mediate short-term (acute) purinergic signaling, and which play an important role as mediators of fast
excitatory neurotransmission in the central and peripheral nervous system [17,21]. The metabotropic
P2Y receptors are G protein-coupled receptors that activate PLC-β (P2Y1, P2Y2, P2Y4, P2Y6, and
P2Y11) or inhibit AC (P2Y11–14). The P2Y receptors have distinctive nucleotide preferences and,
based on this, they can be divided in three groups: (i) adenine nucleotide-preferring receptors,
mainly responding to ATP (P2Y1, P2Y2, P2Y4, and P2Y11) and ADP (P2Y1, P2Y12, P2Y13); (ii) uracil
nucleotide-preferring receptors, activated by UTP (P2Y2, P2Y4, and P2Y6) and/or UDP (P2Y6 and
P2Y14); and (iii) the P2Y14 nucleotide sugar-preferring receptor, responding to UDP sugars, such as
UDP-glucose and UDP-galactose [17,22,23]. P1 and P2Y G protein-coupled receptors are predominantly
involved in long-term (trophic) purinergic signaling, such as that found in remodeling, repair, and
regeneration events in response to injury. P1 and P2Y receptors are involved in the regulation of
proliferation, differentiation, motility, migration, and cell death [21], which are essential processes for
the establishment of endometriotic lesions and the progression of endometriosis.

Correct expression and function of the purinome are essential to maintaining tissue homeostasis.
Changes in ATP/adenosine balance and in the purinergic receptor activation state can alter the behavior
of a wide range of cell types. These changes can trigger a pathological state or promote the progression
of a disease, as may occur in endometriosis.

3. Purinergic Signaling in Eutopic and Ectopic Endometrial Tissue

Extracellular purines and pyrimidines play multiples roles in fertilization and embryo
development [24,25]. This is made possible by different elements of the purinome, such as purinergic
receptors and ectonucleotidases, present in both male and female reproductive organs [26–33].

Endometrium, the innermost layer of the uterus, contains the surface epithelium, the glandular
epithelium, and a vascularized stroma. It is a dynamic tissue undergoing repetitive cycles of
regeneration and degeneration in which a certain degree of inflammation is physiological. Purinergic
signaling plays a role in both inflammation and reproduction and contributes to correct endometrial
function. Therefore, it is not surprising that any change in purinergic signaling can alter uterine
function and fertility in women, as happens in endometriosis. In addition, purinergic signaling is
involved in the control of a number of cell events, such as cell proliferation, migration, and survival,
but it is also seen in phenomena such as angiogenesis and fibrosis (reviewed in [34–36]), thus becoming
a candidate pathway for playing a causative role in the pathogenesis and development of this disease.

Therefore, the characterization of the purinome elements of eutopic endometrium and
endometriotic lesions is essential in order not only to elucidate the role of purinergic signaling
in the pathogenesis, but also to identify the main symptoms and signs of endometriosis and new
therapeutic targets. Moreover, knowledge of the microenvironment of ectopic lesions can improve
understanding of the generation and neurotransmission of pain signals in endometriosis. We present
below current knowledge on the expression of ectonucleotidases, the main elements of the purinome
regulating the levels of nucleotides and nucleosides in eutopic and ectopic microenvironments.

Ectonucleotidases in the Eutopic and Ectopic Endometria of Women with Endometriosis

Ectonucleotidases are hormone-sensitive enzymes that vary their expression in the endometrium
throughout the menstrual cycle [26]. NTPDase2, NTPDase3, NPP1, NPP3, ALP, CD26, and CD73 are
expressed by endometrial epithelial cells, while NTPDase1, NTPDase2, and CD73 have been detected
in endometrial stromal cells [26]. Although the ectonucleotidases studied to date are mainly present in
the endometrial epithelium, most of the changes detected in endometriosis occur in the stroma [37].

194



Int. J. Mol. Sci. 2020, 21, 8512

Changes in eutopic endometrium of women with endometriosis in comparison with the
endometrium of women without the pathology have been detected [26,37]. Moreover, differences
between the different types of endometriotic lesions have been described [37]. One notable change in
endometriosis is the expression of NPP3. Several studies of NPP3 expression in endometrial tissue
have localized the protein in epithelial cells, with changes along the cycle [26,38,39]. In endometriosis,
however, NPP3 is found to be expressed by the stroma, as well as the epithelium, in both eutopic
and ectopic endometrial tissues [37]. This de novo expression of NPP3 points to its use as a putative
histopathological marker of the disease. It has to be noted that although there is no protein expression of
NPP3 in the endometrial stroma of women without endometrial pathology, Boggavarapu et al. detected
more than double the levels of NPP3 mRNA in the stroma compared to glandular compartment [40].
All of this points to post-translational regulation of protein levels that needs to be further studied.
This increased expression of NPP3 in endometrial tissue coincides with the increased ectonucleotidase
activity detected in the fluid content of ovarian endometriomas [41]. These results suggest an increase
in ATP metabolism, with a concomitant increase in extracellular adenosine levels, as observed in some
cancers, in which high levels of adenosine in the tumor microenvironment induce suppression of the
local immune response [42,43]. Conversely, the detection of one hundred times higher levels of ADA
in the contents of endometriomas refutes the idea of adenosine accumulation [44]. Moreover, the
great decrease in, or even the total loss, of the CD39–CD73 axis in endometrial tissue in endometriosis
further suggests that extracellular adenosine synthesis is rather limited. [37]. In fact, these data suggest
a relation between extracellular ATP accumulation and the severity and progression of endometriosis,
since the loss of CD39–CD73 is related to deep infiltrating endometriosis, the most severe form of the
illness with high recurrence rates and a high level of associated pain [45,46].

The consequences of the increase in extracellular ATP levels and the subsequent activation of
purinergic signaling through P2 receptors in endometriosis-associated pain are discussed throughout
this review.

4. Involvement of Purinergic Signaling in Endometriosis-Associated Pain

4.1. Endometriosis-Associated Pain

Pain is recognized as the most common symptom and the primary reason for medical assistance
in women with endometriosis. In fact, up to 80% of patients present chronic pain, the most common
forms being dysmenorrhea, non-cyclical pelvic pain (chronic pelvic pain), dyspareunia, dysuria,
and dyschezia [2]. Endometriosis-associated pain has, in turn, negative effects on women’s mental
health, including anxiety and depression, thereby altering their quality of life and that of their loved
ones [47,48]. For this reason, there is an urgent need to define the molecular mechanisms underlying
endometriosis-associated pain to uncover therapeutic targets to minimize the suffering and raise the
quality of life of affected women.

Endometriosis-associated pain is complex, and the underlying mechanisms seem to be related
to the activation of the peripheral nervous system, involved in nociceptive (a response to a noxious
stimulus), inflammatory (due to tissue damage and inflammatory response), and neuropathic (due to a
lesion in somatosensory nervous system) pain, and central nervous systems, related with sensitization
and hyperalgesia processes [49,50]. The stage of endometriosis, as classified by the American Society
of Reproductive Medicine (ASRM), poorly correlates with the degree of pain or symptoms severity,
thus hampering clinical management [11].

In recent years, many articles concerning endometriosis-associated pain and treatments for
pain-relief have been published (reviewed in [10,11,49,51–63]); independently, the purinergic
mechanisms involved in pain (reviewed in [18,64–70]) are also being studied. However, purinergic
signaling in relation to endometriosis-associated pain has yet to be fully explored. In the following
section, we look at the involvement of the purinergic signaling in pain, especially in peripheral, but
also in central processes, in the context of endometriosis.
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4.1.1. The Pain Pathway

The neural process of pain starts with a peripheral noxious stimulus detected by the nociceptors
on small diameter sensory afferent nerves (fibers Aδ and C) and its transduction into an electric signal.
These neurons, which innervate viscera, have the cell bodies in the dorsal root ganglia (DRG) and reach
the lamina I-II of the dorsal spinal cord. This information is transmitted along the spinal cord to the
brain, where the unpleasant experience called pain is generated. Although multiple painful conditions
have their origin in the sensitization and excitation of neurons, immune and glial cells also play key
roles in the generation and maintenance of pain signaling [71,72]. Indeed, the pain perceived can be
altered, amplified, or reduced by many molecules, including ATP, released from these non-neuronal
cells through different mechanisms required for the transition from acute to chronic pain [72,73]. ATP
is a peripheral mediator of pain involved in the initiation of this pain perception.

There is evidence that endometriotic lesions are innervated. This innervation is mainly sympathetic,
and sensory nerve fibers play a pivotal role in endometriosis-associated pain [74–78]. The inflammation,
concomitant to the initial establishment of an endometriotic focus outside the uterus, activates sensory
afferent neurons innervating adjacent visceral structures, transmitting the noxious stimulus to the
spinal dorsal horn and causing pain. Moreover, local inflammatory cells release neurotrophic factors
encouraging the new innervation and cytokines that lead to the implantation of endometrial ectopic
cells. Neuronal and non-neuronal cells of endometriotic lesions can release ATP that in turn regulates
the action of these cells. For example, the release of ATP and neurotransmitters by afferent neurons
also activates spinal glial cells, contributing to central sensitization and overstated pain.

Endometriotic foci present cyclic proliferative and destructive phases similar to the endometrium.
During the breakdown of a part of a lesion, high levels of ATP are released in the lesion
microenvironment, acting as an acute danger signal on sensory nerve endings of the lesion. Moreover,
this internal bleeding in the ectopic locations often leads to local inflammatory reactions that promote
the inflammatory state and the release of molecules involved in the pain signaling pathway. In addition,
ATP has the potential to modify the pain signaling by activation of pre- and post-synaptic P2 receptors.
The two classes of P2 receptors are involved in pain: P2X receptors in short-term neurotransmission
responses and P2Y receptors in the slow and continuous pain signaling.

The high levels of extracellular ATP in the ectopic milieu, together with the loss of the
CD39–CD73 axis, turns purinergic signaling into a precious source of possible therapeutic targets for
endometriosis-associated pain treatment. The role of ATP and adenosine in the pain signaling pathway
in the context of endometriosis is reviewed in detail below.

4.1.2. P2X Receptors in Primary Sensory Neuron: The Outset of Nociception

P2X3 and P2X2/3 receptors. P2X3 and P2X2/3 receptors are expressed in terminals of nociceptive
fibers and in the sensory neurons of the central nervous system. Homomeric P2X3 receptors mediate
transient nociceptive responses through rapidly desensitizing current, and heteromeric P2X2/3 receptors
mediate sustained nociceptive responses through a slowly desensitizing current [79]. They mediate
neuropathic pain, including inflammatory pain, in acute and chronic processes, and are involved in
hyperalgesia and allodynia [80]. In fact, sensory neurons which express transient receptor potential
vanilloid-1 (TRPV1) channels and/or P2X3 receptors are essential for the initiation and transduction of
nociception and the signaling of pain. Both TRPV1 and P2X3 induce Ca2+ influx which activates a
cascade of changes, including the phosphorylation of ion channels with the consequent increase in the
excitability of sensory neurons.

Estrogens upregulate the expression of both the cation channel TRPV1 and P2X3 receptors of
nerve fiber terminals in endometriosis [81]. The implication of TRPV1 in endometriosis-associated
pain is clear, but the precise role of P2X3 is still under study, although there is increasing evidence of its
central role in the onset of pain sensation in endometriosis. Ding et al. detected the expression of P2X3
in endometriotic epithelial and stromal cells but also in the sensory nerve fibers within endometriotic
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lesions [82]. Moreover, they positively correlated the levels of P2X3 receptor in endometriotic lesions
with the severity of pain [82].

The activation of P2X3 receptor in nerve fibers leads to the release of endogenous ATP via
pannexin-1 hemichannels, triggering the activation of P2 receptors of sensory nerve fibers [83].
In addition, this ATP efflux can be enhanced by nerve growth factors [83]. Persistent extracellular
ATP with the concomitant P2X3 and P2X2/3 receptor activation has been linked to the induction
and the early maintenance phases of allodynia, a clinical manifestation of chronic pain present in
endometriosis [84,85].

In rats, the induction of endometriosis produces thermal and mechanical hyperalgesia. Moreover,
endometriosis causes the elevation of endogenous ATP content and P2X3 receptor expression in
endometriotic and DRG tissues, which correlate with the severity of hyperalgesia in these animals [86].
In fact, the implication of ATP and P2X3 in endometriosis-associated pain was also confirmed, since
administration of A-317491, a selective P2X3 receptor antagonist, attenuated endometriosis-associated
pain in rats [87].

Study of the upregulation of P2X3 receptor in endometriosis-related pain showed ATP and ADP,
but not UTP, as the effector molecules of this process [86]. In accordance with P2 receptor affinities,
P2Y1, P2Y12, and/or P2Y13 receptors could be responsible for this upregulation. Ding et al. determined
that P2X3 upregulation by ADP is mediated by the activation of the transcription factors ATF3 and
AP-1 [86]. Moreover, based on the literature, they discussed the possible role of P2Y1 as the promoter
of this pathway, but functional studies are needed to confirm this point [86].

Hence, extracellular ATP seems to have a close relationship with initiation, amplification,
and maintenance of endometriosis-related pain [87]. In a persistent damaging inflammatory
microenvironment, such as the one generally found in the peritoneum of women with endometriosis,
high levels of inflammatory mediators are detected. Endometrial cells and immune cells in the ectopic
lesions secrete different inflammatory mediators such as interleukin (IL)-1β, IL-6, and tumor necrosis
factor alpha (TNF-α) [71,88], as well as growth factors such as vascular endothelial growth factor
(VEGF), neurotropin nerve growth factor (NGF), and brain-derived neurotrophic factor (BDNF), often
promoted by the presence of high estrogen levels [71,89–91]. These factors not only promote the
inflammatory state and the aberrant neuroangiogenic milieu, but are also involved in processes that
reduce the threshold of ion channels of sensory fibers, increasing their membrane excitability and the
expression of receptors involved in nociception, thus favoring the activation of pain signaling pathway.
These molecules promote the release of endogenous ATP during inflammation with the subsequent
activation of P2X3 and P2X2/3 receptors, allowing Ca2+ influx and depolarization in nearby nociceptive
fibers of the endometriotic foci and leading to the sensitization of sensory neurons, which send the
pain message to the central nervous system. Therefore, ATP triggers the purinergic signaling cascade
in nervous cells involved in pain symptoms. However, P2X3 activation by ATP as a potential action
generator is only the beginning of ATP participation in the pain signaling pathway, as shown below.

The activation of the receptors tyrosine kinase A (TrkA), p75, and VEGFR2 in primary sensory
neurons mediated by NGF and VEGF, secreted by endometriotic and immune cells, triggers the
upregulation of P2X3, causing repeated neuronal sensitization by increased P2X3 receptor signaling
and provoking a persistent sensation of pain [92,93]. Moreover, NGF plays a role in the production of
the neuropeptide substance P (SP) and calcitonin gene-related peptide (CGRP), which sensitize the
sensory nerve fibers, stimulate the immune system, cause the degranulation of mast cells, and promote
fibrosis of the lesion through activation of their receptors neurokinin-1 receptor (NK1R) and calcitonin
gene-related peptide receptor (CGRPR), respectively [94,95]. Moreover, the high levels of estrogens
detected in the microenvironment of endometriotic lesions trigger the degranulation and secretion
of NGF by mast cells [96]. Mast cell granules contain inflammatory mediators and neuro-sensitizing
molecules including IL-1β, IL-6, TNF-α, and histamine, which, once released into the endometriotic
milieu, encourage nerve sensitization and the inflammatory state [97].
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4.1.3. P2Y Receptors in Primary Sensory Neuron: The Modulation of Nociception

Primary sensory neurons also express P2Y receptors and their role is mainly pain modulation.
P2Y receptors potentiate pain induced by chemical or physical stimuli via capsaicin-sensitive TRPV1
channels and facilitate the P2X receptor-mediated currents [98,99].

P2Y1 and P2Y2 receptors. Activation of P2Y1 and P2Y2 receptors is involved in the activation of
TRPV1 channels of nociceptors. Although in humans it is not clear, in rats, upregulation of TRPV1
channel expression by P2Y1 receptors is mediated via p38/MAPK [100,101]. Therefore, it is probably
the case that ATP and ADP are involved in short- and long-term effects in nociceptors. On the one hand,
they can play a role in the modulation of Ca2+ influx that potentiates the sensitization of sensory neurons,
while, on the other hand, they may be involved in the long-term nociceptor changes that produce
hyperalgesia through the upregulation of TRPV1 channels. Moreover, as stated above, P2Y1 may also
play a role in the upregulation of P2X3 receptor ion channel in endometriosis-associated pain [86]. In
inflammation, P2Y2 receptor upregulation occurs in sensory neurons of inflamed tissue [98,102]. ATP
(and UTP) stimulus on P2Y2 receptors activates TRPV1 channels [103]. This points to the contribution
of ATP to chronic inflammatory pain, and therefore, endometriosis.

4.1.4. P2X4 and P2X7 in Macrophage–Nerve Interaction: The Base of Inflammatory Pain

As a consequence of the inflammatory process, large numbers of macrophages, mastocytes,
and neutrophils are recruited in the endometriotic focus and macrophages infiltrate DRG [71,96,104].
Macrophages are among the most numerous immune cells in endometriotic lesions. They produce
pro-inflammatory cytokines such as IL-1β, TNF-α, and IL-6, which intervene in the pain
phenomena [105] and have a role in endometriosis-associated pain (reviewed in [71]). The activation
of P2 receptors expressed by immune cells, such as P2X7 and P2X4 receptors in macrophages [106],
allows the activation of the immune system via ATP and leads to the production of cytokines, thus
maintaining the persistent inflammatory state. Moreover, the activation of macrophage P2X4 receptors
is involved in the release of COX-dependent release of prostaglandin E2 (PGE2), mediated by cytosolic
phospholipase A2 (cPLA2) [107]. PGE2 is involved in the sensitization of primary sensory neurons [107].
The interaction among endometrial cells, inflammatory cells, and peripheral sensory neurons at the
ectopic foci, and the ATP-mediated molecular pathways, are represented in Figure 2.

