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Preface

Purinergic receptors are physiologically activated by extracellular adenosine
5'-triphosphate (ATP) and its derivatives, such as adenosine. P2Y metabotropic
receptors have eight subtypes in humans, and P2X ionotropic receptors have seven;
both of which are activated by ATP. Adenosine activates P1 receptors that have
four subtypes in mammals. These receptors are widely distributed in mammals
and are responsible for regulating a large number of cellular events, including
inflammation, pain, growth, and cell death. The understanding and therapeutic
control of inflammation and cell growth blocking these receptors have been widely
studied for the clinical treatment of inflammatory and autoimmune diseases,

in addition to some types of cancer. However, there is a shortage of selective
antagonists with potent in vitro and in vivo activity and primarily therapeutic
efficacy in humans.

This book provides a brief view of these receptors as a drug target. In the first
chapter, we briefly describe the function and pharmacology of these receptors.
Then, the functions of these receptors in the body are discussed as well as the
intracellular signaling of these receptors in specific systems such as dental orofacial
pain and perinatal hypoxic-ischemic encephalopathy. Finally, we briefly highlight
the bioinformatics tools used in the study of these receptors and the planning and
discovery of new drugs.

I add that this book would not have been possible without the work of the authors
and collaborators involved in this project.

Robson Faria, PhD.

Laboratory of Toxoplasmosis and other Protozoans,
Pavilion Carlos Chagas,

Oswaldo Cruz Institute,

Oswaldo Cruz Foundation,

Brazil
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Chapter1

Introductory Chapter: Receptors
P1 and P2 as Targets for Drug
Therapy in Humans

Robson Faria

1. Purinergic receptor classification and functions in physiological
conditions

One of the most abundant molecules in living cells serving as an intracellular
energy source is adenosine-5’'-triphosphate (ATP) [1]. Additionally, this molecule
acts as the substrate for adenosine 3',5'-cyclic monophosphate (cAMP) production,
which is extensively used in intracellular signaling.

Although there was resistance to recognize the action of ATP in the extracel-
lular medium, nowadays, diverse mechanisms of cellular communication in living
organisms have been considered as dependent on purinergic signaling. Numerous
cell types released ATP autocrinally as a ubiquitous biologic and physiologic process
[2]. A large number of purinergic receptors are activated for extracellular ATP and
its metabolic breakdown acting on autocrine and paracrine manner [3, 4]. Thus,
adenosine and other nucleotides activate the P1 and P2 receptors, respectively.

P1 receptors are selective for adenosine, and P2 receptors are activated by purine
and by pyrimidine nucleotides. Adenosine activates A;, Aya, A, and A; receptors
coupled to G-protein subtypes. Purines and pyrimidines may activate the P2Y
receptors (eight subtypes in mammalian P2Y; P2Y,, P2Y,, P2Y, P2Yy;, P2Yy,, P2Y53,
and P2Y,4) coupled to G-protein. P2X receptors are preferentially activated for
purines (seven subtypes in mammalian P2X;, P2X,, P2X;, P2X,, P2X;s, P2X,, P2X;)
forming homotrimers and heterotrimers.

P1and P2 receptors are abundant and widely distributed in all tissues of
the body, mainly in mammals. In physiological conditions, they participate on
neurotransmission, neuromodulation, sensory transduction, regulation of heart
rate, smooth muscle contraction, bile secretion, endocrine regulation, immune
responses, proliferation in development and regeneration, ischemia, and inflam-
mation [5].

2. Purinergic receptor participation in pathological conditions

The immune system uses pattern recognition receptors (PRRs) that recognize
pathogen-associated molecular patterns (PAMPs) [6]. Besides pathogens, the
immune system also reacts to particles that can cause damage-associated molecu-
lar patterns (DAMPs) [7], which are called hazard signaling molecules. Antigen
presenters recognize them, once released or produced under stress conditions or
cell death, which become activated and generate costimulatory signals and thus
initiate immune responses and inflammation [8]. Different chemical agents are
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capable of inducing the inflammatory response, even in the absence of infection.
Sterile inflammation is marked by neutrophil and macrophage recruitment and for
cytokine production such as TNF-a and IL-1f [9]. Nucleotides (ATP, UTP, or ADP)
can act as DAMPS in the extracellular medium under stressful conditions and are
released with other molecules out of the cell. In the environment, these nucleotides
are recognized by a cell expressing purinergic receptors, including the antigen-pre-
senting cells (APCs). Thus, they serve as signaling molecules of danger to APCs. In
this context, in an ATP cell release event injured, many classes of receptors (some-
times of different actions) are activated in effector cells and can generate a network
of intracellular signaling cascades responsible for late effects [10]. Several studies in
recent years have shown that purinergic signaling plays an essential regulatory role
in many inflammatory diseases [11]. Additionally, these receptors may modulate
diverse diseases such as chronic pain, brain trauma ischemia, epilepsy, Alzheimer
disease, amyotrophic lateral sclerosis, depression, anxiety, schizophrenia throm-
bosis and stroke, dry eye, atherosclerosis, kidney failure, osteoporosis, bladder
incontinence, colitis, neurodegenerative diseases, and cancer [12-14].

3. Purinergic receptor as therapeutic targets

Classically, in the function of ubiquitous purinergic receptor expression, the
agonists and antagonists for these receptors exhibit a lack of drug selectivity and
the possibility of side effect in vivo. However, the advance of medicinal chemistry
area in the last decades has developed potent and selective synthetic agonists and
antagonists for purinergic receptors. The boost of bioinformatic analysis with
power tools allows studying purinergic receptors’ structure in details and discover-
ing, in some cases, allosteric modulators with therapeutic window better than
orthosteric compounds [15-17].

Undoubtedly, purinergic receptors, P2X receptor, P2Y receptor, and ectonucleo-
tidase pharmacology is an attractive area for pharmacotherapeutic development
and, therefore, provides a contemporary understanding of the purinergic signaling
in physiological and pathological conditions. Additionally, this content will include
of the relationship between purinergic receptors subtypes and ectonucleotidases at
molecular, pharmacological, and therapeutic conditions.

We are grateful to all the authors for their valuable contribution and hope that
this book could represent, for the scientific community, a solid basis for further
studies on purinergic receptors.
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Chapter2
Functions of Purinergic Receptors

Eren Sarikaya

Abstract

Purinergic receptors, also known as purinoceptors, are a family of plasma mem-
brane molecules found in many mammalian tissues. Purinergic receptors are trans-
membrane receptors consisting of two main categories. P1 receptors are stimulated
by adenosine. Those that respond to extracellular nucleotides (ATP, ADP, UTP and
UDP) are P2 receptors. The P2X receptors are ligand-gated ion channels. The P1 and
P2Y receptors are bound to the G protein. Both of these metabotropic receptors are
distinguished by taking into account their reactivity to specific activators. P1 and
P2Y receptors are widely distributed in the brain, heart, kidneys and adipose tissue.

Keywords: purinergic receptors, P1, P2, ATP, UTP

1. Introduction
1.1 The possible physiological sources of nucleotides and nucleosides

ATP and other described nucleotides treat both metabotropic (P2Y) and iono-
trophic (P2X) receptors. P2X receptors subunits (P2X1-P2X7) form ligand-gated
cation channels, like homomultimers or heteromultimers. P2X3 subunits contribute
to the ion permeability pathway by joining the fields of each subunit. P2X3R has the
lowest recorded relative Ca®* permeability of the family. P2X7, in addition to cation
channels, is associated to contain large cytolytic pores; that are found in macro-
phages and brain microglial cells. P2Y receptors can activate or inhibit adenylate
cyclase according to the subtype and consequently the type of coupled G protein.
Adenylate cyclase and especially for the Ca®* channel inhibition appears. P2Y
receptors form as subset of G-protein-linked receptors; most mate to phospholipase
C via the G protein, but inhibition of adenylate cyclase and N-type Ca** channels
and activation of K* channels also occurs. The expressed P2Y receptors are gener-
ally pharmacologically distinguished by the rank order of the agonists; some prefer
pyrimidine to purine. Several P2Y receptors have a very common tissue distribution
[1]. Molecular structures of ATP and BzATP are shown in Figure 1.

Adenine nucleotides inhibit isoproterenol and forskolin-induced cyclic AMP
accumulation in C6-2B rat glioma cells. This inhibition occurs in the presence of a
phosphodiesterase inhibitor. Adenine nucleotides did not cause effects in measure-
ments of the direct phosphodiesterase activity in intact cells. Pretreatment of C6-2B
glioma cells with pertussis toxin blocked the inhibitory effects of P2Y-purinergic
receptor agonists. A number of ATP and ADP analogs produced a rank potency
order (2-methylthioadenosine 5’'-triphosphate> or = 2-methylthioadenosine
5’-diphosphate > adenosine 5’-O-(2-thiodiphosphate) > 2-chloro-adenosine
ADP = adenosine 5'-O-(3-thio- triphosphate) > ATP > UTP) expected from a P2Y-
purinergic receptor activation; and the P2X-purinergic receptor agonists, alpha,

9 IntechOpen
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Figure 1.
Molecular structures of ATP and BzATP [2].

beta-methyleneadenosine 5'-triphosphate and beta, gamma-methylene-adenosine
5’-triphosphate had no effect. Phospholipase C activity occurs in response to
P2-purinergic receptor activation in many target tissues, therefore the effects of
P2Y receptor agonists on inositol phosphate accumulation were measured in C6-2B
cells. No evidence was found for the regulation of P2Y-purinergic receptor mediated
by inositol lipid metabolism under conditions where the activation of muscarinic
cholinergic receptor or AIF4 increased the inositol phosphate accumulation. These
results indicate that a P2-purinergic receptor subtype with different signaling char-
acteristics is present on the C6-2B rat glioma cells. Although this receptor expresses
the general pharmacological properties of a phospholipase C-linked P2Y-purinergic
receptor, it may represent a unique receptor subtype because it inhibits adenylyl
cyclase [3].