4.1.5. P2 Receptors in Activated Microglia: The Modulation of Pain Transmission

Endometriosis-associated pain is not only inflammatory but also neuropathic [82,108]. Nerve
damage and persistent stimulation of peripheral fibers can lead to the secretion of inflammatory
neurotransmitters and neuromodulators from nerve fibers, including ATP, which acts on glial cells.
In the meantime, glial cells react, becoming the main source of neuroactive substances, including
pro-inflammatory cytokines, trophic factors, and neurotransmitters (such as ATP), which regulate
neuronal excitability and are fundamental to the transition from acute to chronic pain.

P2 receptors are present in the surface of activated spinal microglia and are involved in the
recruitment and activation of microglia and the interaction between neurons and microglia (summarized
in Figure 3). All of these play important roles in neuropathic pain, mainly in allodynia and hyperalgesia,
and in neuroinflammation.
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Figure 2. Schematic summary of the involvement of ATP, through activation of P2X and P2Y receptors,
in the initiation of endometriosis-associated pain. In the endometriotic lesion, ATP, released by different
cell sources, carries out Ca2+ influx via P2X3 receptor activation at the endings of primary sensory
neurons, triggering a cascade of changes that increase the excitability of afferent sensory neurons. The
activation of P2Y receptors potentiates the action of P2X3 receptor and TRPV1, triggering induction
of nociception and the maintenance of overstated pain. Moreover, ectopic endometrial cells and
inflammatory cells of the lesion release inflammatory mediators that boost nerve sensitization and
promote the inflammatory state typical of women with endometriosis. Abbreviations: adenosine
triphosphate, ATP; adenosine diphosphate, ADP; pannexin-1, Panx1; brain-derived neurotrophic factor,
BDNF; neurotropin nerve growth factor, NGF; tyrosine kinase A receptor, TrkA; p75 neurotrophin
receptor, p75; vascular endothelial growth factor, VEGF; vascular endothelial growth factor receptor 2,
VEGFR2; interleukin-1 beta, IL-1β; interleukin-6, IL-6; tumor necrosis factor alpha, TNF-α; substance P,
SP; neurokinin-1 receptor, NK1R; calcitonin gene-related peptide, CGRP; calcitonin gene-related peptide
receptor, CGRPR; transient receptor potential vanilloid-1 channel, TRPV1; p38 mitogen-activated protein
kinases, p38/MAPK; cytosolic phospholipase A2, cPLA2; prostaglandin E2, PGE2; cyclooxygenase-1
and -2, COX-1/COX-2; dorsal root ganglia, DRG.

Apparently, the activation of microglial P2 receptors, particularly P2X4 and P2X7, promotes
neuronal excitability. Therefore, blocking microglia–neuron signaling must be considered as a possible
therapeutic strategy for treating endometriosis-associated pain.

P2X4 receptor. The role of the P2X4 receptor in activated microglia in endometriosis-associated
pain has not yet been studied, but P2X4 receptor involvement in neuropathic pain is clear. Following
peripheral nerve injury, P24 receptor is expressed by the microglia of the dorsal horn [109]. The
activation of P2X4 receptor causes Ca2+ flux and p38/MAPK activation, which promotes the synthesis
and release of BDNF, a key molecule for maintaining pain hypersensitivity. ATP-mediated BDNF
release from activated microglia, via its receptor TrkB, mediates the downregulation of the K+/Cl−
cotransporter KCC2 in dorsal horn neurons. KCC2 maintains the anion gradient necessary for the
inhibitory actions of gamma-aminobutyric acid (GABA) through gamma-aminobutyric acid A receptor
(GABAAR). KCC2 downregulation increases intracellular chloride levels, allowing the accumulation of
anions in dorsal horn neurons. Meanwhile, GABA is released from inhibitory interneurons. GABA
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activates the GABAAR on dorsal horn neurons with the subsequent chloride outflow, causing the
depolarization of the second order neurons. Hence, BDNF alters the chloride gradient of dorsal horn
neurons, triggering a decrease in the inhibitory control of the GABAergic interneurons. Consequently,
there is an increase in dorsal horn neuron excitability that enables low threshold information to
gain access to nociceptive circuits. This evokes pain transmission and neuropathic pain [109–111].
In addition, P2X4 receptor, through p38/MAPK activation, leads to the synthesis and release of
pro-inflammatory cytokines and increases the expression of COX, enhancing PGE2 levels, involved in
pain-related inflammatory responses and dorsal horn neuronal excitability [112,113]. It is noteworthy,
however, that P2X4 is not the only one. The activation of P2X7 (by ATP) and P2Y12 and P2Y13 receptors
(by ADP) also induces microglial pro-inflammatory cytokine release, upregulating excitatory synaptic
transmission in the dorsal horn and participating in neuropathic pain [112,114–116]. Moreover, these
P2 receptors can be activated by the release of ATP by spinal astrocytes, promoting cytokine production
and a pro-inflammatory milieu [117].
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Figure 3. Schematic overview of ATP signaling in microglia–nerve interaction in
endometriosis-associated pain. Persistent stimulation of peripheral fibers leads to the release of
ATP into the synaptic space. The activation of P2X3 receptors of postsynaptic terminals induces
excitability of dorsal horn neurons. Moreover, P2X4 and P2X7 receptors of activated microglia are
involved in the secretion of neuroactive substances, contributing to the microglia–nerve interaction
needed for central sensitization and modulation of the sensation of pain. ATP-mediated signaling is
fundamental in the transition from acute to chronic pain, including endometriosis-related neuropathic
and inflammatory pain. Abbreviations: adenosine triphosphate, ATP; adenosine diphosphate, ADP;
pannexin-1, Panx1; brain-derived neurotrophic factor, BDNF; interleukin-1 beta, IL-1β; interleukin-6,
IL-6; tumor necrosis factor alpha, TNF-α; gamma-aminobutyric acid, GABA; gamma-aminobutyric
acid A receptor, GABAAR; p38 mitogen-activated protein kinases, p38/MAPK; cytosolic phospholipase
A2, cPLA2; prostaglandin E2, PGE2; cyclooxygenase-1 and -2, COX-1/COX-2; fractalkine, FKN;
soluble-fractalkine, s-FKN; cathepsin S, CatS; CX3C chemokine receptor 1, CX3CR1; tyrosine kinase B
receptor, TrkB; potassium-chloride cotransporter 2, KCC2; dorsal root ganglia, DRG.

P2X7 receptor. P2X7 receptor functions as an ion channel, but sustained stimulation with large
amounts of extracellular ATP induces its conformation as nonselective large pores in cell membrane. It
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is present in microglia and plays a role in the maintenance of neuropathic pain. Specific inhibition of
P2X7 receptor pore formation, without affecting its cation channel activity, reduces chronic pain [118].

In microglia, the activation of P2X7 receptor causes the release of the enzyme Cathepsin S (CatS).
Extracellular CatS splits the chemokine domain of neuronal membrane-bound fractalkine (FKN)
present in dorsal horn neurons. Soluble-FKN (s-FKN) interacts with microglia CX3C chemokine
receptor 1 (CX3CR1), stimulates p38/MAPK, and promotes the release of cytokines that sensitize
the second order neurons of the sensory pathway [119–121]. Liu et al. showed an increase in the
expression of FKN/CX3CR1/p38/MAPK and in the amount of microglia in the dorsal horn of the
sciatic nerve, in an endometriosis rat model [122]. This microglia–nerve crosstalk plays a role in
central sensitization and could explain one of the mechanisms associated with hypersensitivity and
allodynia in endometriosis. Moreover, increased levels of s-FKN were found in the peritoneal fluid
of women with endometriosis [123]. In the ectopic endometrial lesions of a sciatic endometriosis
model in rats, increased levels of FKN and s-FKN as well as CX3CR1 have been detected, with a
positive correlation with the severity of hyperalgesia [122]. In ectopic lesions, membrane-bound
FKN was found in the macrophage surface, whereas CX3CR1 was present in nerve fibers, specifically
in Schwann cells. As previously noted, macrophages express P2X7 receptor, which could be an
essential piece in FKN cleavage in the endometriotic foci. s-FKN can act as a CX3CR1 ligand as
well as being a potent chemoattractant that would favor the development and maintenance of the
inflammatory microenvironment in the ectopic lesion, mainly around nerve fibers. On the other hand,
a direct interaction between macrophage membrane-bound FKN and CX3CR1 of Schwann cells has
been suggested, which could cause myelin phagocytosis and activation of Schwann cells involved in
peripheral sensitization in ectopic lesions. Therefore, P2X7 receptor could contribute to peripheral and
central hypersensitivity in endometriosis [122].

Although microglial P2X7 receptor activation by presynaptic neurons is mainly related to the release
of pro-inflammatory cytokines, it also causes more ATP release into the dorsal horn microenvironment.
This is made possible by the increase in the intracellular calcium resulting from P2X7 action that
activates pannexin-1. The increasing extracellular ATP levels potentiate purinergic signaling in pain
effectors and induce chronification of pain [124].

4.1.6. Adenosine and Adenosine Receptors (AR): Analgesic and Anti-Inflammatory Effects

Adenosine, the hydrolysis product of purine nucleotides such as ATP and ADP, often plays the
opposite role to them, leading to a compensatory system in physiological and pathological conditions.
In fact, endogenous adenosine has modulating effects on neuronal and glial cells with implications
in pain transmission. For this reason, adenosine has been proposed as a potential analgesic target
for nociceptive, inflammatory, and neuropathic pain. Therefore, the adenosine signaling pathway
may be an interesting target to treat endometriosis-associated pain. However, determining the effects
of adenosine in endometriosis-associated pain is quite complex. It has been experimentally proven
that adenosine can produce antinociceptive and anti-inflammatory effects as well as their opposite,
depending on the site of action, the receptor activated, the extent of exposure, and the context.

Although the role of P1 receptors in endometriosis-associated pain has not yet been studied,
we briefly outline the different effects that have been described in the literature and their possible
usefulness for the treatment of endometriosis-associated pain.

A1 adenosine receptor (AR). A1AR is the main adenosine receptor associated with inhibitory
neuromodulation of pain. A1AR regulates neurotransmitter release, neuronal excitability, and pain
reduction. This high adenosine affinity receptor is expressed at peripheral sensory nerve endings [125],
in dorsal horn neurons of the superficial layers of spinal cord [126], and in microglia [127].

A1AR is Gi-coupled and its activation inhibits AC activity (inhibition of cAMP production), which
leads to hyperpolarization by increasing potassium conductance, blocks transient calcium channel
opening, and stimulates PLC, inducing an increase in inositol 1,4,5-triphosphate (IP3) and intracellular
Ca2+ levels and stimulation of calcium-binding proteins such as protein kinase C (PKC) [128].
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Furthermore, A1AR presynaptically inhibits primary sensory neuron transmission onto dorsal spinal
neurons by blocking neurotransmitter release [126,129]. Moreover, when primary sensory afferent
neurons depolarize, afferent nerve terminals release glutamate and SP, but also adenosine, in the dorsal
spinal cord [129]. In this situation, adenosine can act as a negative modulator by activating A1AR at
postsynaptic sites.

As mentioned, A1AR is also present in spinal cord microglia where it is upregulated by high
levels of extracellular ATP. The activation of A1ARs curbs activation of microglia and blocks their role
in neuronal sensitization [127].

Several clinical studies have demonstrated that specific A1AR stimulation results in analgesic
effects sufficient to ameliorate nociceptive, neuropathic, and inflammatory pain (reviewed in [18,130]).
This antinociception, and specifically the reduction of hyperalgesia in several pain models, suggests
A1AR agonists as possible tools for treating endometriosis-associated chronic pain.

A2AAR. A2AAR is present in immune cells, neurons, and glial cells, among other cell types. In
fact, A2AAR is considered a potential therapeutic target in treating chronic pain of neuroinflammatory
origin. A2AAR action is, however, controversial due to an apparent dichotomy between peripheral
and central signaling.

At the molecular level, A2AARs are directly coupled to Gs intracellular proteins, leading to the
activation of AC (activation of cAMP production) with the consequent activation of the protein kinase
A (PKA) and PKC signaling cascade. Increased cAMP levels in primary afferent neurons contribute to
peripheral sensory nerve stimulation and increased excitatory neurotransmitter release in the spinal
cord, enhancing nociception [131].

In addition, A2AAR is considered the main mediator of anti-inflammatory responses through
its expression in a wide range of immune cells. A2AAR activation increases intracellular
immunosuppressive cAMP in peripheral immune cells. This may contribute to reducing inflammatory
pain by modulating these cells and consequently decreasing the levels of sensitizing substances
(e.g., inflammatory cytokines from macrophages or histamine from mast cells) in the endometriotic
microenvironment [130].

In addition, A2AAR modulates immunoresponses of microglia. As in peripheral immune
cells, A2AAR agonists produce a cAMP signaling cascade that attenuates pro-inflammatory cytokine
production and increases anti-inflammatory cytokine release, mainly IL-10. The reduction of the
inflammatory state relieves neurophatic pain [132–135].

Conversely, under pathologic conditions, A2AAR activation is also related to a pro-inflammatory
role [136,137]. During neuropathic pain, persistent activation of spinal microglia occurs. The sustained
release of stimulating molecules such as BDNF in spinal cord exacerbates neuronal hypersensitivity
and chronic neuroinflammation. As noted above, ATP mediates BDNF release via P2X4 receptor
from activated microglia, as well as by adenosine via A2AAR. Constitutive release of BDNF is under
the control of PKC, but, in some pathological conditions, upregulation of A2AAR in microglia has
been detected. The high levels of intracellular cAMP and the subsequent activation of PKA prevails
over PKC actions inducing increased BDNF release [137]. However, the increase in A2AAR levels in
microglia is mainly described in brain with chronic neuroinflammation in cases with neurodegenerative
diseases, where A2AAR interaction with several neurotransmitters plays an important role in pathology
progression [138]. Further studies are needed to determine if A2AAR upregulation in activated microglia
also occurs in endometriosis-associated pain. If that is the case, the therapeutic strategies involving
A2AAR activation might not be good for the evolution of chronic pain related with endometriosis.

In conclusion, therapeutic tools that potentiate A1AR-mediated antinociceptive and
A2AAR-mediated anti-inflammatory actions of adenosine could have analgesic effects that would be
useful for the management of endometriosis-associated pain.

A2BAR. A2BAR is mainly present in immune cells, as well as, at low levels, in spinal cord and
CNS, and prominently in astrocytes [18,19]. Its ubiquitous expression in inflammatory cells suggests a
role in inflammatory pain through the release of various inflammatory mediators.
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A2BAR has a low affinity for adenosine, and it is therefore significantly activated under
pathophysiological conditions, when adenosine concentration is high. Similar to A2AAR, A2BAR
activates AC, leading to a PKA phosphorylation cascade. This cellular signaling mainly promotes
an anti-inflammatory response in immune cells and plays a part in the attenuation of acute
inflammation [128].

While it may appear that A2BAR plays the same role as A2AAR, its effect is sometimes opposed.
This is possible because, as with A1 and A3AR, A2BAR is coupled to PLC, leading to the accumulation
of intracellular Ca2+, the generation of IP3 and diacylglycerol (DAG), and the activation of PKC,
involved in the release of pro-inflammatory mediators such as IL-6 from macrophages and IL-1β
and VEGF from mast cells, with indirect effects on inflammatory pain [19,130,139]. In fact, Hu et al.
described a mechanism underlying A2BAR-mediated chronic pain in three independent models of
chronic pain [140]. The prolonged elevated adenosine levels activate A2BARs of myeloid cells. This
activation increases the production and release of IL-6 and soluble IL-6 receptor (sIL-6R). The complex
IL-6/sIL-6R trans-activates gp130 on primary sensory fibers, which in turn stimulates the transcription
factor pSTAT3, inducing TRPV1 gene transcription. The increase of TRPV1 in nociceptors produces
sensory neuron hyperexcitability and can produce chronic inflammatory pain.

These opposing effects of A2BAR hamper the use of its agonists or antagonists as potential
therapeutic agents for inflammatory disorders and pain. Evaluating the possible use of A2BAR as
therapeutic target of endometriosis-associated pain requires a better understanding of the function of
A2BAR in this disease. Moreover, the loss of expression of some ectonucleotidases in endometriotic
tissue and the large amount of ADA in the fluid contents of endometriomas suggests that the adenosine
levels in endometriotic milieu are low, rendering activation of A2BARs unlikely. Consequently, A2BAR
does not seem to be a suitable target for endometriosis treatment.

A3AR. A3ARs are described in peripheral and central neurons, glial cells, and immune
cells [141,142]. Over the last decades, experimental studies with A3AR agonists showed the attenuation
of nociception and neuropathic pain [130,141–143]. This has made A3AR a focus of development of
new therapeutic strategies for pain.

Similar to A1AR, A3AR is coupled to Gi, which inhibits AC, and to Gq, which activates PKC. On
primary sensory neurons, A3AR inhibits the Ca2+-dependent K+ currents, reducing their excitability
and neurotransmitter release [142]. This mechanism exerts an antinociceptive effect, but it is not the
only one.