Purines were thought to be limited to the intracellular compartment in which
they were used for energy processing, nucleic acid synthesis and a large number of
biochemical reactions. Karl Lohmann isolated ATP, which is the key intracellular
energy currency, in 1929 [4]. However, adenosine and adenosine triphosphate (i)
are abundant biochemical components of the tumor microenvironment, (ii) are
strong modulators of immune cell responses and cytokine release, and (iii) are
key players in host-tumor interaction. In addition, both nucleotides directly affect
tumor cell growth. Adenosine is a potent immunosuppressant (mainly effective
at A2A receptors) and a cell growth modulator (mainly effective at A3 receptors).
ATP is a proinflammatory agent (effective in P2Y1, P2Y2, P2Y4, P2Y6 and P2Y12
and at P2X4 and P2X7 receptors), an immunosuppressant (effective in P2Y11) and
a growth promoter (effective in P2Y1, P2Y2 and P2X7). This complex signaling
network produces a number of inhibitory and stimulating responses that affect
immune cell function, tumor growth and metastatic spread.

Purinergic receptors, represented by many families, are the most abundant
receptors in living organisms, possibly occurring in the early stages of evolution.
Purinergic signaling in peripheral and central nervous systems is a rapidly expand-
ing field. Examination of these receptors makes it possible to develop therapeutic
strategies for these disorders with novel mechanisms of action, including purulent,
pathogenic conditions, including pain, trauma, ischemia, epilepsy, migraine,
psychiatric disorders and drug dependence [5].

In micromolar/nanomolar concentrations, extracellular adenosine triphosphate
(ATP) has been shown to produce significant functional changes in a wide variety
of normal and transformed cell types. Although ATP can be specifically released
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from the cytosol of damaged cells, it is also packaged in some exocytotic vesicles/
granules containing conventional neurotransmitters and hormones. Various bio-
logical responses to ATP are mediated by various P2-purinergic cell surface recep-
tors activated upon binding of ATP and other nucleotides. Recent physiological,
biochemical and pharmacological studies have shown that there are multiple types
of ATP receptor subtypes. These include: (1) G-protein-bound ATP receptors that
induce inositol phospholipid hydrolysis, Ca’ * mobilization and activation of protein
kinase C; (2) ATP receptors that directly activate non-selective cation channels in
plasma membranes of various cell types and (3) ATP receptors capable of producing
cytotoxic or activation responses in T lymphocytes and other immune effector cells
by rapid induction of surface membrane pores permeable to ions and endogenous
metabolites (with molecular weights until 900 Da). In addition to these functional
criteria, these default ATP receptor subtypes can be pharmacologically distinguished
by characteristic potency for various structurally modified ATP analogs [6].

Intracellular nucleotides play a fundamental and ubiquitous role in energy
metabolism, nucleic acid synthesis and enzyme regulation. It is widely understood
that extracellular nucleotides and nucleosides carry out important biological actions
in many tissues and cells [7]. GLUTs (facilitate transport of glucose into the cells),
SGLTs (facilitate the re-absorption of glucose back into circulation) and KATP
(ATP-sensitive potassium channels) metabolic sensors play an important role in
glucose homeostasis and metabolism in the body and in many specific organs (e.g.,
intestine, pancreas, heart, skeletal muscle and brain) [8].

KATP bind metabolic signals to cell excitability and play an important role
in many tissues, including regulation of insulin secretion, control of vascular
tone and protection of neurons and muscles from ischemia. KATP channels are
octameric complexes consisting of four sulfonylurea receptors (SUR.x) and
four inwardly rectifying potassium channels (Kir6.x). They are regulated by
intracellular ATP and ADP. While ATP inhibits channel activity, ADP antago-
nizes the inhibitory effect of ATP in the presence of Mg** and stimulates the
channel activity. These gate properties are essential for this channel to detect
metabolic changes in cells. Thus, in pancreatic p cells, the [ATP]/[ADP] ratio
increases in response to blood glucose levels augment, leading to closure of
the KATP channel, membrane depolarization, activation of voltage-gated Ca**
channels and insulin release. However, when the blood glucose levels are low, the
[ATP]/[ADP] ratio decreases, KATP channels are opened and insulin secretion
decreases [9].

The catastrophic channels in the pancreas are activated as follows; in the
event of B-cell glucose level is increased, the intracellular ratio of ATP to ADP
also increases, leading to closure of the KATP channel, depolarization of cells and
insulin release [10].

The P-sensitive K'(K + [ATP]) stream is thought to be regulated by GTP-binding
proteins (G proteins), but the pathways combining the receptor, G protein and
channel are not identified. The regulation of tolbutamide-sensitive K'[ATP] cur-
rent in neonatal rat ventricular myocytes is determined. Activated ATP-sensitive
K + (K + [ATP]) channels are present in cells when intracellular ATP levels decrease.
Intracellular ATP levels are found when intracellular ATP levels are reduced in the
cell, intracellular skeletal muscle, brain and pancreas. Little is known about the func-
tion of K + [ATP] channels in heart cells, although their important role in controlling
insulin secretion from pancreatic P-cells has been well established. When pharma-
cologically activated, these channels greatly reduce the duration of action potential
and have been proposed to be responsible for the shortening of action potential in
metabolically dangerous ischemic muscles. However, the ATP concentration in the
metabolically blocked caste remains above the level, which prevents the channels in
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the excised membrane patches. A possible explanation for this discrepancy is that the
ATP sensitivity of the channels can be modulated by intracellular mechanisms [11].

ATP-responsive K* channels, called KATP channels, provide a link between cel-
lular metabolism and membrane electrical activity in various tissues. Channel iso-
forms are targets for compounds that stimulate and inhibit their activity resulting
in membrane hyperpolarization and depolarization, respectively. Vascular smooth
muscle and stimulating insulin secretion loosening are examples for these situations
above [12]. Adenosine agonists and the openers of the ATP-sensitive potassium
(KATP) channel were reported to limit infarct size (IS) [13]. ATP-sensitive potas-
sium (KATP) channels are well defined in the heart, skeleton and smooth muscle,
pancreatic cells, pituitary, central and peripheral nervous system both electrophysi-
ologically and pharmacologically. The activities and hence the various cellular
functions are controlled by the cellular metabolism. In general, the changes in ATP
(causing channel closure) and in MgADP (channel activating) are believed to have
dual metabolism to channel activity 6. It is described that the cellular localization
of two mRNA transcripts that is expected to generate ATP-sensitive K* channels
in the murine brain. There is evidence that the KATP channel in pancreatic cells is
composed of a Kir6.2 and a complex of SUR1 subunits. KATP channels with similar
characteristics (type I) have been described in various neurons, including those
with brain cortex, basic nigra, caudate, and hippocampus [14].

Almost all tumor cells and all immune cells express plasma membrane receptors
for extracellular nucleosides (adenosine) and nucleotides (ATP, ADP, UTP, UDP
and sugar UDP). The tumor microenvironment is characterized by an unusually
high concentration of ATP and adenosine. Adenosine is an important determinant
of the immunosuppressive tumor environment. Serial hydrolysis of extracellular
ATP catalyzed by CD39 and CD73 is the main pathway for adenosine formation
in the tumor interstitium. Extracellular ATP and adenosine mold are both host
and tumor responses. Depending on the activated specific receptor, extracel-
lular purines mediate host-side immunosuppression or immunostimulation and
tumor-side growth stimulation or cytotoxicity. Recent developments in this area
provide the key to deciphering this complex scenario, using the potential benefits of
therapy. Preclinical data indicate that targeting the adenosine producing pathway or
adenosinergic receptors attenuates immunosuppression and strongly inhibits tumor
growth. On the other hand, the growth of experimental tumors is strongly inhibited
by targeting the receptor of P2X7 ATP selective cancer and immune cells. The role
of extracellular purines (purinergic signaling) acts in host-tumor interaction and
highlights new treatment options from recent advances. There is now a consensus
that ATP and adenine are the main components of tumor microenvironment
(TME), in which TME affects tumor growth, immune cell functions and tumor-
host interaction in different ways. In view of the widespread observation that many
malignant tumors overexpress several PIR or P2R subtypes, a simple approach
would require targeting these receptors with selective receptors to suppress tumor
receptor growth. On the same line of interference, the enzymes involved in the
metabolism of extracellular nucleotides and nucleosides (CD39, CD73 and adenos-
ine deaminase) are viewed. Although the effectiveness of several simple preclinical
models has been proven, this simple approach is clearly very pure. P1Rs, P2Rs and
ATP/adenosine-disrupting enzymes are expressed together with host immunostim-
ulatory and stromal cells, which have very important functions for host integrated
complex formation around the tumor. Careful selection of the candidate purinergic
receptor in combination with modulators of extracellular adenosinergic pathways
may allow inhibition of tumor cell growth and concomitantly increase the anti-
tumor host response. This anti-cancer agent will provide an additional powerful
weapon for combinative treatments [15].
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Nucleotides and their receptors are emerging as potential actors in host-tumor
interaction, such as new and important inflammatory and immune modulators. A
large number of P2 and P1 receptors expressed by tumor and inflammatory cells
exhibiting different ligand affinities for P2 and P1 receptor subtypes are modulated
by local factors obtained from ectonucleotides and ADA on the nucleotide and
adenosine concentration. In vivo data supports in vitro evidence that the reduction of
the intratumour adenosine concentration and the targeting of the P2X7 receptor have
a potent antitumor effect. Therefore, investigating the purinergic signaling in cancer
opens promising perspectives for the development of innovative therapeutics [16].

Purinergic signaling has been focused on the tumor-associated immune
response; nucleotides and nucleosides have strong direct effects on the tumor cells
themselves. Stimulation of P2Y receptors (P2Y1 and P2Y2) promotes growth, there-
fore, depending on the expressed P2Y receptor subtypes, the accumulation of ATP
in the tumor microenvironment is likely to promote tumor growth. In addition to
P2Y receptors, P2X7 plays a role in tumor growth. It is a long-standing observation
that most malignant tumors over-express P2X7 [17]. It is known that this receptor
mediates a strong cytotoxic response [18]. Therefore, why a tumor should over-
express a “suicide” receptor is determined. However, cytotoxicity is most commonly
triggered by pharmacological (i.e., near millimolar) ATP doses. In contrast, the
activation of P2X7 by the endogenously released ATP produces a trophic, growth-
promoting effect [19].

Nucleotides and nucleosides in airway surface fluid regulate mucociliary clear-
ance (MCC) activities, the primary natural defense mechanism that removes for-
eign particles and pathogens from airway surfaces. These effects in the airways are
mainly mediated by two purinergic receptor subtypes, the Gq-coupled ATP/UTP-
sensing P2Y?2 receptor and the Gs-conjugated A2b adenosine receptor. Activation of
the A2b receptor results in cyclic AMP-dependent activation of the Cinl channel of
the cystic fibrosis transmembrane regulator (CFTR) and stimulation of the ciliary
pulse frequency. Agonist activation of the P2Y2 receptor promotes the inhibition of
CFTR-dependent and CFTR-independent Cl secretion, ciliary beating and mucin
secretion as well as Na* absorption [20].

The phenomenon about the process reveals the participation of a biologi-
cal cascade. In this context, adenosine agonists and ATP-sensitive K* channel
(KATP) openers mimic some protective effects of the preconditioning process.
Furthermore, these effects are reversed by adenosine antagonists and KATP block-
ers; this suggests that the release of adenosine and activation of KATP channels
through adenosine Al receptors may constitute an early step in ischemic cerebral
preconditioning [21].

Activation of the adenosine receptor, protein kinase C (PKC) and ATP-sensitive
potassium (KATP) channel is known to trigger preconditioning. The data provides
direct evidence that the KATP channel, rather than the adenosine receptor, is the
effector downstream of PKC in initiating PKC-mediated preconditioning. Both
the adenosine receptor and the KATP channel are required to promote the actual
protective effect during continuous hypoxia [22]. The possibility of joining the bio-
logical stage of protective event involvement of adenosine Al receptors and KATP
channels, associated with cross-tolerance between KA-induced epileptic tolerance
or KA-induced epilepsy and global ischemia, is evaluated [23].

2. Classification of the P1 and P2 receptors

The antinociceptive effects of adenosine via preconceptional P1 (A1) purinocep-
tors in the spinal cord and the pain-enhancing effects of adenosine with P1 (A2)
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purinoceptors in the environment have shown great interest in the development of
P1 agonists and antagonists and P2X antagonists as potential analgesic drugs [24].

Purinergic receptors are divided into adenosine receptors (P1) and nucleotide
receptors (P2). The receptors for nucleotides are also divided into two main groups:
ligand-gated ion channels (P2X) and G-protein-associated receptors (P2Y). Upon
vascular injury, platelets are collected at the site of injury to form a hemostatic plug.
Abnormal activation of platelets leads to thrombosis, resulting in greater paralysis and
a risk of myocardial infarction. The importance of ADP in hemostasis and thrombosis
greatly underscores the significance of understanding the function of these receptors
that would enable development of potent and safe antithrombotic drugs. This makes
ADP receptors antagonize or interfere. Purinergic receptors are shown in Figure 2.

The molecular mechanisms of platelet activation caused by ADP are now evi-
dent. The separation and interactions of a unique P2T receptor concept into three
components (i.e., P2Y1, P2Y12 and P2X1 receptors) helped to explain the intracel-
lular and physiological effects of ADP on platelets. The interaction of signaling
events under P2Y1 and P2Y12 receptors is a new physiological response and may be
a general mechanism of «1bp3 integrin activation by all physiological agonists. It is
also shown to be a mechanism of activation for another platelet integrin a V3 [25].

Results from this observation include a fourth P2 receptor subtype on platelets
and P2Y12 receptor binding to other G proteins. The precise signaling mechanisms
and pathways mediated by these three P2 receptor subtypes will provide a bet-
ter understanding of the molecular mechanisms of ADP-mediated physiological
responses in platelets and, in general, agonist-induced platelet activation [26].

Two types of purinergic receptors were distinguished: P1 purines are the most
sensitive to adenosine and AMP, competitively blocked by methylxanthines; P2 puri-
noceptors are most sensitive to ATP and ADP, and quinidine is blocked (although not
competitive) by 2-substituted imidazoline, 2,2’-pyridylisatogen and apamine, and
their use leads to the production of prostaglandins. Adenosine reduces the heart rate
and contraction force of the atrium and the ventricles of most species. It disrupts con-
duction in the atrioventricular node and has a particularly strong effect on the sino-
atrial pacemaker. These effects are blocked by methylxanthines and strengthened by
dipyridamole. ATP is also a contractility potent inhibitor of the heart of most species
but initially has a positive inotropic effect on the frog’s heart, followed by inhibition
(possibly due to adenosine after rapid disintegration of ATP). Adenyl compounds
allow the expansion of coronary vessels. ATP and ADP are the most potent, and ade-
nosine and AMP are partially about 25%, whereas inosine, adenine and hypoxanthine
are almost inactive. Adenosine acts on the presynaptic P1 purinoceptors, reducing the
release of noradrenaline and acetylcholine from the adrenergic and cholinergic nerve
terminals. These effects are blocked by methylxanthines. Adenosine probably induces

Purinergic receptors

T

P1 receptor P2 receptor

Al receptor AZb receptor

P2Y receptors P2X receptors
A2 receptor Al receptor

Figure 2.
Purinergic receptors [2].
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adenylate cyclase in the three main regions of the heart (i.e., heart muscle, vascular
smooth muscle and nerve terminals), causing changes in cAMP accumulation and a
reduction in Ca®* flux. The mechanism of action of ATP is unknown. There is strong
evidence for a physiological role for adenyl compounds in the regulation of coronary
blood flow. The concentration of adenosine, ischemia-induced ATPs acting on the P1
purinorecceptors, acting on vasoconstriction of vasodilatation from cardiac hyperac-
tivity, may be increased by the release of intranural purinergic nerves and acting on
P2 purinoseptors. Some purinergic nerves affect sinoatrial pacemaker activity, and
adenosine may be a physiological presynaptic modulator of cardiothoracic activity of
both adrenergic and cholinergic nerves [27]. ATP and other purine nucleotides and
nucleosides have strong regulatory (similar to neurotransmitter) effects attributed

to interaction with a specific plasma membrane receptor 1. To date, receptor mecha-
nisms underlying purinergic activation have been poorly characterized. One problem
was the variability of excited effects in different tissues [28]. It was suggested that
most of the effects could be explained if two different receptors, called P1 and P2,
have different properties for agonists and antagonists. The receptor mechanisms in
the parotid gland have been extensively studied. ATP causes a significant increase in
membrane conductivity, radioactive Rb flow and amylase secretion. The effects of
ATP are similar to those induced by acetylcholine (ACh) and a-adrenergic agonists
but are still present when cholinergic and adrenergic blocking agents are used. The
latency and return potential of the effects induced by ATP can be compared to those
of autonomic agonists. General structures of different classes of P2X7 antagonists are
shown in Figures 3 and 4.

Since the sequence of action of the nucleotide sequence was ATP > ADP > AMP,
adenosine had no effect, and the response could be blocked by quinidine, but not by
theophylline [29]. Activation of P2Y1 and P2Y12 receptors by secreted ADP induced
by agonists such as thrombin, thromboxane and collagen is the main mechanism of
platelet activation. P2X1 receptors also contribute to the change of platelet shape
and enhance calcium mobilization. Cloning of the P2Y12 receptor and knockout in
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General structures of different classes of P2X7 antagonists [2].

15



Receptors P1 and P2 as Targets for Drug Thevapy in Humans

&

N HN-R' N=" o
E,{Pﬂ : ;H R-N R
o o? N o] ﬁ
O R
Diaryl imidazolidines Pyroglutamic acid Pyrazole acetamide
Te
N o9
N™ vN
/““N( HH
Rl R, NEO, L]
N70
R1'N\|’L\RQ
Rj
Dihydrodibenzo[a,g]quinglizinium Tetrazole Tyrosine

N N
RS 0 \
B ¢ K
3
. _ Imidazoles
Pyrazolodiazepine
Figure 4.
General structures of different classes of P2X7 antagonists [2].
P
™ P - N
g
N.ll.::,.-t.___,_;.-\]_, CHE .g'-'.\ oty
. .I.-‘. ¢ Y
| 5 F 1
A o L LA
) T H T - S
W g % e =Y MR e
O O (= — pd ) = e ~ ,.:J
6 3 - o
W 4
PPADS Tetrasodium salt EME2 = Builliant Blug G
g e
s = W, !
AL F ™ W on M @ A |
.,,:-‘ 4 Moty oM e x[,-.,c_v.a. ,\r.m,f‘". P -
s | S o A}
e -L.r 1! o h-:'h T [ ___.->._¢_.- e L __:f 1 .‘:__l‘#} & L
ey ey ks /
oaidized ATF A-TR0003 A-43807R GEHILIEIA
Figure 5.