Agonists of A3AR enhance and recover inhibitory GABA signaling in spinal cord neurons. In
neuropathic pain states, reduced levels of spinal GABA and GAD65 [144,145], its synthesis enzyme,
are detected, whereas the expression of GABA transporter GAT-1, which uptakes the neurotransmitter
from the synapse, is increased [145]. Additionally, there is a reduction in the activity and expression of
KCC2. As noted above, P2X4 receptor activation promotes the production and release of BDNF, which,
via TrkB, downregulates KCC2 and disrupts Cl- homeostasis, altering GABAA receptor postsynaptic
inhibitory control and leading to neuronal hyperexcitability [109–111]. A3AR activation reverses these
situations. The use of A3AR agonists maintains the phosphorylation status of GAD65 and GAT-1,
which stabilizes and activates GAD65 and leads to the internalization and inactivation of GAT-1 [146].
In addition, A3AR agonists enhance KCC2 phosphorylation, increasing its activity [146]. Therefore,
the activation of A3AR allows the increase of GABA levels and the restoration of inhibitory actions of
GABA in the spinal cord, alleviating neuropathic pain. Moreover, A3AR activation also diminishes
the production of pro-inflammatory cytokines (TNF-α and IL-1β) and enhances the formation of
anti-inflammatory cytokines (IL-10) in the spinal cord by inhibiting the p38/MAPK and NF-kB signaling
pathways [143,147,148]. This enhances the reduction of glial activation, decreasing neuroinflammation
and pain hypersensitivity.

In recent years, antinociceptive properties of A1AR and A2AAR agonists have been the most
studied targets of adenosine signaling to relieve acute and chronic pain. However, A3AR agonists have
increased in importance in pain treatment since they avoid the undesirable cardiovascular side effects
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of A1AR and A2AAR agonists [149,150]. For this reason, the use of selective A3AR agonists seems
promising as a safe and effective analgesic treatment for chronic pain, and it is also being considered to
treat endometriosis-associated pain.

5. Perspectives of ATP and Adenosine Signaling Modulation: Possible Tools to Treat
Endometriosis-Associated Pain

Most medical treatments for endometriosis are aimed at relieving the chronic pain associated with
the disease, but in many cases endometriosis-associated pain symptoms are not improved, and, if they
are, they return with treatment cessation (reviewed in [53]).

As we try to document in this review, there is clear involvement of purinergic signaling in the
generation and modulation of the sensation of pain. ATP participates in the hyperexcitability of sensory
neurons and the development and maintenance of different types of pain (nociceptive, inflammatory,
and neuropathic). Evidence mostly suggests ATP is responsible for triggering nociceptive pain, as
well as inflammatory responses in the body, in contrast to adenosine. ATP also influences fecundation,
endometrial receptivity, and embryo implantation [2].

In endometriosis, the adhesion of viable endometrial cells to establish an ectopic endometriotic
focus triggers signals of injury and promotes the activation of an immune system that is inefficient in
clearing ectopic cells. This situation is reflected in a significant increase in extracellular ATP levels
in the endometriotic lesion. The ATP-rich microenvironment of the endometriotic lesion contributes
to the two main symptoms of endometriosis: pain and infertility. The increase in ATP levels is
enhanced by the loss of expression of certain ectonucleotidases in endometrial ectopic cells, prolonging
signaling and activating pain. It seems, then, reasonable that development of therapeutic approaches
for endometriosis-associated pain be based on achieving a decrease in ATP levels and their signaling
cascade, and/or increased adenosine levels and activation of their receptors. Despite the potential
of purinergic-based drugs and their analgesic effects in various pain models, there is no medication
presently available for clinical use.

Currently, most pharmacological therapies for endometriosis are hormonal therapies. Neither
these nor surgical treatment are compatible with the pregnancy desire of women with endometriosis,
and it is usually a matter of choosing between alleviating symptoms and getting pregnant.
A non-hormonal alternative to alleviate endometriosis-associated pain may lie in purinergic-based
drugs. The development of clinical drugs targeting purinergic receptors is not free of difficulties, such
as the ubiquitous expression and wide action of purinergic receptors throughout the body, and the
large number of receptor subtypes combined with a lack of complete knowledge of their physiological
and pathophysiological functions.

We present below a selection of potential purinergic signaling targets for pharmacological
treatment of endometriosis-associated pain, without ruling out their utility in the improvement of the
fertility of these women.

(I) P2 Receptor Antagonists

ATP, through P2X and P2Y receptors, induces cell signaling directly involved in hyperexcitability
of sensory neurons and sustained glial cell reactivity in neuropathic pain. P2 receptor antagonists and
other molecules that alter their function have been used to describe the involvement of ATP in pain
signaling. Moreover, the attenuation of nociception, hyperalgesia, and allodynia by blocking some P2
receptors suggests that P2 receptor-related drugs are potential candidates for the treatment of chronic
pain conditions. In fact, P2X3 receptors of sensory neurons seem to be the main receptors involved in
pain, and P2X4 and P2X7 receptors appear to be key elements in neuropathic and inflammatory pain
for their function in glial and immune cells.

P2X3 receptor is involved in the development and progression of endometriosis-associated
pain [81,82,86,87], and there is a growing interest in the development of substances to interfere or
inhibit its function. A P2X3 antagonist, MK-7264/AF-219, known as gefapixant, is currently being
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tested in various advanced clinical trials with subjects with pulmonary disease and chronic cough
(NCT01432730, NCT02502097, and NCT02477709). Recently, a clinical trial has been begun to evaluate
the efficacy and safety of gefapixant in women with endometriosis-associated pain (NCT03654326).
Experimental evidence of the relief of endometriosis-related pain has been obtained with the use of
P2X3 receptor antagonists (e.g., A-317491), in endometriosis-induced animal models [87].

The use of P2X4 receptor antagonists (such as CORM-2, 5-BDBD, and NP-1815-PX) and P2X7
receptor antagonists (such as AZD9056 and AZ11645373) has been reported to inhibit microglia
activation, significantly reducing inflammation and alleviating pain (reviewed in [151,152]). Although
the administration of AZD9056 yielded good results in pain models in animals, clinical trials were
not successful in alleviating symptoms in patients with rheumatoid arthritis, a chronic inflammatory
disorder [153]. This suggests that new pharmacological strategies with P2X4 and P2X7 as targets are
needed to achieve the desired clinical results in the treatment of inflammation and pain in endometriosis.

P2Y receptors are also potential pharmacological targets. For example, P2Y12 receptor regulates
microglial activation and the neurotransmission of the excitatory signal in spinal cord neurons;
the administration of P2Y12 antagonists blocked microglia action in nerve injury-induced pain
models [115,154]. There are clinical trials with P2Y12 antagonists, in cardiovascular pathologies, but not
yet in pain. However, the antithrombotic actions of P2Y12 antagonist drugs could certainly complicate
their use.

(II) The Control of ATP Release

ATP release can occur via vesicular and non-vesicular mechanisms. Targeting ATP release on the
endometriotic lesions, on sensory and central neurons, would represent a fine-tuning regulation of the
P2 receptors involved in pain.

Vesicular ATP release involves the mechanism of exocytosis. Vesicular nucleotide transporter
(VNUT), encoded by SLC17A9 gene, is responsible for the vesicular storage and release of ATP in neurons,
astrocytes, and microglia [155,156]. It is known that secretion of ATP through VNUT-dependent
vesicular release mechanisms is involved in purinergic signaling in pain and inflammation [155].

After peripheral nerve injury, increases in VNUT expression and extracellular ATP levels are
detected in spinal cord [156]. Masuda et al. showed that mice lacking VNUT in the dorsal horn
neurons reduced the alloydina evoked by peripheral nerve injury. This did not occur with mice lacking
VNUT in primary sensory neurons, astrocytes, or microglia. Increased extracellular ATP levels and
neuropathic pain were restored in these mice lacking VNUT in dorsal horn neurons when VNUT
expression was restored [156].

Clodronate and etidronate are biphosphonates used in osteoporosis therapy that have analgesic
properties. In vitro assays demonstrated that they inhibited VNUT, leading to the modulation of ATP
release and purinergic transmission [157,158]. In addition, in vivo studies with clodronate showed
attenuation of neuropathic and inflammatory pain [158]. As clodronate is approved for clinical use in
the treatment of osteoporosis and its safety is proven, it may be a good candidate for the treatment of
endometriosis-associated pain.

ATP release in neurons, astrocytes, and microglia also occurs through membrane channels, such as
pannexin hemichannels, connexins, and the P2X7 receptor itself. In recent years, a wealth of evidence
has pointed to pannexin-1 [124,159,160] and connexin-43 (reviewed in [161–163]) as crucial elements in
the induction and maintenance of chronic pain. These ATP-permeable channels are, therefore, pain
relief targets for further investigation.

(III) Recombinant Ectonucleotidases

In endometriosis, a loss of ectonucleotidase expression is reported in association with the severity
of the disease. This might contribute to a rise in ATP levels. Restoring the ectonucleotidase activity in
the endometriotic tissue would consequently reduce ATP-induced pain and enhance the antinociceptive
effects of adenosine in the pain pathway.
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CD39, CD73, and prostatic acid phosphatase (PAP) have been described as the main
ectonucleotidases involved in the production of adenosine in DRG and spinal cord neurons [128,164].
A single intrathecal injection of recombinant soluble CD73 or PAP had long-lasting antinociceptive
effects, dependent on A1AR activation, including antihyperalgesic and antiallodynic effects, in naïve
mice and in mouse models of inflammatory and neuropathic pain [165,166].

Recombinant ectonucleotidases are potential tools for endometriosis-associated pain treatment.
Additional preclinical and clinical studies are required to confirm their benefit in inflammatory and
neuropathic pain.

(IV) P1 Receptor Agonists

Adenosine has a limited use due to its short life in vivo. Alternatively, agonists and positive
allosteric modulators of AR have been described as pharmacological tools to treat inflammation and
pain (reviewed in [167–169]). Their analgesic and anti-inflammatory effects have been studied with
A1AR, A2AAR, and A3AR agonists. The controversial role of A2BAR limits their therapeutic use.

Several preclinical and clinical trials with agonists of A1AR (e.g., GW493838 and NCT00376454)
and A2AAR (e.g., BVT.115929 and NCT00452777) have been performed. Despite the good results of
AR agonists in several pain models [126,132–135], the lack of analgesia in humans together with the
evidence of undesirable side effects, such as cardiovascular involvement, jeopardizes their use in any
therapy [168,169].

On the other hand, preclinical and human clinical studies with A3AR agonists did not have
significant side effects [170]. Antinociceptive effects have been described with the use of moderately
selective agonists of A3ARs, such as IB-MECA and Cl-IB-MECA, and highly selective agonists, such as
MRS5698 and MRS5980. In general, A3AR agonists tend to restore the altered pain signaling of chronic
pain. For example, A3AR agonists decrease glial activation and the generation of pro-inflammatory
cytokines [143,147,148], increase the production of anti-inflammatory cytokines [147,148], and restore
the inhibitory action of GABA [146]. Interestingly, A3AR agonists selectively modify pathological
pain but seem not to alter protective pain [171]. Phase II and III clinical trials with IB-MECA have
been completed in rheumatoid arthritis (NCT01034306) and psoriasis (NCT01265667), respectively.
A phase II clinical trial with Cl-IB-MECA was also completed in chronic hepatitis C (NCT00790673).
Moreover, Cl-IB-MECA is currently in phase II for its antitumor effects in hepatocellular carcinoma
(NCT02128958). Although these clinical trials do not attend to their effectiveness in chronic pain, the
safety profile in chronic inflammatory diseases, liver disease, and cancer envisages an optimistic future
in the pharmacological treatment of neurophatic endometriosis-associated pain.

Several studies have demonstrated that acupuncture improves endometriosis-associated
pain [54,172,173]. Interestingly, mechanisms underlying acupuncture-induced analgesia involve
purinergic signaling [174–176]. Acupuncture produces local release of ATP leading to the activation of
purinoreceptors on sensory nerve endings, triggering the neurotransmission of pain signal to brain.
Local release of adenosine in certain centers of the brain cortex can modulate and inhibit pain sensation
through the activation of AR, mainly A1AR [175,177]. Thus, acupuncture is a possible complementary
treatment to relieve endometriosis-related pain.

In addition, the potential analgesic effect of adenosine receptor antagonists such as caffeine
has also been studied. Caffeine, at low doses, and in combination with analgesic drugs, acts as
an adjuvant (reviewed in [178]). At dietary levels, caffeine has a high affinity for A1, A2A, and
A2BARs [179]. Adenosine-based mechanisms involved in caffeine pharmacological antinociception
are attributed to the A2A and A2BAR blockade [178]. Despite its auspicious effects, caffeine has
not been tested in endometriosis-associated pain. In fact, we predict that the use of caffeine in
relieving endometriosis-associated pain is a complex matter due to the role of caffeine in female
hormone pathways, in turn influencing the endometriosis outcome [180–182]. Moreover, no consistent
association has been found between coffee/caffeine intake and the risk of this hormone-dependent
disease [183–185]. Furthermore, the inhibition of A1AR by caffeine might interfere with the effectiveness
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of several analgesic agents and treatments, e.g., acupuncture (reviewed in [178]), which should be
taken into account in the clinical management of patients.

(V) Inhibitors of Equilibrative Nucleoside Transporters

In contrast to ATP, adenosine is neither stored nor released in synaptic vesicles. However, adenosine
can be released by the cell via nucleoside transporters. One way to increase local extracellular adenosine
levels and the concomitant antinociceptive signaling is the blocking of the equilibrative nucleoside
transporters (ENTs). ENTs regulate facilitated diffusion and bidirectional nucleoside transport across
the cell membrane, following the concentration gradient, in a number of tissues, including central
nervous system. ENT-1 is highly expressed in superficial dorsal horn laminae and in DRG, colocalizing
with A1 and A2AR [186,187].

Maes et al. demonstrated that systemic administration of ENT-1 inhibitors can reverse hyperalgesia
in guinea pig inflammatory pain models [188]. The mechanism underlying this analgesia seems to
be the blocking of adenosine reuptake into cells, allowing greater activation of A1 and A2AR [188].
These results show that it is necessary to investigate the potential therapeutic effect of ENT inhibition.
Moreover, the use of ENT inhibitors in combination with AR agonists or ADA inhibitors might enhance
the antinociceptive effects of these molecules.

Consequently, the use of ENT inhibitors for analgesia in endometriosis is worth studying.

(VI) Inhibitors of AK and ADA

Adenosine metabolism is mainly the responsibility of AK and ADA enzymes; their inhibition would
result in an increase in local extracellular adenosine levels, enhancing their antinociceptive signaling.

Several studies have shown that the supply of an orally active non-nucleoside AK inhibitor
(ABT-702) produced effective antinociceptive and anti-inflammatory effects both in vitro and
in vivo [189–191]. Increased adenosine concentration by AK inhibition seems to produce therapeutic
effects through the activation of A1 and A2AAR [192]. Moreover, its pharmacological action is achieved
with lower doses than with AR agonists, thus reducing the probability of producing psychomotor
and cardiovascular side effects. Nevertheless, other AK inhibitors have toxic side effects, such as
neurotoxicity (reviewed in [192]). The findings about ABT-702 indicate this to be an efficient and
safe drug for the treatment of neuropathic pain and inflammatory states. Studies of the effects of
ABT-702 in induced-endometriosis animal models are needed to assess its utility in therapies against
endometriosis-associated pain.

It is notable that ADA, another metabolic enzyme of adenosine, and AK have different kinetics: with
low or moderate inflammation, AK is the one modulating adenosine levels; with greater inflammation,
where there is a substantial elevation of adenosine levels, ADA activity gains importance [193]. Hence,
the effect of their inhibitors would also vary depending on adenosine levels in the environment. While
the antinociceptive effect of AK inhibitors has been demonstrated, inhibition of ADA does not produce
an intrinsic antinociceptive effect without very high levels of adenosine [194]. This is why the use of
ADA inhibitors is only considered as an enhancer of the antinociceptive effects of AK inhibitors [195].
ADA inhibitors, such as deoxycoformycin, have been shown to have anticancer effects and to be useful
in the treatment of infectious diseases [196–198]. Unfortunately, these compounds are usually toxic at
effective doses [196,198–200]. The co-administration of AK inhibitors, such as ABT-702, with ADA
inhibitors at lower doses as adjuvants, seems to be a suitable strategy for analgesia in endometriosis
patients, but exhaustive prior safety studies are required.

6. Conclusions

Pain has a strong impact on the quality of life of women with endometriosis. Current surgical
and pharmacological treatments for endometriosis have as their primary goal the relief of pain.
Nevertheless, these treatments have a limited success rate and in general hamper pregnancy.
Although there is increasing understanding of the essential role of purinergic signaling in the
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development and progression of nociceptive, inflammatory, and neuropathic pain, its implication in
endometriosis-associated pain is still poorly studied. In this review, we examine the role of purinergic
signaling, and particularly the role of extracellular ATP as a triggering factor for acute and chronic
pain signaling, in the context of endometriosis.

Ectonucleotidases, the enzymes regulating ATP levels in the extracellular milieu, are altered in
endometrial tissue in endometriosis. Of note is the decrease in the expression of the CD39–CD73 axis
that supports the hypothesis of ATP (rather than adenosine) accumulation. Concomitant sustained
activation of P2 receptors, capable of generating a persistent pain message, is compatible with the
onset and maintenance of endometriosis-associated pain. It is known that P2X3 receptor, expressed
in sensory neurons, mediates nociceptive, neuropathic, and inflammatory pain, and it is enrolled
in endometriosis-related pain; therefore, pharmacological P2X3 inhibition is a worthy candidate
for testing; in this sense, the use of the P2X3 receptor antagonist gefapixant is under clinical study.
Although the P2X3 receptor fulfills the requirements to be a suitable molecule to be targeted, other
ATP receptors have to be considered as well, such as the P2X4 and P2X7 receptors that are involved in
macrophage–nerve and microglia–nerve interactions, promoting a persistent inflammatory state and
the chronification of pain. P2X4 receptor triggers the generation of the inflammatory pain sensitization
mediator PGE2 and is involved in the decrease of inhibitory control of GABAergic interneurons in
neuropathic pain. In contrast, P2X7 receptor promotes the maintenance of neuropathic pain through
the FKN/CX3C/CX3CR1 pathway, which seems to be altered in endometriosis. The use of P2X4 and
P2X7 antagonists has yielded good results in reducing inflammation and alleviating pain in animal
models. However, a clinical trial with the P2X7 receptor antagonist AZD9056 has been unsuccessful in
a chronic inflammatory disorder, rheumatoid arthritis.