Chemical structures of literature P2X7 receptor antagonists [2].

subsequent mice promises a better understanding of downstream signaling events.
Interestingly, mouse platelets missing from the P2Y1 receptor may enter partial
deposition with high ADP concentrations [30]. Chemical structures of literature
P2X7 receptor antagonists are shown in Figure 5.
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3. Functions of the purinergic receptors in metabolism
3.1 Functions of the purinergic receptors in the cardiac system

Multiple P2 receptor subtypes are located in the microglia pain paths as both
initiator and modulator. Activation of homomeric P2X3 receptors probably contrib-
utes to some aspects of acute nociception and acute inflammatory pain. In contrast,
activation of heteromeric P2X23 receptors appears to modulate the duration of noci-
ceptive sensitivity associated with nerve injury or chronic inflammation. In addition,
P2X4, P2X7 and P2Y12 receptors can serve to protect nociceptive sensitivity through
sensitization of other nociceptive receptors such as TRPV1 channels or complex
neural-glial cell interactions under conditions of continuous nociceptive activation
on microglia. P2X3, P2X4, P2X7 and P2Y12 receptor antagonists are used for neu-
ropathic pain. The study is being investigated for orally biologically available P2X3,
P2X23, P2X4, P2X7 and P2Y12 receptor antagonists with molecules able to cross the
blood-brain barrier and not be degraded in vivo during the pain treatment. In par-
ticular, the P2X7 receptor has become the main target for inflammatory neuropathic
pain and a number of selective P2X7 receptor antagonists have been developed.
There is also a review describing the recent advances in the development of adenos-
ine receptor ligands as anti-inflammatory drugs [31]. Other therapeutic approaches,
including the development of agents that control the expression of receptors and
the selective inhibition of known ectonucleotides, as well as the development of
agents that prevent the degradation of ATP, are considered. It is also expected the
mechanisms underlying the transport of ATP to be understood, although it is clear
that many different cell types secrete physiologically to ATP in response to mechani-
cal deterioration, hypoxia and various agents. Hopefully, when this becomes clearer,
agents will be developed that will increase or enhance the release of ATP, another
useful pathway that stands out as a therapeutic strategy. In this context A134757, a
novel adenosine kinase (AK) inhibitor, alleviated tactile allodynia by means of spinal
action sites in peripheral nerve injury rats and added increased evidence that EC
inhibitors may be useful analgesic agents [32]. Furthermore, human macrophages
express purinic receptors with the rIFN-an modulated P2Z subtype [33].

Purinergic receptor expression in human dendritic cells is associated with the
pharmacological and biochemical evidence that immature and mature cells express
P2Y and P2X subtypes associated with intracellular Ca**, membrane depolariza-
tion and secretion of inflammatory cytokines. ATP-activated Ca®* mobilization is
biphasic, which is rapidly released from intracellular stores and releases a second
delayed flow in the plasma membrane. Prolonged exposure to ATP was toxic to
dendritic cells (swollen, lost from typical dendrites, phase lents were exhibited,
separated from substrate, and eventually died). These changes strongly elicited the
expression of the cytotoxic receptor P2X7 as confirmed by the ability of dendritic
cells to become permeable to membrane impermeable dyes such as Lucifer’s yellow
or ethidium bromide. P2X7 receptor ligand 2 isolation, 3 z-(4-benzoylbenzoyl)
-ATP was a better agonist, followed by an increase in Ca’* and ATP-induced plasma
membrane depolarization. ATP oxidized and the P2X7 antagonist KN-62, a covalent
blocker of P2X receptors, inhibited both permeabilization and ATP-induced Ca
** changes. The following purinoceptors were expressed by immature and mature
dendritic cells: P2Y1, P2Y2, P2Y5 and P2Y11 and P2X1, P2X4 and P2X7. Finally,
stimulation of matured cells with LPS by ATP induced IL-1 and TNF-a release.
Therefore, these receptors can provide a new way of modulating dendritic cell
function [34]. Glutamate is a well-known excitotoxic agent that can lead neurons
and astrocytes to death when it is present as the primary mediator of stimulatory
neurotransmission in the central nervous system and in extracellular milieu [35].
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The ability to release this transmitter demonstrates the direct involvement of astro-
cytes in glutamatergic neuronal transmission and in the excitotoxic effect of gluta-
mate [36]. Although this last problem has been proven, a large number of evidence
suggests that astrocyte-derived glutamate has complex effects on neurons that play
a modulator role in synaptic transmission. In the hippocampus, it modulates the
excitability of the interneurons and strengthens the inhibitory transmission; it also
acts on the stimulating axon terminals of the CA1 region to increase the probability
of spontaneous glutamate release [37]. At the same time, astrocytic glutamate has
a direct effect on hippocampal pyramidal neurons by activating extra-synaptic
NMDARs and triggering episodic inward currents (SICs) characterized by slow
kinetics. Interestingly, this NMDAR response may occur simultaneously in many
CA1 neurons, and this increases the likelihood of synergistic neuronal activity [38].

The results show that activation of different purinergic receptors in the hip-
pocampus are mediated by two types of glutamate release, each of which induces
a different response in CA1 pyramidal neurons. In the first release, P2X7R is
not included. This release of glutamate mediated for astrocytes evokes transient
NMDAR-mediated responses (SICs) in CA1 pyramidal neurons, which represent a
sign of astrocyte-neuron communication. In the second type of release, a receptor
similar to P2X7 may be included. This phenomenon is enhanced under nonphysi-
ological conditions, increasing the likelihood of contributing to the excitotoxic
effect of glutamate in the brain.

The presence of a non-cholinergic, non-adrenergic component in the vertebrate
autonomic nervous system is now well established. Evidences that ATP is a donor
released from some of these nerves include

a.synthesis and storage of ATP

b.release of ATP from nerves when stimulated

c.externally applied ATP mimicking the action of the nerve-secreting donor
d.the presence of enzymes that inactivate ATP

e. exogenously administered ATP and drugs that produce similar blocking or
enhancing effects on response to nerve stimulation.

A basis for distinguishing two types of purinergic receptors has been proposed
based on four criteria: relative forces of agonists, competitive antagonists, changes
in cAMP levels and stimulation of prostaglandin synthesis. P1 purinoceptors
are therefore most susceptible to adenosine and are blocked in competition with
methylxanthines, and their use leads to changes in cAMP accumulation; P2 puri-
noceptors are most sensitive to ATP, but, although not competitive, quinidine is
blocked by 2-substituted imidazolines, 2,2’-pyridylisatogen and apamine, and their
use leads to prostaglandin production. P2 purinoceptors mediate the response of
smooth muscle to ATP released from purinergic nerves, while P1 purinogens medi-
ate the presynaptic effects of adenosine on adrenergic, cholinergic and purinergic
nerve terminals [39].

The discovery of a P2X purinoceptor (a ligand-gated ion channel triggered by
ATP) that is selectively expressed by small-diameter sensory neurons has led to the
investigation of ATP sources involved in the initiation of different types of nocicep-
tion and pain types including sympathetic nerves, endothelial cells and tumor cells.
To a lesser extent, ATP stimulates the sensory nerve endings in the skin, causes
severe pain, and causes a significant increase in discharge from sensory neurons.
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The molecular structure of the PZX3 purinepeptor is associated with the nociceptor
and is associated with the search for the PZX3 purinoceptor to identify selective
antagonists (Xenopus oocytes and/or transfected cells can be expressed herein).

When defined, such antagonists can be tested in vitro models of different types
of pain. It is clear that PZX3 purine receptors are not the only receptors involved
in pain, so a synergy with receptors for other pain-modulating agents (such as
bradykinin, histamine and S-hydroxytryptamine) should be investigated. ATP acts
on receptors on sensory nerve terminals; it has been reported that ATP acts on the
dorsal horn neurons in the spinal cord after release from a subpopulation of small
primary afferent nerves in the pain pathways.

There are multiple P2 receptor-mediated mechanisms in which ATP can alter
nociceptive sensitivity following tissue damage. Evidence from various experi-
mental strategies, including genetic degradation studies and the development of
selective antagonists, modulates pain in the activation of P2X receptor subtypes,
including P2X3, P2X2 / 3, P2X4 and P2X7 and P2Y (eg P2Y2) receptors. For
example, administration of A-317491, a selective P2X3 antagonist, has been shown
to effectively block both hyperalgesia and allodynia in different pathological painful
animal models. Antisense oligonucleotides administered intrathecally to target
P2X4 receptors reduce tactile allodynia following nerve damage. Selective antago-
nists for the P2X7 receptor also reduce sensitivity in animal models of inflammatory
and neuropathic pain; This provides evidence that purinergic glial nerve interac-
tions are important modulators of harmful sensory neurotransmission. In addition,
activation of P2Y2 receptors leads to the planning of polmodal transient receptor
potential-1 receptors. Thus, ATP acts either directly on neurons (P2X3, P2X2/3
and P2Y receptors) or directly on multiple purinergic receptors that are indirectly
affected by neural-glial cell interactions (P2X4 and P2X7 receptors). The develop-
ment of selective antagonists for some of these P2 receptors has greatly helped to
investigate the nociceptive role of ATP. This perspective highlights some of the
recent advances to identify selective P2 receptor ligands that enhance the investiga-
tion of ATP-related pain sensitivity modulation [40].

3.2 Function of the purinergic receptors in the retina

P2X receptors are ligand-gated ion channels which are activated by adenosine tri-
phosphate and expressed in a wide variety of tissues. The expression of various types
of purinergic P2X receptors is shown in defined retinal ganglion cells (RGCs) of
the adult rat retinas. The single-cell reverse transcription polymerase chain reaction
(SC-RT-PCR) resulted in a positive amplification signal for all P2X receptor subunit
mRNAs studied (P2X3X5, P2X7). Immunohistochemistry with antibodies specific
to the P2X3,4 receptor subunit showed the label of neurons in the ganglion cell layer
and internal nuclear layer. The data suggest that extracellular ATP is directly effec-
tive on RGCs through several types of P2X receptors and may provide neuromodula-
tory effects in the retinal information processing [41]. For example, in the retina,
glutamate release from acetamides modulates the spike activity in ganglion cell that
is most likely driven by mild stimulation with a presynaptic action [42].

3.3. Function of the purinergic receptors in the heart

Both the adenosine receptor and the ATP-responsive K (KATP) channel medi-
ate the intact heart-protective effect of ischemic preconditioning. The data [43]
provides direct evidence that the myositis KATP channel is effective downstream
of the adenosine Al receptor in mediating direct preconditioning of cardiac
myocytes.
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A study by Liang and Gross [44] showed that the functional opioid receptors
were found in chick cardiac ventricular myocytes. The activation of the receptors
by the nonselective opioid receptor agonist morphine can result in a PC-like effect.
The protective effect of morphine in myocytes was probably mediated by the
activation of the K1 (KATP) channel, which is sensitive to mitochondrial origin,
ATP. However, the identity of the specific subtype of the said opioid receptor and
the signaling pathway for mediating cardioprotective effect to the mitochondrial
KATP channel from the receptor is unknown [45].

3.4 Function of the purinergic receptors in cancer

Reports documenting the activity of convergent ATP and its metabolites on can-
cer growth demonstrate a clear issue of how we can benefit from purifying cancer
from purinergic signaling. Schematically, two paths are possible for the host and/
or the tumor side to interfere. The available evidence in several experimental tumor
models clearly demonstrates that decreasing adenosine concentration inhibits
tumor progression and prevents metastasis [46]. The concentration of adenosine
in the tumor interstitium can be reduced by downregulation of CD39 and/or CD73
or by upregulation of CD26. Alternatively, ADA may be targeted to the tumor as a
PEG-ADA conjugate [47]. Also, on the host side, the beneficial effect of ATP release
is demonstrated by the ability to activate the P2X7/inflammatory axis including the
immune cells [48]. Thus, a pharmacological strategy may be based on the adminis-
tration of CD39 inhibitors with double beneficial effect to maintain adequate levels
of ATP for immunostimulation and to prevent adenosine accumulation.

When the use of purinergic receptors as a novel treatment for non-melanoma
skin cancers is investigated; purinergic receptors binding adenosine-5'-triphosphate
are expressed in human cutaneous keratinocytes. Previous studies in rat and human
epidermis have proposed functional roles for purinergic receptors in the regulation
of proliferation, differentiation and apoptosis. Inmunohistochemical analysis of
frozen sections in human basal cell carcinomas and squamous cell carcinomas for
P2X5, P2X7, P2Y1, P2Y2 and P2Y4 receptors was performed with detailed analysis of
the archive material of tumor subtypes in paraffin sections. Functional studies were
performed using the human cutaneous squamous cell carcinoma cell line (A431),
where purinergic receptor subtype agonists were applied to cells and changes in cell
number were measured by a colorimetric assay. P2X5 and P2Y2 receptors have been
extensively expressed in basal cell carcinomas and squamous cell carcinomas. P2X7
receptors were expressed in the necrotic center of nodular basal cell carcinomas and
in apoptotic cells in superficial multifocal and infiltrative basal cell carcinomas and
squamous cell carcinomas. P2Y1 receptors were expressed only in tumors sur-
rounding the stroma. P2Y4 receptors were found in basal cell carcinomas but not in
squamous cell carcinomas. P2X5 receptors appear to be associated with differentia-
tion. P2X7 receptor agonist benzoylbenzoyl-adenosine 5 accordingly-triphosphate
and high concentrations of adenosine 5 (-tophosphate (1000) 5000 concentM)
lead to a significant decrease in A431 cell number (p <0.001), while P2Y2 receptor
agonist uridine 5 triphosphate significantly induced proliferation (p. <0.001). It is
shown that non-melanoma skin cancers express functional purinergic receptors and
significantly reduce in vitro cell numbers of P2X7 receptor agonists [49].

3.5 Function of the purinergic receptors in the fetal epidermis
It is expressed the expression of P2X5, P2X7, P2Y1 and P2Y2 receptor subtypes in

the 8-11-week human fetal epidermis associated with proliferative proliferation mark-
ers (proliferative cell nuclear antigen (PCNA) and Ki-67), keratinocyte differentiation
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(cytokeratin K10 and involucrin) and apoptosis marker (TdT-mediated dUTP-biotin
nick end labeling (TUNEL) and anti-caspase-3). Immunohistochemistry showed that
each of the four receptors was expressed in spatially distinct regions of the developing
epidermis: the P2Y1 receptors were found in the basal layer, the P2XS5 receptors were
found mainly in the basal and intermediate layers, and both P2Y2 and P2X7 receptors
were in the periderm. Colocalization assays have proposed different functional roles
for these receptors. In fetal keratinocytes positive for PCY and Ki-67, P2Y1 receptors
were found, indicating a role in proliferation. Double-labeled P2XS5 receptors with
differentiated fetal keratinocytes, which are positive for cytokeratin K10, show that
they play a role in differentiation. It was expressed in periderm cells, positive for P2X7
receptors collozed with anti-caspase-3 antibody and also positive for TUNEL, suggest-
ing a role in periderm cell apoptosis. P2Y2 receptors have been found only in periderm
cells and may play a role in the release of chloride and fluid into the amniotic fluid [50].

3.6 Function of the purinergic receptors in the kidney

Autocrine and paracrine signals in the kidney nephron have been a widely
used hypothesis for decades. The lumen of the nephron is an ideal autocrine and
paracrine signal microenvironment. Any agonist released from the glomerulus or
released in the proximal tubule or other proximal segments is then retained in the
nephron lumen and is present to interact with the lumen receptors. Similar signals
in the renal interstitium are also possible and possible. In fact, for many autocrine
and paracrine agonists, the receptors have been characterized on the lumen mem-
brane and serosal membrane of many nephron segments. An important autocrine
and paracrine agonist family in the kidneys are purinergic agonists. In addition to
extracellular ATP, metabolites (ADP, 5'-AMP and adenosine) are released by renal
epithelial cells. These compounds are also freely filtered in the glomerulus and are
in the final urine. ATP and adenosine receptors are also expressed on the lumen and
serosal side of many nephron segments. This review discusses purinergic signaling
by nucleotide agonists from ATP release to ATP receptors to extracellular ATP medi-
ated effects in renal epithelial function. These themes are the areas in which our
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P2X7 receptor and diseases [2].
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laboratory focuses on normal and diseased epithelial cells in normal and polycystic
kidneys and other tissues. The physiological roles of extracellular purinergic signals
in the kidney and other tissues began to emerge [51]. P2X; receptor and diseases are
shown in Figure 6.

4, Conclusions

Purinergic receptors are a family of newly characterized plasma membrane mol-
ecules in the field of signaling. As a result of many scientific studies, these receptors
have been associated with many cellular functions including vascular reactivity,
apoptosis and cytokine secretion; learning and memory, locomotor and feeding
behavior and proliferation and migration of sleep neural stem cells. Activation of
these receptors is partly due to the release of ATP (or UTP) from the cells, usually
in the determination of cellular damage. Further studies are needed to better define
the functions of purinergic receptors and to better understand the effect of extra-
cellular micro-environment on their functions.
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Chapter 3

Purinergic Signaling and Dental
Orofacial Pain

Xiuxin Liu

Abstract

Pain is a common complaint of patients in the dental clinic. Patient with dental
orofacial pain usually presents with hyperalgesia and allodynia. Its management
has been a challenge, especially in the status of chronic pain or neuropathic pain.
Purinergic signaling is dictated by ATP release, purinergic receptors activation,
and sequential hydrolysis of ATP. Purinergic signaling participates in nociception
processing in the sensory nerves by control of pain signal transduction, modula-
tion, and sensitization. Since purinergic receptors are preferentially expressed in
trigeminal nerves, purinergic singling may play a crucial role in the development
of dental orofacial pain. In this chapter, we overview the expressions of purinergic
receptors as well as the machinery for ATP release, ATP degradations, and adenos-
ine generation in trigeminal nerves. Specifically, the roles of ATP signaling in dental
orofacial pain generation and central sensitization via activation of P2 receptors
and adenosine signaling in analgesia via activation of P1 receptors in trigeminal
nerves are updated. We also discuss the affection of ecto-nucleotidases, the major
enzymes responsible for extracellular ATP degradation and adenosine generation in
trigeminal nerves that drive the shift from ATP-induced pain to adenosine-induced
analgesia. This chapter provides advanced outlines for purinergic signaling in
trigeminal nerves and unveils potential therapeutic targets for the management of
dental orofacial pain.

Keywords: trigeminal nerves, orofacial pain, dentine hypersensitivity,
central sensitization, analgesia, antinociception, dental pulp, P1 receptor,
P2 receptor, ecto-nucleotidases, NTPDases

1. Introduction

Pain is an unpleasant sensation of subjects to harmful or potential harmful
stimulations. Trigeminal nerves mediate orofacial somatosensory sensations,
including dental orofacial pain. The primary trigeminal ganglia nociceptive neurons
send axonal fibers innervating orofacial tissues as well as forming synapses with
secondary nociceptive neurons in the brainstem. Noxious stimuli, biological insults,
or pain mediators released following tissue injury and inflammations activate the
nociceptors resulting in the nociceptive transduction in peripheral sensory nerves.
The pain signal is conducted and further transmitted to the secondary and higher
level nociceptive neurons via synaptic transmission in the brain. Nociception also
depends on the condition and status of the sensory nervous system. Pain signal
processing can be facilitated with maladaptive plasticity or neuropathy changes in
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the nociceptive pathway that result in pain sensitization or neuropathic pain. These
changes include nociceptive sensitization, malfunctioned inhibition, and circuit-
level rewiring/aberrant processing [1] in both the peripheral and central nocicep-
tive nerves. As peripheral or central sensitization occurs, slight noxious stimulation
or even non-noxious stimulation induces severe pain, a phenomenon that is called
hyperalgesia or allodynia, respectively. In sensitization condition, patients may
also present with spontaneous and neuropathic pain without apparent stimulus.