P2Y1 and P2Y2 receptors are involved in the activation and regulation of P2X3 and TRPV1 receptor
ion channels of nociceptors. Moreover, microglial P2Y12 and P2Y13 receptors activation triggers the
release of pro-inflammatory cytokines, increasing excitatory synaptic transmission in the dorsal horn.
Although P2Y receptors are involved in the modulation of pain, there are no clinical trials evaluating
the use of P2Y antagonists in pain.

In addition, the antinociceptive and anti-inflammatory actions of the ARs, mainly A1AR and
A3AR, have encouraged studies using agonists of these receptors for the treatment of pain and chronic
inflammatory diseases. With the current knowledge, A3AR-targeting drugs are potential tools to
treat neuropathic pain, as well as endometriosis-associated pain, but clinical studies in this regard
are needed.

In summary, purinergic signaling-based strategies need to be further explored in the medical
management of endometriosis-associated pain. This will also improve treatment of other symptoms of
endometriosis, such as infertility, in which purinergic signaling also plays a role.
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Abstract: Neonatal seizures are one of the most common comorbidities of neonatal encephalopathy,
with seizures aggravating acute injury and clinical outcomes. Current treatment can control early
life seizures; however, a high level of pharmacoresistance remains among infants, with increasing
evidence suggesting current anti-seizure medication potentiating brain damage. This emphasises the
need to develop safer therapeutic strategies with a different mechanism of action. The purinergic
system, characterised by the use of adenosine triphosphate and its metabolites as signalling molecules,
consists of the membrane-bound P1 and P2 purinoreceptors and proteins to modulate extracellular
purine nucleotides and nucleoside levels. Targeting this system is proving successful at treating
many disorders and diseases of the central nervous system, including epilepsy. Mounting evidence
demonstrates that drugs targeting the purinergic system provide both convulsive and anticonvulsive
effects. With components of the purinergic signalling system being widely expressed during brain
development, emerging evidence suggests that purinergic signalling contributes to neonatal seizures.
In this review, we first provide an overview on neonatal seizure pathology and purinergic signalling
during brain development. We then describe in detail recent evidence demonstrating a role for
purinergic signalling during neonatal seizures and discuss possible purine-based avenues for seizure
suppression in neonates.

Keywords: neonatal seizures; development; ATP; purinergic signalling; P2X7 receptor

1. Introduction

Neonatal seizures are a clinical emergency affecting 3–5 out every 1000 live births and are one of
the most common comorbidities of neonatal encephalopathy, with seizures aggravating acute injury
and clinical outcomes [1,2]. Neonatal seizures result in a mortality rate up to 20% and contribute
to long-term outcomes including epilepsy, cerebral palsy, developmental delay and psychomotor
deficits [3,4]. Current treatment strategies aim to reduce the hyperexcitability of brain tissue via the
use of anti-seizure drugs (ASDs), with phenobarbital being the first-line drug for neonatal seizures.
ASDs, however, fail to resolve seizures in 50% of infants and may exacerbate symptoms and later life
neurological deficits [2,5]. Therefore, there is a pressing need to identify novel treatment options with
higher response rates and without affecting normal development of the brain.

Purinergic signalling refers to the extracellular communication between cells mediated via purine
nucleotides and nucleosides, such as adenosine triphosphate (ATP) and adenosine. The purinergic
system involves a complex regulatory machinery including regulatory proteins of purine release and
uptake, cell membrane receptors and metabolizing enzymes to remove purines from the extracellular
space [6,7]. Research over the past decades has demonstrated purinergic signalling to be involved
in literally all human pathological conditions ranging from bone diseases, cancer and diabetes to
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diseases of the central nervous system (CNS) [8]. In the CNS, targeting different components of the
purinergic signalling cascade has been proposed as a potential treatment strategy for a range of different
diseases including chronic neurodegenerative diseases (e.g., Alzheimer’s disease), psychiatric diseases
(e.g., depression), neurological disease epilepsy and acute insults to the brain such as a stroke or
traumatic brain injury [9–11]. Emerging evidence also suggests a role for purinergic signalling
during early developmental disorders such as schizophrenia and autism spectrum [8,12]. Early brain
development comprises a sequence of specific events including proliferation (neurogenesis/gliogenesis),
differentiation, migration of neuronal precursors, neuronal network formation and synaptogenesis.
Critically, purinergic signalling has been shown to be involved in all of these processes [13]. More recent
data now also suggests purinergic signalling to be involved during acute insults to the immature brain
including neonatal seizures [14].

In this review, we first provide a summary of neonatal seizures, including current treatments and
animal models for its study. We then summarize the different elements of the purinergic system and its
role during CNS development. Finally, we discuss current knowledge regarding the role of purinergic
signalling during neonatal seizures and provide potential directions for future research.

2. Neonatal Seizures

Seizures are a period of excessive and highly synchronous neuronal brain activity and are one of
the most common neurological disorders in newborns admitted to the intensive care unit [2]. Normally,
seizures are indicative of an underlying dysfunction in the brain. Early life seizures are widely described
as a neurological emergency due to a mortality rate as high as 23% and are well documented to cause later
life comorbidities such as postnatal epilepsy and global neurodevelopmental delay [3,15]. A seizure
is presented when the physiology of the brain abnormally favours excitatory neurotransmission,
i.e., promotion of glutamatergic and disinhibition of γ-aminobutyric acid (GABA)ergic transmission.
The neonatal brain is in a hyperexcitable state, essential for normal brain development including
processes such as synaptogenesis, dendritic spine density development, glial proliferation, myelination
and axon guidance [16,17]. Unfortunately, this hyperexcitable state renders the neonatal population at a
greater risk to develop seizures particularly within the first two days of life [18,19]. In fact, the incidence
rate of seizures in neonates is between 1.8–3.5 per 1000 live births and 10-fold higher in pre-terms [20,21].
Furthermore, any interference, such as a seizure, during these critical neurodevelopmental mechanisms
may produce serious consequences persisting into adulthood. For example, early elevated inflammation
is associated with network reorganisation with the potential for epileptogenic circuits and psychiatric
disorders, as seen in animal models [16,22–24]. Depending on the study, 20–50% of seizure survivors
will express some form of neurodevelopment disability in later life [3,25]. In fact, a comprehensive
review of studies which evaluated an overall population of 4538 newborns with neonatal seizures
observed that 17.9% developed postneonatal epilepsy [26].

2.1. Aetiologies of Neonatal Seizures

Presentation of neonatal seizures is most commonly symptomatic of an underlying aetiology
rather than idiopathic. Many risk factors associated with neonatal seizures are related to a metabolic
imbalance during pregnancy or immediately postdelivery, including perinatal infection, hypoglycaemia
and intracranial haemorrhage [4,15,27]. Moreover, rare cases of an inborn genetic component of
neonatal seizures exist, with the majority altering metabolic pathways, including KCNQ2 mutations,
infantile hypophosphatasia (mutations in the tissue nonspecific alkaline phosphatase (TNAP))
and propionic acidaemia (deficiency of propionyl-CoA carboxylase) [27]. However, the most common
aetiologies of neonatal seizures are acute neurological insults to the brain that limit oxygen and glucose
delivery. This includes ischemic stroke; intracranial haemorrhage; and the most common cause,
accounting for 40–60% of neonatal seizure cases, hypoxic-ischemic encephalopathy (HIE) [28–30].
Birth asphyxia, that precedes HIE, is the third most common cause of neonatal mortality (23%),
behind infection (36%) and preterm births (28%) [31]. HIE is caused by events that limit efficient
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oxygen delivery to the preterm or neonatal brain tissue, such as foetal distress or placental pathology.
However, neonatal seizures are only presented in moderate or severe HIE [32,33]. Neonatal seizure
aetiology can be difficult to determine, with the timing of the first seizure normally a good indicator.
In line with this, HIE-induced seizures usually present within the first 48 h of life with the other
aetiologies having a later seizure onset [34].

2.2. Animal Models of Neonatal Seizures

Clinical investigation can provide information on aetiologies and consequences of neonatal
seizures; however, animal studies are a requirement to elucidate pathogenic mechanisms and possible
novel treatments. Many animal models of neonatal seizures are derivatives of adult seizure models.
This is typical of models where a chemoconvulsant (e.g., kainic acid (KA), pentylenetetrazole (PTZ)
or flurothyl) is used to trigger seizures [35–38]. Direct delivery into the brain of KA, a glutamate
receptor agonist, to illicit seizures was first achieved by Ben Ari et al. in 1978 [39]. This model
can be translated for use in neonatal rats (P10), in which Mesuret et al. microinjected KA into the
amygdala to illicit electrographic nonterminating seizures that persist for at least 1 h, with hippocampal
neuronal damage observed 72 h later [40]. An intraperitoneal injection of PTZ, a GABAA receptor
antagonist, can also induce neonatal seizures at any age; however, the pattern of seizures and dose
required is age-dependent [41]. It is also possible to illicit seizures with multiple low doses of PTZ [42].
These models are widely used to screen preclinical and currently available drugs at various ages
ranging from neonatal to adult [43]. PTZ-induced neonatal seizures at P10 in rats produced neuronal
damage yet not neuronal death, a feature common among neonatal seizure models [44]. Despite these
models not encompassing a translatable seizure induction to the clinic, they are extremely useful in
investigating seizure pathophysiology. However, before stark conclusions can be made, results must
be validated in a model more similar to the human condition.

With limited oxygen and glucose delivery predominately responsible for most neonatal seizure
cases, many experimental models are built to recapitulate clinical features of HIE and subsequent
seizures. The Rice–Vannucci model, first published in 1981, was first to encapsulate features of
neonatal ischemia and is the basis of current animal models in which hypoxia-ischemia induces
neonatal seizures [45]. This model involves ligating the common carotid artery unilaterally (MCAO
(medial carotid artery occlusion)), followed by a brief period of hypoxia in neonatal rats (P7). This was
developed from a previous model of hypoxia ischemia in adult rats [46]. Further reiterations of
the Rice–Vannucci model have been utilised that vary in the degree of the hypoxia insult (8% O2,
for 30 min–2.5 h), the species of rodent and the age of the rodent used (P2—adulthood). This model
is primarily used to study HIE. However, using video-electroencephalogram (EEG), Cuaycong et al.
validated this model for use in neonatal seizures in which a period of 90 min hypoxic (8% O2) insult is
required to illicit acute seizures in P10–12 rats [47]. Kadam et al. also observed epileptogenesis in this
model (P7 rats, MCAO and 8% O2 for 2 h), with 56% of rats developing spontaneous seizures in later
life [48]. The age of the rodent is an important consideration to make due to the neurodevelopment of
the rodent occurring rapidly. P7 age is widely used as it relates to the same brain maturation state
as 36-week gestation in a human infant, the final week of gestation, with P10 representing a term
infant [49].

More recently, mice have been utilized for neonatal seizure studies by using either a combination
of MCAO and hypoxia [50] or hypoxia alone [51,52]. In 2015, Rodriguez et al., building upon these
studies, developed a noninvasive model of global hypoxia in mice [53]. Briefly, P7 mice were subjected
to 15 min of hypoxic conditions (5% O2) and presented with symptomatic seizures during at least
1 h post-hypoxia. When assaying other ages, mice either had high mortality or did not present with
seizures, highlighting how the age of mice must be carefully considered. This model also encapsulates
post-seizure morbidity, with mice who underwent infantile hypoxia showing an increased seizure
susceptibility and development of multiple behavioural deficits in later life. These studies invite the
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use of transgenic mouse lines in neonatal seizure studies. This could add great power by dissecting the
complex network of pathophysiological systems following a neonatal insult.

2.3. Current Treatment for Neonatal Seizures

Treatment for neonatal seizures with a known genetic or metabolic component can be relatively
simple. For example, seizures attributed to a mutation in the TNAP gene resulting in hypophosphatasia,
a deficiency in vitamin B6 metabolism, can be controlled with pyridoxine, the phosphorylated form of
vitamin B6 [54,55]. Acute symptomatic seizures, such as those following HIE in infants, have proven
much harder to treat. The current standard of care for HIE is to initiate therapeutic hypothermia,
and if neonatal seizures are present, a course of at least one anti-seizure medication as well [56,57].
Therapeutic hypothermia has proved very successful to reduce the acute seizure burden and mortality
following HIE [58–60]. Unfortunately, therapeutic hypothermia is only effective to reduce the seizure
burden in moderate HIE cases and not in severe cases [59]. Therapeutic hypothermia’s ability to prevent
the later life comorbidities remains inconclusive due to the limited number of studies investigating
this. Rates of developing cerebral palsy and neurodevelopmental delay were reduced following
therapeutic hypothermia when examined at 18–22 months [60]; however, no significant conclusion
regarding therapeutic hypothermia’s ability to prevent disability could be made when followed up in
later life [61].

For acquired seizures not initiated by HIE, currently, the only treatment strategy is anti-seizure
medications, which act to inhibit excitatory glutamatergic or promote GABAergic neurotransmission.
These medications are useful and certainly are effective in many cases, yet a level of pharmacoresistance
remains, particularly in symptomatic neonatal seizures [62]. Also, concerns have been raised with
safety of anti-seizure medications in the developing brain. The three most popular anti-seizure
drugs, phenobarbital, valproate and phenytoin, that all act upon different neurotransmitter systems,
have all been shown to induce apoptotic neurodegeneration in the developing rodent brain [63].
This can be attributed to the developmental expression levels of these neurotransmitter systems,
and hence, the onset of certain drug administration needs careful consideration. The first-line
anti-seizure medication is phenobarbital, acting as a positive allosteric modulator of the GABAA

receptor. However, phenobarbital remains ineffective in around 50% of neonates to manage seizures [64].
In the immature brain, GABAA activation leads to an efflux of chloride ions to promote excitatory
neurotransmission needed for natural brain development [65,66]. Nevertheless, this makes the
immature brain more susceptible to seizures and therapies targeting GABA may even potentiate
seizures and excitotoxicity. There are multiple studies raising concern with phenobarbital’s safety due
to potentiation of neuronal damage and behavioural deficits observed in rodent models [5,67,68] and
various reports of patients developing behavioural abnormalities in later life [69]. In fact, Torolina et al.
observed that phenobarbital and midazolam exacerbate neonatal seizure damage even at subclinical
doses [68]. Due to the damage seen with current medications, careful consideration is needed
to outweigh the risks of seizure management with the possibility to potentiate neuronal damage.
Therefore, there is an urgent need to develop new treatments that act upon nonclassical mechanisms of
seizure prevention with minimal impact on neurodevelopment. Furthermore, there is limited evidence
of therapies to protect against long-term consequences of neonatal seizures, and as such, current clinical
focus is targeting initial neonatal seizure [4,70]. In recent years, with better standard of care and earlier
diagnosis for neonates, mortality rates have decreased, yet the levels of later life neurological sequelae
remain unchanged [71,72], suggesting that current medications are not tackling this aspect effectively.

3. The Purinergic System

Purinergic signalling represents probably one of the most ancient cellular signalling systems.
Accordingly, purinergic signalling is an essential signalling system employed by the majority of cells
across species with key roles during health and disease [73]. Purinergic signalling comprises a complex
regulatory system including nucleoside and nucleotide channels and transporters, purinergic receptors,
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ectonucleotide-metabolizing enzymes and ectonucleoside transporters [10] (Figure 1). The particular
high expression of different components of the purinergic system within the CNS highlights its
importance in normal brain function. As such, purinergic signalling is involved in a plethora of different
cellular pathways including synaptic transmission, in which purine nucleotides and nucleosides act
as neuro- and gliotransmitters or modulators [74–76]; cell proliferation and differentiation [77,78];
mediation of communication between astrocytes and reciprocal communication between neurons and
glia [79–81]; and inflammatory processes [82–86]. The following section will briefly introduce the
different components of the purinergic system and highlight their relevance to normal brain function.

Figure 1. Purine release mechanisms: purines such as ATP and adenosine can be actively released
from neurons and glial cells including microglia and astrocytes or passively from damaged or dying
cells. Schematic showing the different release mechanisms including exocytotic and non-exocytotic
mechanisms. Exocytotic mechanisms require previous storage of nucleotides via the vesicular nucleotide
transporter (VNUT) in secretory/synaptic vesicles. Non-exocytotic mechanisms include the release of
nucleotides by different types of channels, such as anion channels, pannexins and connexins. In contrast
to ATP, adenosine can also be released into the extracellular space via Concentrative Nucleoside
Transporters (CNTs) and Equilibrative Nucleoside Transporters (ENTS). Released nucleotides activate
P2X and P2Y receptors localized on neuronal or glial membranes. Simultaneously, the hydrolysis
of nucleotides by ectonucleotidases produces adenosine which, in turn, activates P1 receptors.
Abbreviations: NTs, nucleotides; Ado, adenosine; VNUT, vesicular nucleotide transporter; CNTs,
Concentrative Nucleoside Transporters; ENTs, Equilibrative Nucleoside Transporters.
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3.1. Purine Release

The release of ATP and other nucleotides and nucleoside including adenosine into the extracellular
space occurs via different mechanisms depending on cell type and physiological context. Non-exocytotic
mechanisms include anion channels, such as plasmalemma voltage-dependent anion channels [87];
ATP-binding cassette transporters, such as the cystic fibrosis transmembrane conductance regulator
Cl− channel [88]; the purinergic P2X7 receptor [89,90]; and hemichannels, including connexin-43 [91]
and pannexins [92,93]. The pannexin family comprises three members: Pannexin 1 (Panx1), Panx2 and
Panx3 [94]. Among members of this family, Panx1 is the only one which forms functional channels
and is expressed in both neuronal and glial cells in the brain [95,96]. Panx1 can be activated by
different mechanisms including depolarization, mechanical stress or elevated intracellular Ca2+

concentrations [97–100]. Moreover, Panx1 may also contribute to ATP release after P2X7 activation,
suggesting a direct connection between P2X7 and Panx1 [93,101]. Release of ATP and other nucleotides
via exocytosis in the CNS has been reported from several cell types including neurons [102,103],
astrocytes [104] and microglia [105]. Finally, the Cl−-dependent vesicular nucleotide transporter
(VNUT) has been described to mediate the storage of ATP and other nucleotides in secretory and
synaptic vesicles [106]. This transporter is highly expressed in different brain regions including the
olfactory bulb, hippocampus and cerebellum [103] and has been shown to be functional in different
types of neurons [102,107–109] and populations of glial cells [104,105,109].

3.2. The Purinergic Receptor Family

Nucleotides and nucleosides activate a large number of different cell-surface receptors divided into
two major families termed purinergic P1 and P2 receptors. Whereas P1 receptors respond to adenosine
and adenosine mono-phosphate (AMP), P2 receptors can be activated by ATP, adenosine diphospate
(ADP), uridine triphospate (UTP), uridine monophosphate (UDP), nucleotide sugars, dinucleoside
polyphosphates and NAD+ [75].

3.2.1. P1 Receptor Family

P1 receptors are G protein-coupled and include four isoforms: A1, A2A, A2B and A3 receptors.
While in general A2A and A2B receptors induce the production of cyclic AMP (cAMP) via the Gs
family, A1 and A3 receptors are usually coupled to Gi/o proteins, thereby inhibiting the production of
cAMP. Other G protein combinations have, however, been described [110,111]. In the CNS, adenosine
plays several roles, such as the modulation of neural and glial functions, neuron-glia signalling,
neural development and the control of neurotransmitter release [112–116], with adenosine receptors
expressed in both neurons and glia (astrocytes and microglia). Among the different P1 receptor subtypes,
A1 and A2B receptors are usually associated with physiological neuronal processes (e.g., control of
neurotransmitters release [117,118]) whereas A2A and A3 receptors are thought to be mostly activated
under pathological conditions (e.g., epilepsy, neuropathy, neurodegenerative disorders or psychiatric
conditions [119–122]). Because the dysregulation of the adenosinergic system is implicated in different
pathologies, several studies have focused on this system as an avenue for new treatments. While A2A

inhibition has shown neuroprotective properties during clinical trials in patients with Parkinson’s [123],
the activation of A1 receptors has been shown to reduce chronic pain [124] and to protect against
epilepsy [125] and cerebral ischemia [126].

3.2.2. P2 Receptor Family

Among the P1 receptors, the A1 receptor subtype presents the most extensive distribution in
the CNS, including limbic and neocortical brain regions, basal ganglia, brainstem, diencephalon
and cerebellum. Regarding its cell type-specific expression, A1 receptor subtypes have been shown
to be expressed in neurons, astrocytes, oligodendrocytes and microglia. A1 receptors, via Gi and
Go interaction, inhibit adenyl cyclase with the subsequent decrease of cAMP levels, reduction of
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protein kinase A activation and inhibition of GABA uptake into astrocytes [127,128]. A1 receptor
activation has been linked to several pathological conditions including neurodegeneration, pain and
seizures [129–133]. Counteracting increased hyperexcitability states in the brain, A1 receptors mediate
the inhibition of N-type calcium channels and the activation of G protein-coupled inwardly rectifying
potassium channels [134,135], block presynaptic glutamate release and decrease the activation of the
postsynaptic glutamate receptor N-methyl-d-aspartate receptor (NMDA), resulting in the suppression
of neuronal activity [136,137]. The expression of A2A receptors is mainly located at the postsynaptic
region of the encephalin-containing medium spiny neurons of the indirect pathway of the basal ganglia.
A2A receptors are related to the activation of adenylate cyclase [138] through its coupling with Gs
proteins. A2A receptor activation promotes the increase of NMDA receptor function and glutamate
release at glutamatergic axon terminals [139–142]. Similar to A2A receptors, A2B receptors also activate
adenylate cyclase and are ubiquitously expressed in the brain. However, there is not a clear link
between these receptors and physiological or behavioural responses most likely due to the lack of
specific agonists or antagonists. Finally, A3 receptors can uncouple A1 receptors and decrease thereby
their inhibitory effects [143] via a protein kinase C-dependent mechanism. Although the presence of
A3 receptors is low in the brain [144], its expression has been detected in hippocampal neurons [143],
astrocytes [145] and microglial cells [146].

P2 receptors are subdivided into two subfamilies according to mechanism of action, pharmacology
and molecular cloning, including the fast-acting P2X ligand-gated ion channels [147,148] and the
slower-acting G-protein coupled P2Y receptors [149–151]. P2 receptors diverge in their molecular
properties, amino acid sequences and relative sensitivities to ATP (e.g., nanomolar (P2Y receptors),
low micromolar (most P2X receptors) and high micromolar (P2X7 receptor)). The structure of
P2X receptors consists of two transmembrane domains: an intracellular C- and N- terminus and a
large extracellular loop [147]. Most of the conserved regions are located in the extracellular loop,
whereas transmembrane domains are less conserved between P2X receptors [152–154]. To date,
seven mammalian subunits have been cloned (P2X1-7) [147] which form either functional homo- or
heterotrimers exhibiting a high diversity due to the assembly of different individual subunits [155–158].
Among the P2X receptors, the P2X7 receptor has unique characteristics including the lowest affinity
for ATP (approximately 100 µM) and a slower desensitization [159]. Functional expression of all
P2X subunits has been shown within the brain on both neurons and glia [160]. Ionotropic P2X
receptors, via the binding of extracellular ATP, open a permeable pore to the cations Na+, K+ and Ca2+.
In the brain, P2X receptor activation is involved in the regulation of synaptic plasticity in different
brain circuits and fast synaptic transmission [161,162]. Synaptic currents induced by P2X activation
contribute only 5–15% to fast excitatory transmission, possibly due to their high Ca2+ permeability at
hyperpolarized membrane potentials [151,163]. However, the contribution of P2X-mediated currents
might be higher under pathological conditions, such as a seizure, by increasing the influx of Ca2+ and
by elevating the release of neurotransmitters such as glutamate [164,165]. P2X receptors are involved
in a multitude of Ca2+-sensitive processes including cellular proliferation, differentiation, maturation
and survival, cell communication, migration and inflammation [166].

The metabotropic P2Y receptor family comprises eight G-protein coupled receptors: P2Y1, P2Y2,
P2Y4, P2Y6, P2Y11, P2Y12, P2Y13 and P2Y14. All P2Y receptors share the topology of G-protein coupled
receptors, which is characterised by seven transmembrane-domains, an extracellular amino and an
intracellular carboxyl terminus. Moreover, P2Y receptors form homo- or heterodimers with other
P2Y subunits [167] or with other receptors such as adenosine receptors [149]. Several P2Y receptors,
including P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11, are coupled to Gq/G11, which promotes endoplasmic
reticulum Ca2+ release through the phospholipase C/inositol triphosphate pathway. P2Y12, P2Y13 and
P2Y14 receptors are coupled to Gi/Go proteins which inhibit adenylyl cyclase, resulting in a decrease of
cAMP production. The P2Y11 receptor is an exception as it is also able to couple to Gs, which stimulates
adenylyl cyclase, thereby increasing cAMP production [150,168]. Depending on the P2Y receptor
subtype, P2Y receptors can be activated by different nucleotides including ATP, ADP, UDP and sugar
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nucleotides [150,169–172]. Similar to P2X receptors, P2Y receptors are present at very early stages
of embryonic CNS development [158] and are expressed on both neurons and glia, being involved
in different processes such as modulation of neurotransmitter release [173,174], cell survival and
neuroinflammation [175,176].

The purinergic system and neuroinflammation are tightly linked, with purinergic signalling
described as fundamental for microglia’s physiological roles and proconvulsive cytokine release [177].
A diverse number of purinergic receptors is expressed on microglial cells, where they exert different
effects. Activation of microglial A1A receptors potentially removes microglia from a pro-inflammatory
phenotype [178], with A2A receptors critical for microglia process retraction [86]. Among P2X receptors,
P2X7 is often portrayed as a key driver of pathological inflammation. P2X7 is widely expressed
in microglia [179,180] and has been described as essential for the NLRP3 inflammasome activation
and subsequent release of Interleukin-1β (IL-1β) [181]. The P2X4 receptor has a described role in
microglia chemotaxis and activation [182,183]. Likewise, the activation of several P2Y receptors in
microglia, such as P2Y1 and P2Y12, promotes its phagocytic activity, migration towards damaged
region and the release of IL-1β [184–187]. Alves et al. showed the context-dependent role of the P2Y1

receptor to seizure pathology involving its expression in microglia [188]. Also, astrocytic P2Y1 has
been described as responsible for the spread of neuronal hyperexcitability throughout the brain via
mediating glutamate gliotransmission [189]. P2Y12 is expressed in microglia throughout its life cycle
and again has prominent roles in microglia upregulation and migration [190]. With inflammation
becoming increasing associated with seizure pathology [191], purinergic signalling will have major
roles in mediating this.

3.3. Ectonucleotidases

Ectonucleotidases are enzymes with an extracellularly oriented catalytic site which rapidly
hydrolyses ATP and other nucleotides after their release. These enzymes, operating in concert or
consecutively, control the lifetime of extracellular released nucleotides by degrading or interconverting
the originally released nucleotide generating ligands for additional P2 or P1 receptors. Ectonucleotidases
comprise several families of enzymes divided by their functional and molecular properties including
substrate specificity, product formation, optimal catalytic pH and cationic dependence [192].

All ectonucleotidase families are expressed in the brain including ectonucleoside triphosphate
diphosphohydrolases (E-NTPDases/CD39), ectonucleotide pyrophosphatase and/or phosphodiesterases
(E-NPPs), alkaline phosphatases and ecto-5′-nucleotidase [192]. The E-NTPDase/CD39 family comprises
four surface-located members (E-NTPDase 1, 2, 3 and 8) which hydrolyse ATP into ADP or AMP,
and ADP to AMP, exhibiting a different affinity for each nucleotide. E-NTPDase1 (also called CD39)
presents equal affinity for ATP and ADP, whereas E-NTPDases 2, 3 and 8 are more selective for ATP [193].
The E-NPP consists of 7 enzymes (NPP1–7) which are able to cleave ATP directly into AMP [194].
Moreover, E-NPPs also hydrolyse dinucleoside polyphosphates and UDP sugars. AMP produced
by E-NTPDases and E-NPPs is in turn metabolized to adenosine by ecto-5´-nucleotidase/CD73 [195].
Nucleoside tri, di and monophosphates are equally hydrolysed by alkaline phosphatases including
TNAP, which is highly expressed in the CNS [196,197]. In the case of adenosine, this metabolite is
generally the product of the ectoenzymatic breakdown of ATP; however, certain neurons and astrocytes
are able to release adenosine also directly [198,199]. Adenosine can be removed from the extracellular
space by different mechanisms such as its phosphorylation to AMP mediated by adenosine kinase
(ADK) or deamination to inosine via the action of adenosine deaminase [200].

4. Purinergic Signalling during CNS Development

The early and predominant expression of purinergic receptors and ectonucleotidases in the
developing CNS and the capacity of different cells to release ATP gives a cue of the many roles
purinergic signalling carries out at the different neurodevelopmental stages. Numerous studies have
demonstrated the involvement of purinergic signalling in proliferation, migration and differentiation of
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neural precursor cells [201–204]. Likewise, purinergic signalling is also involved in neuronal migration
and the subsequent establishment of synaptic contacts as well as synaptogenesis [205,206] processes
known to be dysregulated following neonatal seizures [205–209].

4.1. Expression and Function of Proteins Involved in Purine Release during Development

During CNS development, several proteins involved in purine release have been described
including VNUT, which is expressed by granule cell precursors of the mouse cerebellum [107] and
hemichannels such as connexins and pannexins. Regarding connexins, nine members of this family
are expressed differentially throughout development [210–215], with their expression linked to cell
proliferation and migration [211]. Connexins are involved in the regulation of the migration of the
neural precursor cells by modulating cell–cell adhesion such as connexin-43, which is located in
radial glial fibers [211]. Likewise, the expression pattern of pannexin changes throughout brain
development, corresponding these changes with neurogenic and gliogenic processes of embryonic
and early postnatal development [95]. Postnatally, Panx1 is expressed by neural and progenitor
cells, playing a role in cell proliferation [216]. During CNS development, Panx1 transcripts have
been found in the periventricular postnatal neural stem cells (NSCs) and neural progenitor cells
(NPCs) [216]. In vitro studies with ventricular zone (VZ)-derived neurospheres have demonstrated
that Panx1 is involved in cell proliferation. In line with this, blocking of Panx1 activity with the specific
blocker probenecid reduced the proliferative capacity of VZ neurosphere cultures [216]. Moreover,
Panx1 mediates the release of ATP, which in turn activates P2 receptors and increases proliferation
of NSCs and NPCs [216]. Panx1 has also been linked to cell migration and the control of neurite
outgrowth [217]. Panx2, another member of the pannexin family, is expressed in different subsets of
neural progenitor cells of the postnatal hippocampus. However, when these cells differentiate into a
neuronal lineage, Panx2 expression is downregulated [218].

4.1.1. P1 Receptor Expression and Function during CNS Development

Purinergic receptors are differentially expressed at different stages of embryonic and postnatal
neurodevelopment. The expression of P1 purinergic receptors is already detected during embryonic
neurodevelopmental stages. The A1 receptor is expressed from E14 and presents a similar allocation to
adulthood at E21, being found in the cerebral cortex, hippocampus, thalamus, midbrain and cerebellum
of the rat brain [219,220]. Expression of the A2 receptor has been detected from E13 onwards,
increasing its expression levels after birth [220,221]. During CNS development, A1 and A2A receptors
were involved in processes regulating cell migration, neuronal connectivity and synaptogenesis.
Tangential migration of medial ganglionic eminence (MGE)-derived GABAergic interneurons was
delayed during pregnancy and lactation periods due to exposure to caffeine, an antagonist of A1 and
A2A receptors [221]. The same effect has been observed by using a specific A2A receptor antagonist
or A2A receptor knockout mouse pups, demonstrating the involvement of the A2A receptor in the
migration of MGE-interneurons [221]. Regarding neuronal connectivity, adenosine receptors may
contribute to neurite growth counteractively. In vitro studies have described that activation of the
A1 receptor inhibits neurite outgrowth via the Rho-kinase pathway [222]. In contrast, A2A receptor
activation promotes the outgrowth of dendrites [223,224] and axonal elongation [224] through different
signalling pathways. Finally, the A1 receptor modulates immature neuronal activity in different regions
of the brain, including the hippocampus and cortex. In immature CA1 neurons, adenosine inhibits
GABA release from the presynaptic nerve terminals through activation of the A1 receptor [225].
Since previous studies have described that A1 receptor activation inhibits glutamatergic release in
adult hippocampal neurons [226–229], these results might confer an additional role to the A1 receptor
during development. Moreover, activation of presynaptic A1 receptors inhibits excitatory GABAergic
transmission from Cajal–Retzius cells, the early born neurons in layer I of the cortex, to pyramidal
neurons in lower cortical layers [230]. Likewise, adenosine can regulate oligodendrogenesis in a
bidirectional manner via A1 and A2A receptors. A1 receptor stimulation contributes to maturation
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and prevents proliferation of the oligodendrocyte precursor cells (OPCs) [231,232]. Conversely,
A2A receptor activation inhibits maturation and induces proliferation of OPCs [77].

4.1.2. P2 Receptor Expression and Function during CNS Development

P2X5 is the earliest expressed P2X receptor during development, with P2X5 being detected
in mouse neural tubes from E8 and being upregulated to E13. The expression of P2X3 has been
detected in mouse neuroectodermal cells [233] and rat brain from E11 onwards [234,235] and its
activation induces the proliferation of embryonic stem cells [236]. From E14 onwards, both P2X2
and P2X7 are expressed [235]. Previous data has shown that silencing of the P2X2 receptor promotes
proliferation, suggesting that P2X2 regulates this process negatively [237], whereas the P2X7 receptor
is expressed in mouse embryonic stem cells and modulates processes involved in proliferation and
neural differentiation [238]. The remaining P2X receptors, P2X1, 4 and 6 appear at postnatal stages of
rat brain development [235]. P2X1 and P2X3 expression within the brain remains consistent from birth
to adulthood, whereas P2X2 expression is downregulated with age. Conversely, neocortical P2X4 and
P2X7 expression is upregulated incrementally with age, reaching its peak in adulthood [14]. At P7
age, P2X7 expression is predominately found in microglia and is also expressed in Bergmann glia of
the cerebellum [179]. Unfortunately, a definitive answer on neuronal and astrocytic P2X7 expression,
not just in infants, is under debate [239]. Multiple groups have observed that neuronal P2X7 localised
to presynaptic terminals [240,241]. P2X7 is also expressed in primary neuronal and astrocytic in vitro
cultures [242]. However, when using a transgenic P2X7 reporter mouse, in which the green fluorescent
protein is fused to the P2X7 receptor, thus allowing visualization of P2X7 expression, neuronal and
astrocytic P2X7 is not observed [179,243]. Neuronal and astrocytic P2X7 immunoreactivity was also
absent when using a P2X7-specific nanobody in both the immature and adult mouse brain [179].
However, one could hypothesis that neuronal P2X7 expression is below the detection limit with
immunoreactivity techniques, is localised to intracellular compartments or is upregulated only in
pathology [179,244].