In contrast to the pain from extra-orofacial regions, dental orofacial pain is usu-
ally accompanied by the presence of hyperalgesia, allodynia. Dental orofacial pain
patients often experience more severe pain and are typically emotional-distracted.
Besides, patients with dental orofacial pain are prone to develop spontaneous pain,
referred pain, and neuropathic pain [2].

For the past decades, studies strongly suggest a key modulatory role of puriner-
gic signaling in pain generation and sensitization in the nociceptive nerves [3-7].
ATP induces pain via activation of P2X receptors in peripheral sensory nerve fibers.
ATP is also involved in cross-talk between the primary and secondary nociceptive
neurons as well as with astrocytes and microglia. Since ATP and its metabolites are
pain mediators and participate in pain signal processing via activation of various
purinergic receptors (P1 and P2 receptors) in the nociceptive sensory nerves [5, 8-10],
one putative explanation for the unique properties in dental orofacial pain is due to
the different existence or expression of purinergic signaling in trigeminal nerves.
Indeed, it has been observed that purinergic receptors are preferentially expressed
in trigeminal nociceptive neurons compared with that in dorsal root ganglions
[11, 12]. Purinergic signaling depends on ATP release, purinergic receptors (P1,
P2X, and P2Y) activation, and extracellular enzymatic ATP degradation and
adenosine generation. Therefore, identification of the machinery components for
purinergic signaling in the trigeminal nociceptive pathway will provide promising
insight to understand the underlying nociceptive mechanisms for the pathogenesis
of dental orofacial pain.

In this chapter, we overview the expression of purinergic receptors and machin-
ery for ATP release, ATP degradation, adenosine generation in the trigeminal
nociceptive nerves, and discuss the role of purinergic signaling in the pathogenesis
of dentin hypersensitivity and dental orofacial pain. Understanding the role of
purinergic signaling in the nociceptive mechanisms for pain signal transduction,
transmission, sensitization, and modulation in trigeminal nerves will reveal mul-
tiple targets for developing more effective drugs and therapies for the management
of dental orofacial pain.

2. Purinergic signaling and pain
2.1 ATP initiates pain signal via activation of peripheral P2X receptors

ATP has been recognized as a neuronal transmitter and modulator in synaptic
transmission for decades [13]. ATP and its metabolites are also important pain
mediators and modulators in pain signal processing [5, 8-10]. It has been proposed
that ATP released from various cell types is implicated in initiating the pain signal
by acting on purinoceptors on sensory nerve terminals [14]. Purinoreceptors
responsible for pain transduction belong to P2X receptor family, a group of ligand-
gated non-selective cation channels using ATP as a native agonist. Upon binding
to P2X receptors, ATP opens the pore of channels permeable to Na*, K*, and Ca**
that depolarize the membrane potential, enhance the excitability and induce spikes
in nociceptive neurons. So far, seven distinct P2X receptor subunits (P2X1-P2X7)

28



Purinergic Signaling and Dental Orofacial Pain
DOI: http://dx.doi.org/10.5772/intechopen.87181

have been isolated and cloned (North 2002). A total of 14 functional homo- or
heterotrimers P2X receptors (P2X1-P2X7, P2X1/2, P2X1/4, P2X1/5, P2X2/3,
P2X2/6, P2X4/6, and possibly P2X4/7) assembled from different subunits had been
reported [15].

Using in situ hybridization immunohistochemistry (ISHH), mRNA expression
for P2X2, 3, 4, 5, and 6 receptors had been detected in naive dorsal root ganglia
(DRG) neurons, in which P2X2 and P2X3 receptors were expressed preferentially
by C-fiber neurons. In contrast, the majority of P2X5 and P2X6 receptors were
preferentially expressed by A-fiber neurons [16]. Specifically, expression of P2X
receptors is also detected in nociceptive primary sensory neurons, peripheral noci-
ceptive nerve fibers, and their free endings extending throughout the epidermis.
Two types of P2X receptors (P2X2 and P2X3) have been particularly examined in
DRG presumably nociceptive neurons [17]. P2X3 receptors appear to be exclusively
expressed in a subgroup of sensory neurons that are likely to be nociceptive neurons
[18]. Nociceptive neurons fall into nerve growth factor (NGF) sensitive group and
glial cell-line derived neurotrophic factor (GDNF) sensitive group. It turned out
that the vast majority of P2X3 positive neurons overlap with GDNF subgroup of
nociceptive neurons [19]. P2X3 receptors are peripherally axonal transported and
have been identified in the free end of the nerve fibers in a variety of tissues includ-
ing tongue, skin, and viscera (e.g., bladder) [17, 19]. Co-localization studies suggest
that many, but not all, DRG cells that express P2X2 receptors also express P2X3
receptors [17]. Furthermore, electrophysiological and pharmacological studies had
demonstrated that the application of ATP or its analogs to DRG neurons results in
depolarization or inward currents mediated by P2X receptors activation.

The selective expression of P2X3 and P2X2 receptors within the nociceptive
nerves has inspired a variety of approaches to elucidate the potential role of ATP as
a pain mediator. ATP elicits excitatory inward currents in nociceptive small diam-
eter sensory ganglion cells. Interestingly, these inward currents resemble the cur-
rents evoked by ATP on recombinantly expressed heteromeric P2X(2/3) channels
as well as homomultimers consisting of P2X2 and P2X3 [8, 14, 18, 20]. It had been
observed that ATP and its analogs produce spike activity when applied to peripheral
nociceptive terminals [8]. In iz vivo pain behavioral animal models, the algogenic
effects of ATP in normal conditions and models of peripheral sensitization had been
confirmed. In humans, local skin delivery of ATP induces dosage-dependent pain
sensation. Furthermore, it has been shown that ATP-induced algogenic responses
depends on capsaicin-sensitive neurons and is augmented in the presence of inflam-
matory mediators. Since ATP is released in the vicinity of peripheral nociceptive
terminals under a variety of conditions such as tissue injury or inflammation, the
existence of purinergic signaling in peripheral sensory nervous free ends strongly
links the tissue damage and inflammation to pain perception [9].

2.2 Purinergic signaling is involved in central sensitization

Noxious stimulation to the nociceptive nerves induces pain sensation in the
brain. Acute pain is a warning signal for the individual to survive in response to
tissue injuries or diseases. However, in nociceptive sensitization statuses, such as
in chronic pain or neuropathic pain, nociception no longer relates to or depends on
external noxious stimulation, and slight noxious or even no-noxious stimulation or
non-stimulation at all can induce severe pain. The central sensitization theory pro-
posed that neuronal plasticity occurred in the sensory nerve circuits that enhance
the sensitivity to noxious stimuli or even turn the innocuous slight touching to
pain [21]. Pain sensitization can also be induced by nerve injury (deafferentation,
compression, and constriction) or neuropathy changes resulting from physical,
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chemical, metabolic, or biological insults to the sensory nerves. Besides, it has been
proposed the pain signal itself that is accompanied with releasing of proinflam-
matory cytokines, neuronal transmitters, and modulators in nociceptive neuronal
circuits participate in plasticity changes and induce central sensitization [22].

Synaptic neuronal transmission is accompanied with large amount of ATP
release. Accumulated evidence suggests that ATP signaling play an essential role in
the development and maintenance of central sensitization (Figure 1) [3-7]. In the
somatosensory nerves, P2X receptors are expressed in DRG nociceptive neurons
and then transferred to central axonal terminals as well as peripheral free ends.

For example, immunoreactivity to P2X3 subunits is detected in lamina Ili in spinal
cord dorsal horn and is disappeared after axotomy or following destruction of
IB4-positive afferent fibers [17]. Immunoreactivity to P2X1 and P2X2 subunits are
also located on the central terminals of primary afferent neurons that innervate
superficial lamina of the spinal cord dorsal horn [17]. The presence of P2X receptor
subunits at the central terminals of primary afferent neurons raises the possibil-

ity that ATP may act on central terminals of primary afferent neurons to either
modulate or directly evoke the release of neuronal transmitters such as glutamate
and neuropeptides. Activation of central terminal P2X receptors will depolarize the
membrane potential and induce Ca** influx that will enhance the release of gluta-
mate and substance P, and subsequently increase the secondary nociceptive neuron
responses and dorsal horn nociceptive output. In neuropathic pain condition, an
increase in the number of P2X receptors positive DRG neurons is observed follow-
ing sciatic nerve injury by chronic constriction [23]. Specifically, an increase of
P2X3 receptor immunoreactivity is detected in the dorsal horn ipsilateral side of the
injured nerve indicating the upregulation of P2X receptors at the central terminals
of primary afferent neurons. P2X receptor expression is also upregulated follow-
ing tissue injury or inflammation within the spinal cord. The upregulation of P2X
receptor expression on the central terminals of primary afferent neurons would
sensitize the responses to ATP, which in turn may facilitate P2X receptor-mediated
nociceptive modulation.

Activation of homomeric, as well as heteromeric P2X2/3 receptors, appears
to modulate longer lasting nociceptive sensation associated with nerve injury or
chronic inflammation [1]. P2X3 receptor function is highly sensitive to soluble fac-
tors like neuropeptides and neurotrophins and is controlled by transduction mecha-
nisms, protein-protein interactions, and discrete membrane compartmentalization.
Recent findings have demonstrated that P2X3 receptors interact with the synaptic
scaffold protein calcium/calmodulin-dependent serine protein kinase (CASK) in a
state-dependent fashion, indicating that CASK plays a crucial role in the modula-
tion of P2X3 receptor stability and efficiency [24]. Activation of P2X3 receptors
within CASK/P2X3 complex has essential consequences for neuronal plasticity and
possibly for the release of neuromodulators and neurotransmitters. Better under-
standing the interaction machinery for P2X3 receptors and their integration with
other receptors and channels on pre- and postsynaptic membranes is proposed to be
essential to unveil the process of nociceptive neuronal sensitization.

Multiple other purinoceptor subtypes participate in pain processing. In neuro-
pathic pain, activation of purinergic receptors on microglia is thought to maintain
nociceptive sensitization through neural-glial cell interactions [3]. Microglia
expresses several P2 receptor subtypes, and of these the P2X4, 7, and P2Y12 recep-
tor subtypes have been implicated in neuropathic pain. It has been shown that
activation of P2X4, 7, and P2Y12 receptors expressed on microglia is critically
involved in neuropathic pain arising from peripheral nerve injury [25], while
blocking these receptor with antagonists reduces neuropathic pain [3]. The P2X4
receptor has emerged as the core microglia-neuron signaling pathway. In response
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to peripheral nerve injury, P2X4 receptors are upregulated in spinal cord microglia
[26]. Activation of this receptor causes the release of brain-derived neurotrophic
factor (BDNF) which causes disinhibition of pain-transmission neurons in spinal
lamina I. Several mechanisms have recently been implicated in the upregulation

of P2X4 receptors including CCL21, interferon y, tryptase, fibronectin, and the
activation of p-opioid receptors. Activation of P2X4 receptors leads to an influx of
extracellular Ca** activating p38 MAPK that leads to SNARE-dependent release of
BDNF from the microglia. BDNF is a crucial microglia-neuron signaling molecule
that causes disinhibition of nociceptive dorsal horn neurons by disrupting intracel-
lular CI™ homeostasis of inhibitory interneurons [27-29]. Activation of P2X7 or
P2Y12 receptors is also through signals of p38 MAPK. p38 MAPK signaling drives
the release of interleukin-1p and cathepsin S, which contributes to the maintenance
of mechanical hypersensitivity in the spinal cord. P2Y12 receptor expression is

also upregulated in microglia, and activation of these receptors is involved in
neuropathic pain. Recent studies have demonstrated that inhibition of microglia-
expressed P2 receptors (P2X4, P2X7 or P2Y12) by the pharmacological blockade,
antisense knockdown or genetic deletion suppresses both mechanical allodynia and
thermal hyperalgesia in nerve-injured rats [30, 31]. Conversely, intrathecal admin-
istration of the P2Y12 receptor agonist 2Me-SADDP elicits pain behaviors in naive rats
that mimic those observed in nerve-injured rats [30].

2.3 Adenosine induces antinociception by activation of P1 receptors

In contrast to the algogenic effects of ATP, adenosine, the metabolite of ATP,
induces antinociception via activation of P1 receptors. P1 receptors are G protein-
coupled metabotropic receptors. Four subtypes of P1 receptors (A1, A2A, A2B, and
A3) have been cloned in the nervous system [32].

A1l receptor is detected in the peripheral sensory nerve fibers [33]. Local delivery
of adenosine induces analgesia and blocking A1l receptors abolishes adenosine-
induced antinociception in various inflammatory pain models [34]. In addition, it
has been shown that adenosine also mediates the analgesic mechanism of acupunc-
ture via peripheral Al receptors [35]. Adenosine also produces antinociception via
activation of Al receptors in the spinal cord [33]. Intraspinal injection of adenosine
or Al receptor agonists induced antinociception in both inflammatory and neuro-
pathic pain animal models. It has been proposed that the underlying mechanism
for adenosine-induced antinociception is related to potassium channel activation-
induced cell membrane hyperpolarization [36]. Activation of pre- or postsynaptic
Al receptor triggers cAMP/PKA, PLC/IP3/DAG, and nitric oxide/cGMP/PKG
pathways [33, 37] that induce analgesia by reducing presynaptic vesicle release and
postsynaptic excitability [36]. Indeed, it has been demonstrated that Al recep-
tor activation decreased the excitatory neurotransmitter release in synaptosomes
isolated from the spinal cord dorsal horns [38, 39].

Endogenous adenosine also mediates antinociception by A2A, A2B, or A3
receptors expressed in nociceptive neurons, astrocytes, or immune cells [40, 41].
Considering the extensive involvements of glial cells (microglia and astrocytes) in
central sensitization and chronic pain [42], activation of adenosine receptors on
microglia and astrocytes are potentially involved in the antinociceptive mechanism
of adenosine in the nervous system [43]. Additionally, adenosine may also mediate
the antinociception by enhancing GABA inhibition and blocking neuroinflamma-
tion via activation of A3 receptors [44]. Collectively, these studies suggest the pos-
sibility of treating chronic pain by targeting specific adenosine receptor subtypes in
anatomically defined regions with agonists or with ecto-nucleotidases that control
the generation of adenosine.
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2.4 Ecto-nucleotidases drive the shift from ATP-induced pain to
adenosine-induced antinociception

Purinergic signaling depends on ATP release, purinergic receptor action, and
sequential hydrolysis of ATP to ADP and nucleoside adenosine [45]. Because of
their dynamic catalytic activities under physiological conditions, ecto-nucleotide
diphosphatases (Ecto-NTPDases) are the major enzymes responsible for the
hydrolysis of extracellular ATP and ADP. Four members of ecto-NTPDse family
(NTPDasel, 2, 3, and 8) have been cloned. Three of which (i.e., NTPDasel, 2,
and 3) are expressed in the nervous system [46]. NTPDasel and 3 hydrolyze both
ATP and ADP, while NTPDase2 primarily hydrolyzes ATP with minimal ADP
hydrolytic activity [47]. Extracellular AMP is further hydrolyzed to adenosine by
ecto-5'-nucleotidase (CD73) [47, 48] and a transmembrane isoform of prostatic acid
phosphatase (PAP) [47, 48] in the nervous system. By control of ATP degradation
and adenosine generation, these ecto-nucleotidases affect nociception by terminat-
ing ATP-induced pain and pain sensitization and promoting adenosine-mediated
analgesia.

ATPase activity had been detected in dorsal root ganglion (DRG) and spinal
cord using enzymatic histochemistry staining. Nucleotidase activity is robust in spi-
nal cord dorsal horn nociceptive lamina suggesting that nucleotide hydrolysis would
play a role in nociceptive processing. In DRG, extensive staining revealed ecto-
ATPase activity in a subset of neurons and non-neuronal cells. The mRNA expres-
sion and immunoreactivity for NTPDasel-3, but not NTPDase8, was detected in
lumbar DRG and spinal cord. Immunoreactivity for NTPDase3 that closely matches
the distribution of ecto-ATPase activity labels DRG central projections in the dorsal
root and superficial dorsal horn, as well as intrinsic spinal neurons concentrated
in lamina II. It has been reported that NTPDase3 is located in nociceptive and
non-nociceptive neurons of DRG, in the dorsal horn of the spinal cord, and the
free nerve endings in the skin [49]. These data suggest that NTPDase3 would be a
negative regulator for nociceptive signaling [50]. However, studies from NTPDase3
knockout mouse show that deletion of NTPDase3 does not impair ATP hydrolysis in
primary somatosensory neurons or dorsal spinal cord. Also, NTPDase3 (—/—) mice
did not differ in nociceptive behaviors when compared with wild-type mice. These
observations suggest the existence of multiple ecto-nucleotidases acting redun-
dantly to hydrolyze nucleotides [49].

Even though the manipulation of adenosine transport or degradation can
induce antinociception [51], extracellular adenosine level is mainly controlled by
extracellular AMP hydrolysis. Indeed, it has been shown that extracellular AMP
hydrolysis provides the major source for endogenous adenosine in the nervous
system that is essential to maintain a tonic activation of adenosine receptors in
the nociceptive neurons of the spinal cord [52]. Two ecto-nucleotidases have been
identified to be responsible for extracellular AMP hydrolysis in the spinal cord
[48]. Ecto-5'-nucleotidase (CD73) is a membrane-anchored protein that hydro-
lyzes extracellular adenosine 5'-monophosphate (AMP) to adenosine in different
tissues. CD73 was detected in peptidergic and nonpeptidergic nociceptive neurons
in DRG and afferent terminals in lamina II of spinal cord. In addition, CD73 was
also located on epidermal keratinocytes, cells of the dermis, and on nociceptive
terminals in the epidermis [52]. Besides CD73, prostatic acid phosphatase (PAP)
also functions as an ecto-nucleotidase and generates extracellular adenosine. PAP
is expressed in nociceptive dorsal root ganglia (DRG) nociceptive neurons, it had
been shown that PAP inhibits noxious thermal sensitivity and sensitization that
is associated with chronic pain through sustained activation of the adenosine Al
receptor [53].
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Knockout of CD73 and/or PAP reduced adenosine generation and enhanced noci-
ception in animal models following inflammation and nerve injury [52]. It has been
found that AMP hydrolysis was nearly abolished in DRG neurons and lamina II of the
spinal cord from PAP/CD73 double knockout (dKO) mice. Likewise, the antinocicep-
tive effects of AMP were reduced in PAP/CD73 dKO mice. Adenosine was maximally
produced from AMP within seconds in wild-type (WT) mice but was significantly
reduced in dKO mice indicating PAP and CD73 generate rapidly adenosine in lamina
II. Besides, it has shown the existence of spontaneous low-frequency adenosine tran-
sients in lamina II in wild-type mice, while knockout of PAP and CD73 abolished the
spontaneous adenosine transit suggesting these ecto-nucleotidases rapidly hydrolyze
endogenously released nucleotides to adenosine, and there exists tonic activation of
A1l receptors. Field potential recordings in dorsal horn lamina II and behavioral stud-
ies indicated that adenosine converted by these enzymes acts through the Al receptor
to inhibit excitatory neurotransmission. PAP and CD73 injected spinally produced
long-lasting adenosine A1 receptor-dependent antinociceptive effects in inflamma-
tory and neuropathic pain models [54]. Furthermore, it has been noted that following
peripheral nerve injury CD73, PAP, as well as enzymatic ecto-AMPase activities were
reduced in dorsal horn lamina II. Collectively, these evidences indicate that PAP and
CD?73 are the predominate ecto-nucleotidases that generate adenosine in the nocicep-
tive circuits (Figure 1) [48].
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Figure 1.