P2Y expression has been mostly located in proliferative regions and at early stages of
neurodevelopment. P2Y1 expression has been detected from E11 onwards [245], being expressed
by radial glial and intermediate precursor cells located in proliferative regions of the developing
cortex [201,203]. Neurospheres cultured from the adult subventricular zone (SVZ) exhibited an
increase of cell proliferation after P2Y1 activation by using several agonists (2-MeSATP, ADPβS,
2-ClATP and 2-MeSADP) [246] suggesting that the P2Y1 receptor may be involved in cell proliferation.
On the contrary, blocking of P2Y1 by the antagonist MRS2179 reduced cell proliferation, and the
same effect was observed in P2Y1 receptor knockout mice [246]. P2Y4 expression has also been
detected at E11 stage, being located together with P2Y2 in ventricular regions of the E14-telencephalon.
Similar to P1 receptors, P2 purinergic receptors present different profiles of location and temporal
expression during postnatal stages, suggesting that they also play a role in various stages of brain
development [160,205,234,235,245,247–250].

4.1.3. The Dual Role of the P2X7 Receptor during CNS Development

During CNS development, the P2X7 receptor plays a dual role promoting opposing processes
such as cell death and cell proliferation. These opposing effects driven by the same receptor may
depend on the cell type that expresses it, the extracellular concentration of ATP or the duration of P2X7
receptor activation. However, the involvement of P2X7 in neuronal cell death is still unclear since there
is still controversy about the expression of this receptor in the different cell types of the CNS [11,239],
as explained previously.

In mouse embryonic stem cells, the P2X7 receptor promotes its proliferation and maintenance
in an undifferentiated state, while for its neural differentiation, P2X7 receptor expression needs to be
suppressed [238]. Likewise, the P2X7 receptor is able to induce necrosis of NPCs when activated with
high concentrations of ATP or the agonist Bz-ATP [251]. In contrast, stimulation of P2X7 with low
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concentrations of Bz-ATP leads to neuronal differentiation of NPCs [252]. Moreover, depending on the
duration of P2X7 receptor activation, this receptor can mediate pro-survival or pro-death signalling [253].
Additionally, P2X7 might regulate the population of NPCs through innate phagocytosis of dead cells
throughout development. In this regard, neuroblasts isolated from human foetal telencephalons are
able to phagocytose apoptotic cells in the absence of P2X7 receptor activation [254].

P2X7 has also been identified on microglial cells of the rat brain from late E16 onwards, exhibiting a
wide distribution in the forebrain at P30 stage [255]. In line with its known role driving microglia
proliferation [181,256], P2X7 has been shown to control microglial proliferation in the embryonic spinal
cord of mice at E13.5 stage [257]. Conversely, prolonged P2X7 stimulation with high concentrations
of Bz-ATP induces microglia cell death in the cortex of newborn mice [180]. Thus, similar to NPCs,
the outcome of P2X7 activation in microglia cells might depend on the amount of available extracellular
ATP and the duration of stimulation of the receptor. As such, it can be concluded that P2X7 may act to
regulate itself to prevent excessive microglia proliferation during neurodevelopment. Finally, the P2X7
receptor is also expressed on oligodendrocyte progenitors contributing to stimulation of migration and
driving oligodendrocyte differentiation [258].

4.2. Extracellular Purine Metabolism during Development

The temporal expression of purinergic receptors during brain development is accompanied by
modifications in the expression of ectonucleotidases. Individual ectonucleotidase expression varies
according to developmental stage and brain region. NTPDase 2, which is the dominant ectonucleotidase
expressed by progenitors in the late embryonic and adult mouse brain, has been identified from
E18 in neurogenic regions [259,260], whereas NTPDases 1, 3, 5 and 6 are detected in later stages
of brain development (P7-21) [261]. Concerning ecto-5´-ectonucleotidase, its expression increases
during postnatal stages (it has been identified in migrating neuroblasts of the cerebellum and is related
with synaptogenesis processes [192,262–265]). Certain ectonucleotidases of the E-NNPs family are
also expressed at early stages of neural development, such as E-NNP-2, for which the splice variant
autotaxin was identified in the floor plate of the neural tube at E9.5 [266]. Postnatally, the expression of
E-NNP 1–3 is detected in several regions of the rat brain [267].

Finally, TNAP expression begins at very early stages of neural development, being highly
expressed by neuroepithelial stem cells of the neural tube from E8.5 and a migrating subpopulation of
neuroectodermal cells [268–270]. Moreover, a strong activity of TNAP has been identified in ventricular
and subventricular zones, which are high cell proliferative regions, at the E14 stage [260], and postnatally,
its activity is related to synaptogenesis in the cerebral cortex [271]. Therefore, TNAP might contribute
to cell proliferation or cell differentiation in the neurogenic niche. In NSCs cultured from adult mice,
downregulation of TNAP causes a strong decrease in progenitor cell proliferation [272]. In addition,
TNAP might be involved in the control of axonal growth during development. Studies with cultured
hippocampal neurons have shown that TNAP expressed by outgrowing axons promotes axonal
elongation through the hydrolysis of extracellular ATP [273]. As a result of this, extracellular ATP levels
are drastically reduced, indirectly modulating activation of purine receptors. Interestingly, TNAP and
P2X7 are tightly linked, with the addition of exogenous TNAP increasing P2X7 receptor expression,
whereas TNAP expression is downregulated when P2X7 is inhibited. Importantly, TNAP knockout
mice exhibit perinatal lethality, with P9 being the maximum reached age [274,275], and present with a
decrease in the number of matured cortical synapses and an absence of myelinated cortical axons [276].

In summary, the fundamental role of the purinergic system during neurodevelopment is clear,
and with its diverse expression and functionality, there are many avenues to explore that could be
effective treatments to early life disorders.

5. Purinergic Signalling and Neonatal Seizures

As stated earlier, purinergic signalling is widespread in the immature brain and many studies
have targeted this system effectively to modulate seizures in the adult scenario [9]. This section
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will discuss our current knowledge of how purinergic signalling modulates neonatal seizures and
future potential therapeutic avenues to explore (Figure 2). This encompasses studies on both P1 and
P2 receptors. An overview of studies investigating neonatal seizures and the purinergic system is
displayed in Table 1.

Figure 2. Cellular mechanisms of acute symptomatic neonatal seizure ictogenesis and the potential
role of purinergic signalling: following an acute insult to the neonatal brain, cells are placed under
high cellular stress, leading to increases in calcium entry and cell death pathways. In the case of
hypoxic-ischemic encephalopathy (HIE)-induced seizures, the lack of oxygen and glucoses limits aerobic
respiration, forming radical oxygen species (ROS) causing further oxidative stress on cells. Increases in
intracellular calcium and cell death can trigger the release of glio/neurotransmitters (e.g., glutamate) into
the extracellular space that increases neurotransmission. Cell debris can trigger microgliosis, astrogliosis
and release of proconvulsive cytokines. Purines (e.g., ATP and adenosine) are also hypothesised to be
released into the extracellular space following cell death and through a combination of exocytotic and
non-exocytotic mechanisms under cellular stress. ATP acts upon P2X7 to further increase intracellular
calcium, contributing to cell death mechanisms and to increasing neurotransmission and, in turn,
seizure severity. P2X7 activation is known to potentiate proconvulsive cytokine release following
neonatal seizures, which in turn can lower seizure thresholds. Other P2 receptors are known to
modulate many mechanisms of seizure ictogenesis, such as direct modulation of neurotransmission and
inflammatory signalling cascades. A2A receptors may also contribute to neonatal seizures via similar
mechanism to P2X7. Conversely, A1 receptor activation is anticonvulsive in neonatal seizures, acting as
an endogenous compensatory mechanism. Once these outlined mechanisms create a system that favours
excitatory neurotransmission, seizures are elicited. A seizure can also create further cellular stress
and neuroinflammation, increasing the likelihood of recurrent seizures. Elevated neuroinflammation
and hyperexcitability alter many mechanisms critical for brain development, leading to long-lasting
changes of the brain. Purinergic signalling can be hypothesised to modulate this and may be targeted
in the future to prevent comorbidities following neonatal seizures.

5.1. Targeting of P1 Receptors

As early as 1988, when the purinergic signalling field was in its infancy, the nucleoside adenosine
was proposed as an endogenous anticonvulsant [277]. When adenosine is applied to resected epileptic
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hippocampal slices, it was shown to arrest epileptiform activity [278]. In fact, adenosine is released
into the brain following seizures of temporal lobe epilepsy patients, where it may act as an endogenous
mechanism to arrest seizures [278], whereas caffeine, a nonspecific adenosine receptor antagonist,
acts as a convulsant compound, potentiating the seizure phenotype following PTZ injection [279,280].
Various case reports also show caffeine to induce seizures in non-epileptic persons [281].

Currently, there is only evidence of A1 and A2A receptors modulating seizure phenotypes.
Pometlova et al., 2010, showed the potential of targeting the P1 receptors, with the nonspecific
adenosine receptor agonist, 2-chloradenosine, having an anticonvulsive effect in immature rats
following cortical stimulation [282]. These effects were not model-specific, with PTZ-induced seizures
in immature rats being suppressed by 2-chloradenosine administration [283]. Building upon this,
using specific agonists and antagonists of A1 and A2A receptors, Mares observed that the anticonvulsive
effects seen was primarily due to action upon A1 receptors, with pharmacological targeting of A2A

having little effect in P12 rats, the age that relates most to a human neonate [283]. Anticonvulsant
action of A1 receptors was reinforced with agonistic action reducing the magnitude of elicited cortical
discharges [284]. Again, this effect was more pronounced in P12 rats rather than P25, suggesting
a possible developmental shift in the sensitivity of adenosine receptors [284]. Interestingly, in this
model, both agonistic and antagonistic action of A2A receptors had an anticonvulsive effect in P12 rats,
yet blocking A2A receptors in P25 produces a proconvulsive effect [284]. These results were replicated,
even when a different area of the brain (hippocampus) was stimulated to induce seizures [285], with the
A1 receptor agonist 2-chloro-N6-cyclopentyladenosine having an anticonvulsive effect at all ages
except P25. These studies highlight the developmental regulation of P1 receptors and the possible
age-dependent modulation of seizure phenotypes. Altered expression levels of adenosine receptors
has been observed 48 h following induced febrile seizures in neonatal rats, with the A1 receptor
increasing and the A2A receptor decreasing [286]. This suggests that the adenosine system may act as
endogenous compensatory mechanism for seizures. Currently, there are limited studies investigating
the anti-epileptogenic capacity of targeting P1 receptors. Possible adverse effects of modulation of the
adenosine system have been unexplored in these neonatal seizures studies, yet the authors acknowledge
the necessity for this. Likewise, only the effect of caffeine, an A1 antagonist, on neurodevelopment has
been studied. Caffeine is shown to ameliorate phenobarbital impairment of neurogenesis in neonatal
rats [287], possibly due to caffeine’s ability to suppress GABAergic action [288]. However, when it is
given in isolation, caffeine reduces the proliferative capacity of the brain [287]. In the adult mouse,
caffeine can reduce long-term potentiation and can alter synaptic plasticity, which could be detrimental
in the immature brain [289]. One such rodent study shows that early life exposure to caffeine can
increase the seizure susceptibility in adulthood [290]. Conversely, at low doses, caffeine may act to
reduce acute seizures, particularly in the infant brain, with neonatal rats having an increased seizure
threshold to chemoconvulsants following a low dose of caffeine [291]. Interestingly, many studies
have shown a neuroprotective effect of a low dose of caffeine in the setting of HIE, reducing white
matter injury and protecting against memory impairment [292] and motor deficits in later life [293].
These studies highlight the complex nature of early life seizures and how mechanisms of seizure
ictogenesis may differ from epileptogenesis.

Despite the presence of adenosine signalling in the majority of biological systems, little is known
about the adverse effects of adenosine receptors in the CNS and concerns for unwanted side effects are
well warranted. With P1 receptors having a large role in cardiovascular and respiratory function via
action upon the brainstem, the sudden rise of endogenous adenosine following seizures is hypothesised
as one contributing factor to Sudden Unexpected Death in Epilepsy (SUDEP) [294]. Also, despite
the documented use of many P1 receptor ligands reported in the literature, only adenosine and
regadenoson (A2A receptor antagonist) are approved for use in the clinic [295].
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5.2. Targeting of P2 Receptors

Of the P2 receptors, targeting of the P2X7 receptor has shown the most promise in neonatal
seizures. A role for the P2X7 receptor in seizures was first examined in adult seizures, where using
transgenic and pharmacological tools showed it to have a proconvulsive or anticonvulsive action
depending on experimental model used [244].

Mesuret et al., 2014, first investigated the P2X7 receptor in the neonatal seizure scenario.
P2X7 receptor expression was upregulated as early as one hour in the hippocampus following
seizures induced via intra-amygdala injection of KA in P10 rats. P2X7 expression increased to a
maximum at 72 h post-KA that was also accompanied by elevated levels of the cytokine IL-β [40].
Interestingly, treatment with the P2X7 antagonist A-438079 reduced the acute electrographic seizures by
over 50%, was neuroprotective and reduced levels of seizure-induced neuroinflammation. Importantly,
treatment with A-438079 had greater neuroprotective effects than treatment with current clinical used
drugs, phenobarbital and bumetanide. In fact, phenobarbital and bumetanide failed to show any
neuroprotective effects [40]. These results have been translated in a model more clinically relevant.
Using global hypoxia to induce seizures (5% O2, 15 min), P2X7 receptor expression was increased 24 h
post-seizure. Interestingly, P2X4 receptor expression was also increased 24 h post-seizures suggesting a
new avenue to explore. More importantly, P2X7 receptor protein levels were elevated in human infant
brain tissue 3 months after a HIE/seizure event [14]. Two different P2X7 antagonists, A-438079 and
JNJ-47965567, were able to reduce hypoxia-induced electrographic seizures in neonatal mouse pups.
Antagonistic action was also able to reduce levels of pro-inflammatory markers (e.g., IL-1β) 24 h
post-seizures. The limitation of these two studies is that P2X7 receptor antagonists were given
before seizures ictogenesis, which is not clinically viable. In addition, as P2X7 receptor antagonism
reduced the acute insult, it cannot be concluded that P2X7 receptor antagonism alone is able to reduce
post-seizure inflammation. However, this is the most likely case due to the major role of P2X7 in
pathological inflammation. With inflammation heavily involved in pathology following neonatal
seizures, the P2X7 receptor might have a role in epileptogenesis following an insult to the infant brain.
Further investigation with post-seizure treatment to investigate the ability of P2X7 to prevent neonatal
seizure comorbidities is much anticipated. As aforementioned, more P2 receptors are currently being
explored in adult seizures, whereas now, only P2X7 has been targeted in neonatal seizures. A further
therapeutic target requiring further investigation is P2X4, with its expression upregulated following
neonatal seizures [14]. Under hypoxic conditions (5% O2, 3.5 h, P0), P2X4 was again upregulated
in immature rats. Furthermore, this upregulation was greater than that observed with P2X7 and
P2Y12 [296]. P2X4 is described to mediate ATP-gated microglia activation and release of proconvulsive
inflammatory cytokines in these hypoxic conditions [296]. Again, with inflammation heavily involved
in seizure ictogenesis and epileptogenesis, one could hypothesis targeting P2X4 to be advantageous for
the treatment of neonatal seizures.

5.3. Potential Purinergic Targets to Explore

Finally, apart from direct action upon membrane-bound receptors, another strategy to explore
would be to regulate concentrations in the extracellular space of purine nucleotides and nucleosides.
This can be achieved via inhibition of enzymes, such as ADK, to reduce the clearance of adenosine.
Pharmacological and genetic evidence shows that ADK has a role in adult epilepsy development and
seizure generation [297–299]. Hypophosphatasia, in which neonatal seizures are a major component,
is heavily associated with mutations in the TNAP gene. In fact, mice deficient in TNAP show
spontaneous seizures by P6 [274,275]. Interestingly, TNAP-related seizures are mediated via P2X7.
Mice double deficient in TNAP and P2X7, as well as TNAP knock-out mice treated with a P2X7
receptor antagonist, did not present with spontaneous seizures [274]. Furthermore, antagonistic action
against TNAP increased the seizure duration in adults, and thus, it would be interesting to investigate
TNAP in neonatal seizure models [274]. With TNAP’s roles in regulating synaptic function during
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neuronal development [300], targeting TNAP in the neonatal seizure scenario could aid in preventing
the comorbidities seen in this condition.

Apart from regulating the metabolism of purines, one potential strategy would be to prevent
the release of ATP into the extracellular space. VNUT is a relatively unexplored target in relation
to seizure modulation yet, with its prominent role in ATP release, is an exciting avenue to explore.
With its prominent expression in the immature brain, targeting Panx1 may also show promise in
modulating neonatal seizures. Panx1 is shown to be active in KA-induced seizures in juvenile mice
(P13–14) which corresponds with a doubling in extracellular ATP levels [301]. In Panx1 null mice
and when Panx1 was blocked with pharmacological tools, behavioural seizure manifestations were
reduced [301]. Interestingly, Panx1 seems to not be involved in seizure ictogenesis yet is involved in
maintaining seizure activity. It would be interesting to see if this result can be translated to an age
more appropriate to neonatal seizures.

As stated earlier, there are many components of the purinergic system that are present early on
during development, with the majority unexplored in the role of seizure generation and epileptogenesis.
It would be advantageous to investigate these in further detail to uncover the full picture of purinergic
system in neonatal seizures, to maximise the efficiency of future pharmacological drugs and to
minimise adverse effects. Currently, no study examines purinergic signalling away from the initial
neonatal seizure event. In the clinic, it may prove difficult to prevent the initial neonatal seizure,
and further investigation into preventing further recurrent seizures is needed. Purinergic signalling
is involved in many processes known to contribute to epileptogenesis and to potentiate damage.
Targeting inflammation following neonatal seizures, a process in which purinergic signalling is heavily
involved, has shown promise to reduce the development of epilepsy and behavioural deficits [302].

6. Conclusions

Current therapies for neonatal seizures seemed to be limited to direct modulation of ion channels
on neurones. As we have progressed in understanding seizure pathology, we now know that many
mechanisms, such as chronic neuroinflammation, blood–brain barrier dysfunction and aberrant
neurogenesis, can influence seizure ictogenesis. This allows us to use many more potential mechanisms
to target greater efficacy. As outlined in this review, the purinergic system is widely expressed
within the CNS and has a multitude of physiological and pathological functions. We are still lacking
knowledge in many aspects of what role the purinergic system has in contributing to neonatal seizure
pathology, but studies have shown great promise in targeting this biological system, particularly
in targeting the P2X7 receptor. Further studies are needed not only in uncovering mechanisms of
how purinergic signalling may influence neonatal seizures and subsequent pathologies but also in
investigating the fundamental mechanisms of neonatal seizure pathology itself.
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ADK Adenosine kinase
Ado Adenosine
ADP Adenosine diphosphate
AMP Adenosine monophosphate
ASD Antiseizure drugs
ATP Adenosine triphosphate
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cAMP Cyclic AMP
CNS Central nervous system
CNTs Concentrative nucleoside transporters
EEG Electroencephalogram
E-NPPs Ectonucleotide pyrophosphatase and/or phosphodiesterases
E-NTPDases Ectonucleoside triphosphate diphosphohydrolases
ENTs Equilibrative nucleoside transporters
GABA γ-aminobutyric acid
HIE Hypoxic-ischemic encephalopathy
IL-1β Interleukin-1β
KA Kainic acid
MCAO Medial carotid artery occlusion
MGE Medial ganglionic eminence
NAD+ Nicotinamide adenine dinucleotide
NMDA N-methyl-d-aspartate receptor
NPCs Neural progenitor cells
NSCs Neural stem cells
NTs Nucleotides
OPCs Oligodendrocyte precursor cells
Panx Pannexin
PTZ Pentylenetetrazole
SVZ Subventricular zone
TNAP Tissue nonspecific alkaline phosphatase
UDP Uridine monophosphate
UTP Uridine triphosphate
VNUT Vesicular nucleotide transporter
VZ Ventricular zone
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Abstract: Adenosine is an extracellular signaling molecule that is particularly relevant in times of
cellular stress, inflammation and metabolic disturbances when the levels of the purine increase.
Adenosine acts on two G-protein-coupled stimulatory and on two G-protein-coupled inhibitory
receptors, which have varying expression profiles in different tissues and conditions, and have
different affinities for the endogenous ligand. Studies point to significant roles of adenosine and its
receptors in metabolic disease and bone health, implicating the receptors as potential therapeutic
targets. This review will highlight our current understanding of the dichotomous effects of adenosine
and its receptors on adipogenesis versus osteogenesis within the bone marrow to maintain bone
health, as well as its relationship to obesity. Therapeutic implications will also be reviewed.

Keywords: adenosine receptors; adipogenesis; osteogenesis; adipose tissue; bone marrow; obesity

1. Introduction

Adenosine is a nucleoside that is released by all cells, including adipocytes in vitro and the
subcutaneous adipose tissue in vivo [1,2]. Adenosine is formed by the degradation of adenosine
triphosphate (ATP), adenosine diphosphate (ADP) and adenosine monophosphate (AMP). Levels of
adenosine rise in response to metabolic stress, tissue injury, hypoxia and inflammation [3]. Adenosine
acts broadly via four receptors. The A1 adenosine receptor (A1AR) and the A3 adenosine receptor
(A3AR) are coupled to Gi, which inhibits adenylyl cyclase and decreases cytosolic levels of cyclic AMP
(cAMP). The A2a and the A2b adenosine receptors (A2aAR and A2bAR, respectively) are coupled
to the stimulatory G alpha protein (Gs), activate adenylyl cyclase and increase cytosolic levels of
cAMP. The adenosine receptors may also act on other signaling cascades (Figure 1). The expression of
these receptors and the receptor affinity for adenosine allow for modulation of the effect of adenosine
in different physiologic states and in different tissues. As such, the action of adenosine may be
contradictory depending on these various factors [3].
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Figure 1. Adenosine Receptor Signaling. The A2aAR and the A2bAR are adenylyl cyclase stimulating 
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through Gαi subunit. The A1AR, A3AR and A2bAR also act through phospholipase C (PLC) to 

increase cytosolic calcium and diacylglycerol (DAG) to activate protein kinase C (PKC) and MAP 

kinase (MAPK) signalling. All adenosine receptors are capable of activating phosphatidylinositol 3-

kinase (PI3K). 

2. Adenosine Receptors are Expressed on Bone Marrow-Derived Mesenchymal Stem Cells and 
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the brain, spinal cord, adrenal glands and the heart, with slightly lower expression in the liver, 
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Figure 1. Adenosine Receptor Signaling. The A2aAR and the A2bAR are adenylyl cyclase stimulating
receptors through Gαs subunit. The A1AR and the A3AR are adenylyl cyclase inhibitory receptors
through Gαi subunit. The A1AR, A3AR and A2bAR also act through phospholipase C (PLC) to increase
cytosolic calcium and diacylglycerol (DAG) to activate protein kinase C (PKC) and MAP kinase (MAPK)
signalling. All adenosine receptors are capable of activating phosphatidylinositol 3-kinase (PI3K).

2. Adenosine Receptors Are Expressed on Bone Marrow-Derived Mesenchymal Stem Cells
and Preadipocytes

Adenosine is found extracellularly under pathologic situations including hypoxia, ischemia or
cell damage. Cells release adenosine into the extracellular space through equilibrative nucleoside
transporters (ENTs). Adenosine can also be formed by the conversion of extracellular ATP, released from
damaged cells, by ectonucleoside triphosphate diphosphorylase (CD39) and ecto-5′-nucleotidase (CD73)
enzymes. Adenosine can also be metabolized to inosine by adenosine deaminase or phosphorylated to
AMP by adenosine kinase. As one can imagine, the coordination of adenosine release is well regulated
at baseline and, during times of cellular stress, can become a signal of disequilibrium [4]. Similarly,
while adenosine receptors are present on many different cell types and found generally throughout
the body, the level of expression varies in different cell types, pathologic states and developmental
stages [4,5], and hence the response to adenosine can be, at times, contradictory. The A1AR and
A3AR are more ubiquitously expressed in most tissues, while the A2aAR and the A2bAR have more
selective expression [6]. The A1AR is expressed at high levels in the brain, spinal cord, adrenal glands
and the heart, with slightly lower expression in the liver, bladder, adipose tissue and testis [7,8].
Highest expression of the A3AR occurs in the lung and liver but is also expressed in brain, testis,
spleen, thyroid, kidney, bladder, heart, eosinophils and mast cells [7,8]. The A2aAR is most highly
expressed in the brain, spleen, thymus, leukocytes and platelets; this receptor is also expressed in
moderate levels in the heart, lung and vasculature [7,8]. The A2bAR is expressed in the vasculature of
large intestine, ovaries, testis, liver, spleen, adipose tissue, muscle, pancreas, brain, lung, heart, kidneys,
eye and lung [6].

The expression of adenosine receptors is increased in various pathologic conditions (review
in [9,10]). The A1AR is induced by oxidative stress [11] and hypoxia [12]. The A3AR was found to be
upregulated in rheumatoid arthritis and during methotrexate treatment (which increases adenosine
levels) as well as in breast and colon cancer [13–16]. The A2aAR is upregulated in inflammatory
states [17,18], hypoxia [19,20] and cellular stress such as during food restriction [21]. The A2aAR
was also upregulated in individuals receiving methotrexate therapy [16]. Similarly, the A2bAR is
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upregulated by inflammation, hypoxia and extracellular adenosine [22–25]. Expression of the A2bAR is
upregulated in conditions of inflammation or hypoxia in the vasculature, intestine, kidneys, heart and
lung [9,19,26,27]. Not only does the variable and inducible expression of adenosine receptors indicate
the complexity of adenosine receptor signaling, it also indicates the consideration that must be taken
when designing therapeutics.

Bone-marrow-derived mesenchymal stem cell (MSCs), precursors to adipocytes and osteoblasts,
express the A2bAR and the A2aAR [28]. In testing the activity of adenosine receptors in vitro
and in vivo, numerous agonists and antagonists have been developed (Table 1). In Ob1771
preadipocytes, the nonspecific adenosine receptor agonist, 5′-N-Ethylcarboxamidoadenosine (NECA),
increased cAMP levels, while the A2aAR specific agonist, CGS 21680 (3-(4-(2-((6-amino-9-((2R,3R,4S,5S)-
5-(ethylcarbomoyl)-3,4-dihydroxytetrahydrofuran-2-yl)-9H-purin-2-yl)amino)ethyl)phenyl)propanoic
acid), did not increase cAMP levels, which would suggest that the A2bAR is the predominant
adenosine receptor in these preadipocytes [29]. All adenosine receptors and adenosine metabolic
and catabolic enzymes (adenosine deaminase, adenosine kinase and CD73) are expressed on MSCs
(although no A3AR protein was identified by Western blotting), though at different levels and
activities [30]. The A2bAR was shown to be the predominant adenosine receptor subtype, based on a
cAMP assay [30].

Table 1. Experimental agonists and antagonists of the adenosine receptors (see the abreviation section
for drugs full names).

Receptor Agonist (+)/Antagonist (−) Drug Acronym

A1AR + CPA, PIA, CCPA
A1AR − DPCPX

A2aAR + CGS 21680
A2aAR − SCH442416
A2bAR + BAY 60-6583
A2bAR − MRS1706, MRS-1754, ATL-801
A3AR + IB-MECA, C1-IB-MECA, MRS5698
A3AR − MRS1523, MRS1220

All ARs + NECA

The A1AR is the most highly expressed adenosine receptor in white adipose tissue, followed by
the A3AR, A2aAR and A2bAR [31–33]. Adipose tissue can be divided into the mature adipocytes
and the stromal vascular fraction, which contains preadipocytes as well as endothelial cells and
fibroblasts. The stromal vascular fraction from mice and humans expresses the A2bAR [34]. In vitro,
adipocyte precursors (preadipocytes) have a higher expression of the A2aAR and A2bAR, but, following
differentiation to a mature adipocyte, there is greater expression of A1AR [29,34–36]. Adenosine
receptors are also expressed in adipose tissue. The A2bAR is notably also expressed in other metabolic
tissues such as the pancreas, liver and muscle [6,37,38]. Moreover, mice fed a high-fat diet (HFD)
have increased expression of the A2bAR in the liver, gastrocnemius muscle and the epididymal
visceral adipose tissue [37]. Interestingly, the A2bAR mRNA expression is significantly elevated in the
subcutaneous adipose tissue of obese individuals as compared to lean individuals [37]. Of interest,
adenosine is released from adipocytes. The adenosine content of abdominal subcutaneous adipose
tissue has been measured in obese and lean individuals. The levels show a trend towards increased
adenosine levels in the adipose tissue of obese (0.67 pmol/g wet weight) versus lean (0.42 pmol/g wet
weight) individuals [39]. Within the bone, osteoclasts express all four adenosine receptors, and mature
osteoblasts express A1 and A2bAR [40].
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3. Regulation of Adipogenesis and Osteogenesis by Bone Marrow Cell Adenosine Receptors

Adipogenesis results from the differentiation of adipocyte precursors into mature adipocytes
capable of storing lipid in lipid droplets and secreting adipokines as well as cytokines either within the
bone marrow or within adipose tissue depots. Adipocyte precursors are found in the bone marrow
and within the stromal vascular fraction of peripheral adipose tissue depots. In the bone marrow,
adipocytes differentiate from the MSCs, which are common progenitors that are also capable of
differentiating into osteoblasts and chondrocytes. The process of adipogenesis requires a cascade of
transcription factors. The master regulator of adipogenesis is the nuclear hormone receptor, peroxisome
proliferator-activated receptor gamma (PPARγ). PPARγ is necessary for adipogenesis; mice lacking
PPARγ and humans with dominant negative mutations in PPARγ have severe lipodystrophy and are
insulin-resistant [41,42]. Moreover, PPARγ expression is sufficient for adipogenesis, as the retroviral
expression of PPARγ in cultured fibroblasts resulted in adipogenesis [43]. It is generally thought that
in the early stage of adipogenesis, CCAAT enhancer binding protein-beta and -delta (C/EBP-β and
C/EBP-δ) induce the expression of PPARγ and C/EBP-α [44–47].

One of the first studies investigating the role of adenosine receptors in adipogenesis found
that the treatment of rat primary preadipocytes with the adenosine analogue, NECA, promoted
differentiation [36]. In bone-marrow-derived MSCs, activation of the A2aAR promoted the expression
of the above-described adipogenic transcription factors and enhanced adipocyte differentiation,
while activation of the A1AR promoted lipogenesis and lipid accumulation in the mature adipocyte [30].
Transfection of the A1AR into a murine osteoblast precursor cell line promoted adipogenesis. In the
same model, forced expression of the A2bAR inhibited adipogenesis and promoted osteogenesis [48].
Activation of the A2bAR with BAY 60-6583, an A2bAR-specific agonist, inhibits adipogenesis in ex vivo
stromal vascular cells isolated from subcutaneous inguinal adipose tissue [34]. This effect was found to
be dependent on the expression of the transcription and differentiation regulator, Krüppel-like factor
4 (KLF4), which was also induced by A2bAR agonism [34]. Notably, while BAY 60-6583 is the most
selective A2bAR agonist available, in certain cell lines BAY 60-6583 was reported to act as a partial
agonist or even as an antagonist of the A2bAR [49].

Within the bone marrow, there is thought to be a dichotomous relationship between adipogenesis
and osteogenesis, whereby the MSC is directed to one lineage or the other. The control of this fate
decision is still being investigated. Some research points to adenosine receptors playing a role in
dictating the formation of adipocytes or osteoblasts. Clinically, these decisions may manifest during
aging, when the bone marrow contains more fat than younger marrow, or in osteoporosis, where there
is loss of bone and an accumulation of fat. Transcription factors important for bone development
include runt-related gene family members, such as Runx2. Osteoblast differentiation is known to be
stimulated by fibroblast growth factor, insulin-like growth factor, bone morphogenic proteins and the
Wnt/β-catenin pathway.

There has been interest in the role of adenosine and adenosine receptors in bone metabolism.
Using pharmacologic inhibitors and A2aAR knock out (KO) mice, the A2aAR was shown to
promote proliferation of bone-marrow-derived MSCs [50]. During osteoblast differentiation,
the A2bAR is upregulated in the first few days of differentiation, and then is downregulated [30].
Osteoblast differentiation was greater with the nonspecific adenosine receptor agonist, NECA, and this
effect was inhibited by the A2bAR antagonist, MRS1706, but not by the A2aAR antagonist, SCH442416.
Additionally, the A2aAR agonist, CGS21680, had no effect on bone differentiation [30]. This all suggests
that the A2bAR is the predominant adenosine receptor in augmenting osteoblast differentiation.
These findings were supported and advanced in the study by Carroll et al. Using an A2bAR-specific
agonist and A2bAR KO mice, the authors showed that activation of the A2bAR promotes osteoblast
differentiation [28]. Furthermore, microcomputed tomography analysis of adult femurs from A2bAR
KO and wild type (WT) mice showed lower bone density in the KO mice compared to the WT
mice [28]. In addition, the A2bAR KO mice had delayed fracture repair as compared to the WT
mice [28]. In a study of A2bAR KO from youth to adult age, alterations in bone homeostasis were
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observed in the KO mice. Most notably, there was a decrease in bone mineral density and trabecular
volume as well as reduced formation of new bone in A2bAR KO mice as compared to WT mice [51].
In contrast, the application of an A2bAR agonist reduced bone loss in ovariectomized mice [52],
underscoring the need to carefully evaluate the results based on the usage of ligands versus genetic
ablation. Regarding the A1AR, pharmacologic inhibition of or genetic knockout of this receptor in
mice impairs osteoclast differentiation [53,54]. Furthermore, A1AR KO mice that were ovariectomized,
as a model of post-menopausal bone loss, maintained bone volume and had decreased osteoclast bone
resorption compared to wild type [55]. Importantly, treatment with an A1AR antagonist prevented
ovariectomy-induced bone loss [55]. Conversely, A2aAR agonists have been shown to inhibit osteoclast
differentiation and function, and femurs from A2aAR KO mice had decreased bone volume to trabecular
bone volume ratio and increased osteoclasts [56]. Thus, the A2bAR and the A2aAR both regulate bone
turnover by affecting the osteoblast and osteoclast lineages, respectively. In a study utilizing human
bone marrow cells, similar results were found: notably, that inhibition of the A1AR and activation of
the A2aAR and A2bAR inhibits osteoclast formation, while A2bAR and A2aAR promote osteoblast
formation [57].

The ectonucleotidase CD73, which regulates levels of extracellular adenosine through the
metabolism AMP to adenosine, plays an important role in bone metabolism. CD73 KO mice
have impaired osteoblast differentiation and decreased bone formation with the development of
osteopenia [58]. In vitro, this was found to be mediated by the A2bAR, and this is more fully reviewed
in the above section [58]. CD73 was also found to be important for bone repair following injury in aged
mice [59]. The expression of CD39, which hydrolyzes ATP and ADP, and CD73 as well as adenosine
levels in the bone marrow, were found to be decreased in a mouse model of osteoporosis. This same
group also found that an A2bAR agonist reduced bone loss in ovariectomized mice [52]. A more
recent study reported CD39 on gingiva-derived mesenchymal stem cells as a promoter of osteogenesis
through the Wnt/β-catenin signaling pathway [60].

While the above studies focus on the cellular mechanism of osteogenesis, further direct
investigation is needed on the effect of adenosine and its receptors on bone density in humans.
Due to the beneficial effect of activation of adenosine receptors on bone density in various mice
models [61–63], Zarebska et al. investigated the influence of exercise endurance on plasma ATP levels
with the hypothesis that ATP concentration, a predecessor molecule of adenosine, is likely to correlate
with exercise level [63]. This was a one-year study that compared 18 to 34-year old athletes, including
futsal players, sprinters and endurance athletes, to a control group. A treadmill test was taken until
the participants reached exhaustion and ATP levels were measured. There were higher ATP levels in
athletes who had better exercise endurance, postulating a resulting increase in adenosine and adenosine
receptor activation. Further studies are warranted to elucidate the contribution of adenosine receptor
activation under different physiological conditions, including exercise and with varying bone density.

4. Adenosine Receptors in Glucose Homeostasis and Obesity

The function of the A1AR in inhibiting lipolysis has been extensively studied. It is thought
that endogenously released adenosine maintains a constant inhibitory signal to adipocyte lipolysis.
When adenosine deaminase, which removes endogenous adenosine by degrading it to inosine, is added
to the culture of adipocytes from fasted rats, lipolysis reaches maximal levels [64,65]. It has also been
shown that adipocytes isolated from humans have a similar response to A1AR agonism, such that
treatment with PIA, an A1AR agonist, inhibits isoprenaline-stimulated lipolysis [39]. Conversely,
when an A1AR antagonist, 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX), was applied to rat adipocytes,
lipolysis increased [66]. A different A1AR antagonist, 8-phenyltheophylline, also increased lipolysis in
adipocytes from obese Zucker (fa/fa) rats [67]. When an A1AR agonist was given to Wistar and Zucker
fatty rats, levels of free fatty acids, glycerol and triglycerides were reduced [33,68]. These findings were
also verified in A1AR KO mice. In these conditions, when an adenosine analog, 2-chloroadenosine,
was added to A1AR KO adipocytes, there was no inhibition of lipolysis, as occurred in control WT
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mice [69]. Furthermore, systemic administration of N-Cyclopentyladenosine (CPA), an A1AR agonist,
reduced plasma levels of free fatty acids, glycerol and triglycerides (reducing lipolysis) in WT but not
A1AR KO mice. Importantly, A1AR KO mice at baseline had elevated free fatty acids as compared to
WT mice, suggesting a tonic-suppressive effect on lipolysis by adenosine through the A1AR in vivo [69].
Furthermore, the body weight of A1AR KO mice was significantly increased by 7–8.5% in older
(>5 months) male as compared to controls [69]. Conversely, in aged A1AR KO mice (14–16 months
old), the KO mice weighed slightly less than WT age-matched controls, with more lean mass and
less abdominal fat mass [70]. Correspondingly, aged A1AR KO mice had better glucose tolerance
and insulin sensitivity systemically and within visceral adipose tissue [70]. In an HFD model of
obesity, A1AR KO mice were heavier than WT mice, had elevated fasting plasma and insulin levels and
had impaired glucose clearance, as determined in hyperinsulinemic-euglycemic clamp studies [71].
Overexpression of the A1AR in the adipose tissue of mice resulted in decreased plasma free fatty acid
levels as compared to controls [72]. There was no effect on body weight on a normal chow diet or with
HFD challenge. Interestingly, overexpression of the A1AR was protective against insulin resistance [72].
Adipocytes from lean individuals as compared to obese individuals were more responsive to the
effect of A1AR agonism on reducing lipolysis. The mechanism for this effect was shown to be a
result of a greater ability of A1AR agonist to decrease adenylate cyclase activity in adipocytes from
lean individuals. The role of the A1AR on leptin secretion by adipocytes has also been studied [73].
Sprague-Dawley rats were treated with the A1AR-selective agonist, CPA (N6-Cyclopentyladenosine),
and serum leptin levels were measured. Interestingly, stimulation of the A1AR increased leptin
concentration in the serum, a finding that was not seen in the vehicle-treated rats. The authors contend
that this finding was a result of increased secretion of pre-formed leptin, as the mRNA levels of leptin
did not change with A1AR activation. This finding would fit with the idea that leptin secretion is
negatively regulated by cAMP. A1AR agonism of adipocytes from lean and obese individuals revealed
enhanced glucose uptake with A1AR agonism by PIA in adipocytes from lean individuals as compared
to obese individuals [39]. During glucose challenge, freely fed A1AR KO mice have increased insulin
and glucagon secretion, though no difference was seen in plasma glucose as compared to WT mice [32].
Clearly, A1ARs play an important role in lipid homeostasis, a consideration that should be made when
developing therapeutic targets of the A1AR.

The A2bAR has also been studied in the context of lipid and glucose homeostasis. Koupenova
et al. showed that lack of the A2bAR in ApoE-deficient mice fed a HFD resulted in elevated
liver and plasma cholesterol and triglycerides, hepatic steatosis and atherosclerotic plaques [38].
Furthermore, administration of the A2bAR agonist, BAY 60-6583 (2-[[6-Amino-3,5-dicyano-4-
[4-(cyclopropylmethoxy)penyl]-2-pyridinyl]thio]-acetamide) to ApoE-deficient mice on HFD reduced
atherosclerotic plaque formation and circulating plasma triglycerides and cholesterol [38]. In a
type I diabetes model, the adenosine receptor agonist, NECA, reduced plasma glucose levels and
ameliorated the diabetes-induced decrease in pancreatic insulin [74]. In an attempt to determine
which adenosine receptor was responsible for this effect of NECA, the authors found that the A1AR
agonist, 2-Chloro-N6-cyclopentyladenosine (CCPA), decreased hyperglycemia, but to a lesser extent
than that of NECA. The A2aAR agonist, CGS21680, did not alter glucose levels and NECA was able to
suppress hyperglycemia in A2aAR KO, suggesting that this receptor was not playing a significant role.
When NECA and an A2bAR antagonist, MRS 1754, were injected together, the suppressive effect of
NECA was abolished, suggesting that the NECA action through the A2bAR played a dominant role
in reducing plasma glucose in this model [74]. In one study, KKAy mice (named after Kyoji Kondo
who developed a diabetic mouse strain) were used to model type 2 diabetes mellitus. In this case,
administration of the A2bAR antagonist, ATL-801, for two days reduced hepatic glucose production
and increased glucose uptake in skeletal muscle and brown adipose tissue [75]. Acute challenge
with the adenosine receptor agonist, NECA, delayed glucose disposal and increased fasting glucose
levels [75]. This effect was eliminated in A2bAR KO mice, which suggests that NECA activation
of the A2bAR impaired glucose uptake and utilization [75]. On the other hand, A2bAR KO mice
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fed an HFD for 16 weeks have increased adiposity, delayed glucose clearance and impaired insulin
sensitivity [37]. Intraperitoneal injection of the A2bAR-specific agonist, BAY 60-6583, during HFD
feeding lowered fasting glucose levels and improved glucose and insulin tolerance [37]. Further work
showed that restoration of macrophage expression of A2bAR in an otherwise full-body A2bAR KO
mouse restored insulin signaling and glucose homeostasis to the levels of WT mice [76]. Furthermore,
glucose homeostasis and systemic and tissue inflammatory markers were ameliorated with restoration
of A2bAR signaling in macrophages [76]. In a third model, A2bAR KO mice fed a chow diet, but
not an HFD, gained more weight and had impaired glucose and lipid homeostasis as compared to
WT mice [77]. This effect was shown to be a result of the ability of A2bAR to promote alternative
macrophage activation and prevent adipose tissue inflammation [77]. The role of the A2bAR in insulin
and glucose sensitivity has been extensively studied in mouse models of obesity and diabetes and
appears to play an active role in maintaining glucose homeostasis [37,78].

The A2aAR has also been implicated in adipose tissue dynamics, obesity and inflammation.
Mice fed a HFD for 12 weeks had increased expression of the A2aAR in macrophages within the adipose
tissue as compared to mice on a low-fat diet [79]. These macrophages were also more proinflammatory
(M1) as compared to WT mice [79]. A2aAR KO mice fed an HFD gained more weight than WT
mice, despite similar food consumption and energy expenditure [79]. A2aAR KO mice had greater
abdominal fat mass, increased adipocyte size than WT mice, greater insulin resistance and glucose
intolerance [79,80]. Furthermore, in another study, A2aAR KO mice fed an HFD for 16 weeks had
reduced glucose tolerance due to a decrease in insulin secretion by the pancreas rather than a difference
in insulin sensitivity [81]. In an HFD model of obesity in Swiss mice, the administration of CGS21680,
an A2aAR agonist, improved glucose homeostasis, as determined by insulin tolerance test, and reduced
inflammatory markers such as tumor necrosis factor alpha (TNFα) systemically and in the visceral
adipose tissue [82]. Overall, activation of the A2aAR may also be a potential therapeutic target in
metabolic disease.

An exciting study explored the effect of the A2aAR on brown adipose tissue. The authors
found that the A2aAR is the most highly expressed adenosine receptor in brown adipose tissue [31].
A2aAR KO mice or pharmacologic inhibition of the A2aAR decreased thermogenesis [31]. Conversely,
the administration of A2aAR agonists increased energy expenditure [31]. This finding was explained
by browning of the white adipose tissue which was induced by activation of the A2aAR [31]. Finally,
in mice fed an HFD, administration of an A2aAR agonist decreased weight gain and improved glucose
tolerance [31]. Ruan et al. showed that A2aAR expression in brown adipose tissue was important
in cardiac remodeling during hypertension [83]. A2aAR KO mice had worsened hypertensive
cardiac remodeling compared to WT mice in a mouse model of hypertension [83]. The A2aAR
was highly induced in the brown adipose tissue in this model, and lack of the A2aAR in KO mice
impaired brown adipose tissue thermogenesis induced by the hypertensive model in WT mice [83].
Furthermore, A2aAR-induced thermogenesis in brown adipose tissue was important for secretion of
fibroblast growth factor 21 (FGF21), which was necessary to protect against hypertension-induced
cardiac remodeling [83]. In a study in lean men using Positron Emission Tomography—Computed
Tomography (PET/CT), adenosine was found to increase perfusion in brown adipose tissue to a greater
extent than cold exposure [84]. Interestingly, using the PET radioligand, [11C]TMSX, which binds
specifically to the A2aAR, lean men were found to have reduced brown adipose tissue radioligand
binding (a marker of A2aAR receptor density) following cold exposure [84]. However, in mice lacking
all four ARs, termed quadruple knockout mice (QKO), body temperature did not differ from WT
mice [85], suggesting that ARs are not necessary for baseline body temperature or that the four
adenosine receptors may have reciprocal and opposing effects on body temperature such that deletion
of one adenosine receptor is balanced by the deletion of a different adenosine receptor. Regardless,
the role of the A2aAR in brown adipose tissue appears to be clinically relevant and may lead to future
therapeutic efforts.
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Gnad et al. evaluated the effect of A2bAR stimulation or suppression in major energy dissipating
tissues [86]. Their studies demonstrated a significant expression of A2bAR in skeletal muscle and
brown adipose tissues. Upon genetic deletion of the A2bAR specifically in the skeletal muscle of
mice, there was loss of muscle mass, exemplified by sarcopenia and reduced energy expenditure.
A2bAR activation had opposite effects. Similarly, the deletion of A2bAR specifically in adipose tissue
increased age-related reduction in brown adipose tissue, while stimulation of the A2bAR protected
brown adipose tissue, and reduced white adipose tissue and obesity. This study demonstrates
the beneficial effect of A2bAR stimulation on several cell types important in thermogenesis and in
preventing obesity and age-related sarcopenia. Future studies are needed to understand how this
receptor stimulation mediates this effect, especially in complex disease models consisting of other
pathological processes accompanying obesity, such as diabetes.

5. Discussion: Implications for Therapeutic Benefit

Adenosine receptors play a role in regulating adipogenesis in peripheral adipose tissue and the
bone marrow, and influence whole-body metabolism in terms of lipid storage and glucose homeostasis.
Given the potential therapeutic benefits of adenosine receptors, this is an exciting time in adenosine
biology. Given the complex biology and diverse, and, at times, contradictory effects of the adenosine
receptors, continued development and study of drugs that target specific adenosine receptors will be
key to the ultimate goal of creating therapeutic agents that lack potential adverse influences (thoroughly
reviewed in [87]).

As shown in Table 2, several A1AR agonists, including SDZWAG994, ARA and RPR749, have been
evaluated in humans as antilipolytic agents for hypertriglyceridemia [88–90]. RPR749 is an orally
active A1AR agonist. In a double-blind, single increasing dose, placebo-controlled, parallel group
randomized study, six parallel groups of eight men (six individuals in the active arm and two in the
placebo arm in each group) were given RPR749 or control as a single dose. The average free fatty acid
concentration in the serum decreased in all treatment groups [90]. Unfortunately, A1AR agonists have
significant side effects, including in the heart and kidney, and also become desensitized after repeated
exposure. Partial agonists like GS-9667 (previously known at CVT-3619), decreased plasma free fatty
acids without desensitization or significant side effects in rodents [91,92]. In a single ascending dose
study, healthy non-obese and obese individuals were given a single oral dose of GS-9667 and, in a
multiple ascending dose study, healthy obese subjects received GS-9667 for 14 days. The studies
found that GS-9667 resulted in decreased free fatty acid levels in a dose-dependent manner, which was
maintained over the 14 days of treatment [93]. In addition to the above-cited side effects identified in
these trials, the additional consequences of A1AR agonism in the long term may include effects on
bone homeostasis with potential for greater risk of osteoporosis.

Table 2. A1AR Modulators Trialed in Humans.

Receptor Activity Drug Acronym Therapeutic Target (Reference)

A1AR Agonist SDZWAG994 Hypertriglyceridemia [88]
A1AR Agonist ARA Hypertriglyceridemia [89]
A1AR Agonist RPR749 Hypertriglyceridemia [90]
A1AR Partial agonist GS-9667 Hyperlipidemia [91]

Other exciting potential targets include the A2bAR, given its reported role in improving glucose
and insulin homeostasis, and the A2aAR, given its reported ability to promote thermogenesis and
browning of the white adipose tissue. However, given the potential for alterations in bone metabolism
and other off-target effects, caution should be applied when evaluating adenosine receptor modulators.
Much effort has been devoted to the synthesis of therapeutic drugs that target adenosine receptors,
but several clinical trials have failed, and few such drugs are approved. Adenosine itself and
regadenoson, an A2aAR agonist, are both approved for coronary stress imaging and for the treatment
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of paroxysmal supraventricular tachycardia in the case of adenosine. The first adenosine receptor
antagonist to be FDA-approved is the A2aAR antagonist istradefylline (Nourianz), which is used with
levodopa/carbidopa in Parkinson’s disease [94]. While istradefylline had a good safety profile in over
4000 patients tested with this drug, a different A2aAR antagonist led to death from agranulocytosis in
five patients in a phase III clinical trial [95]. An ongoing review of the approved A2aAR antagonist
will be necessary to determine if there are long-term consequences, including impairment in bone or
adipose tissue metabolism.
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Abbreviations

ATP Adenosine triphosphate
ADP Adenosine diphosphate
AMP Adenosine monophosphate
A1AR A1 adenosine receptor
A2aAR A2a adenosine receptor
A2bAR A2b adenosine receptor
A3AR A3 adenosine receptor
cAMP Cyclic adenosine monophosphate
DAG Diacyglycerol
PKC Protein kinase C
PLC Phospholipase C
PI3K Phosphoinositide 3-kinase
MAPK Mitogen-activated protein kinase
MSC Mesenchymal stem cell
PPARγ Peroxisome proliferator-activated receptor gamma
CEBP CCAAT enhancer binding protein
KLF4 Krüppel-like factor 4
Runx2 Runt-related transcription factor 2
TNFα Tumor necrosis factor alpha
CPA N6-Cyclopentyladenosine
PIA Phenylisopropyladenosine
CCPA 2-Chloro-N6-Cyclopentyladenosine
DPCPX 8-Cyclopentyl-1,3-dipropylxanthine

CGS 21680
3-(4-(2-((6-amino-9-((2R,3R,4S,5S)-5-(ethylcarbomoyl)-3,4-dihydroxytetrahydrofuran-2-yl)-9H-
purin-2-yl)amino)ethyl)phenyl)propanoic acid

SCH442416
2-(2-Furanyl)-7-[3-(4-methoxyphenyl)propyl]-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-
5-amine

BAY 60-6583 2-[[6-Amino-3,5-dicyano-4-[4-(cyclopropylmethoxy)penyl]-2-pyridinyl]thio]-acetamide

MRS-1706
N-(4-Acetylphenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8-yl)phenoxy]
acetamide

MRS-1754
N-4(4-Cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8-yl)phenoxy]
acetamide

ATL-801
(N-[5-(1-cyclopropyl-2,6-dioxo-3-propul-2,3,6,7-tetrahydro-1H-purin-8-yl)-pyridin-2-yl]-N-
ethyl-nicotinamide
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IB-MECA N6-(3-Iodobenzyl)adenosine-5′-N-methyluronamide
C1-IB-MECA 2-Chloro-N6-(3-Iodobenzyl)adenosine-5′-N-methyluronamide

MRS5698
(1S,2R,3S,4R,5S)-4-[6-[[(3-Chlorophenyl)methyl]amino]-2-[2-(3,4-difluorophenyl)ethynyl]-9H-
purin-9-yl]-2,3-dihydroxy-N-methylbicyclo[3.1.0]hexane-1-carboxamide

MRS1523 3-Propyl-6-ethyl-5-[(ethylthio)carbonyl]-2 phenyl-4-propyl-3-pyridine carboxylate
MRS1220 N-[9-Chloro-2-(2-furanyl)[1,2,4]-triazol[1,5-c]quinazolin-5-yl]benzene acetamide
NECA 5′-N-Ethylcarboxamidoadenosine
SDZWAG994 N-Cyclohexyl-2′-O-methyladenosine

ARA
([1S,2R,3R,5R]-3-methoxymethyl-5-[6-(1-[5-trifluoromethyl-pyridin-2-yl]pyrrolidine-3-[S]-
ylamino)-purin-9-yl]cyclopentane-1,2-diol)

RPR749 C22H26F3N7O3

GS-9667
(2S,3S,4R,5R)-2-(((2-fluorophenyl)thio)methyl)-5-(6-(((1R,2R)-2-hydroxycyclopentyl)amino)-9H-
purin-9-yl)tetrahydrofuran-3,4-diol
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