Scl%emutic illustrates purinergic signaling responsible for the pain signal transmission and sensitization at the
nociceptive synapses. (1) Primary nociceptive inputs promote glutamate and ATP co-velease and synergistically
cause non-selective permeability to Ca®', Na', and K* cations via P2X3 receptor, leading to postsynaptic
activation of NMDA or AMPA receptors and further contributing astrocytic glutamate and ATP co-velease into
the extracellular milieu which result in the pain signal transmission in the nociceptive synapses. (2) Activation
of P2X4/7 receptors expressed on astrocytes and microglia induces a local inflammatory vesponse with velease
of cytokines including IL-1p, BDNF, and TNF-a, which will lead to sensitization in pain signal transduction
and conduction as well as synaptic transmission caused by enhanced excitatory and veduced inhibitory driving.
(3) Activation of A1 receptor triggers multiple intracellular cAMP/PKA, PLC/IP3/DAG, and nitric oxide/
c¢GMP/PKG signaling and induces analgesia by reducing both presynaptic vesicle release and postsynaptic
excitability. Adenosine may also mediate antinociception by activation of A2A, A2B, or A3 receptors expressed
on nociceptive neurons, astrocytes, or immune cells. (4) Ecto-nucleotidases (NTPDase3/CDyz3) are specifically
expressed in primary nociceptive neurons and localized at presynaptic terminals that will drive the shift from
ATP-induced pain to adenosine-mediated analgesia by control of extracellular ATP extracellular hydrolysis in
the nociceptive pathway [99].
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3. ATPsignaling and dentin hypersensitivity
3.1 Dentin hypersensitivity

Dentin hypersensitivity (DHS) is defined as a short, sharp pain that arises
from exposed dentin in response to various environmental stimuli [55-57].
Dentin exposure can be caused by physical, chemical, pathological, biological
challenges, and/or developmental abnormalities that result in dental and or peri-
odontal damage or defects. In patients with DHS, gentle touch, mild cold or hot,
chemical (acidic or sweet fruits, foods, and drinks) or air-flow stimulation to the
exposed dentine can induce similar short, sharp pain. DHS can affect the quality
of patient’s daily activities such as eating, drinking, speaking, and tooth brushing.
In some cases, more severe DHS can become a constant annoyance and induce
psychological and emotional distractions [55, 57]. Even though DHS is a com-
mon problem, the underlying nociceptive transduction mechanism still remains
elusive, and no universally accepted or highly reliable desensitizing agents or
treatment are available in dental practice.

3.2 Hydrodynamic theory

It is generally regarded that DHS is associated with dentin exposure, especially
the exposure of open dentinal tubules, and dental pulp nerve responsiveness to
external environmental stimuli [58]. Several theories have been proposed for
the pathogenesis of DHS. The most widely accepted one is the hydrodynamic
theory that is introduced by Brannstrom in 1964 [59]. It stated that environmental
mechanical, thermal, or chemical changes cause the movements of fluid within
dentinal tubules that stimulate the terminals of pulpal nerve fibers located at the
dentin tubule inlets, thereby induces transient acute pain. The hydrodynamic
theory highlights the notion that several different stimuli can evoke similar
responses via dentin tubule fluid movements. The intra-dental myelinated Ap
fibers and some Ao fibers that send terminals into the dentin tubules are thought
to respond to the fluid movements resulting in the characteristic short, sharp pain
of DHS. However, Ap fibers usually mediate slight touching sensation with a lower
threshold to mechanical stimulation, while Ao fibers mediate pain, but they exhibit
high threshold to noxious stimulation. How the essentially non-noxious dentin
tubule fluid movements induce the nociceptive transduction in dental pulpal nerve
fibers remains an enigma. Recently, the hydrodynamic theory has been challenged
by emerging evidence suggesting that odontoblasts might play an essential role in
the nociceptive transduction of DHS [60-62].

3.3 The machinery for ATP signaling in dental pulp

Odontoblasts locate at the outermost layer of the dental pulp and send odonto-
blastic processes to the dentin tubules. Therefore, odontoblasts are the first dental
pulp cells to detect external stimuli in dentin exposure. Though a physical synaptic
structure is absent, dental pulp nerve fibers are closely approached to the odonto-
blasts and tightly entangle these cells. This finding could provide a mechanism to
explain how signals are transmitted to adjacent nerve endings through chemical
mediators released from the odontoblasts. That is, a paracrine cell-cell commu-
nication is involved in signal transmission as opposed to classic neural synapses.
Since purinergic P2X3 receptors are expressed in dental pulp nerve fibers [63] and
activation of P2X receptors in peripheral nerve fibers induces pain [9]. ATP has
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been proposed as a promising candidate that participates in cell-cell communication
within the dental pulp that would be associated with pain transduction mechanism
of DHS [64].

For the past decades, chemo-, mechano-, and or thermo-sensitive channels
such as connexin, pannexin, TRPV1-4, TRPM3, KCa, TREK-1, beta-ENa(+) C,
and ASIC2 channels have been identified in odontoblasts [60, 65-70]. Activation
of these channels depolarizes the membrane potential that induces ATP release
via vesicles release or channel opening in odontoblasts. Interestingly, mechanic-
as well as depolarization-sensitive ATP permeable channel such as connexin
43 and pannexins had been detected in odontoblastic processes inserting into
dentinal tubules [60, 64]. Indeed it has been shown that mechanical and or
thermal stimulation that mimics dentin hypersensitivity in clinic induces ATP
release from odontoblasts [65, 66, 71]. Besides, mechanical stimulation-induced
ATP release and ATP-mediated signal transmission from odontoblasts to trigemi-
nal neurons have been demonstrated iz vitro using co-culture models comprising
of odontoblasts and trigeminal neurons [68, 72]. The existence of autocrine/
paracrine mechanisms for ATP-involved purinergic signaling in cultured odon-
toblast-like stem cells is also confirmed [73]. Furthermore, external mechanical
and thermal stimulation that mimics dentin hypersensitivity induces ATP release
in a tooth perfusion model, while pharmacological blocking connexin and pan-
nexin channels abolished external stimulation-induced ATP release in dental
pulp [66]. Based on the above observations, we proposed that, as illustrated in
Figure 2, external stimulation-induced mechanosensitive responses and ATP
release from odontoblasts and subsequently activation of purinergic receptors in
dental pulpal nerves may represent a novel explanation as to how odontoblasts

participate in a mechanosensory mechanism leading to the pain transduction in
DHS [60, 74].
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Figure 2.

A %ovel hypothesis for nociception transduction in DHS. External stimulation-induced dentin tubule fluid
movements induces ATP release via pannexin/connexin channels in OBs (odontoblasts), ATP then activate P2X
receptors on adjacent nerve fibers to trigger the transduction of pain. ATP signaling is terminated by ecto-
ATPases in OBs and Schwann’s cells.
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3.4 Purinergic signaling and dentin hypersensitivity

Dentin-odontoblasts-nerve terminal complex represents the essential compo-
nents for the process of stimulation transducing and nociceptive transduction from
environmental changes to pain impulse in DHS. External stimuli promote ATP
release from odontoblasts through mechanic or depolarization-sensitive channels,
which then initiates pain signaling via activation of P2X3 receptors in dental pulp
nerve fibers. Functional ecto-nucleotidases in odontoblasts, dental pulp nerve
fibers, and Schwann cells that surround the nerve fibers modulate pain transmis-
sion by control of the local concentration of extracellular ATP and adenosine.

ATP and its metabolites may also activate the P2Y and P1 receptors via a paracrine
mechanism to trigger intracellular Ca** signals that further promote ATP release in
odontoblasts and regulate the expression of ATP permeable channels, purinergic
receptors, and ecto-nucleotidases.

The existence of mechanical-sensitive ATP permeable connexin/pannexin chan-
nels and ATP singling in dentin-odontoblast-nerve fiber complex provides a clue
to explain the unique characteristic of DHS, that is, the “all” or “none” property. In
patients with DHS, a common phenomenon is that external environmental stimula-
tion induces either one sharp pain or no pain at all. A self-activated propagation of
ATP signaling and calcium response in gap junction coupled cells as well as in tis-
sues or organs was demonstrated [75]. For example, a local mechanical stimulation
induces connexin/pannexin channel opening, and then result in ATP release, ATP
then activates the P2X/P2Y receptors in adjacent cells inducing intracellular Ca**
increase and/or cell depolarization that further promote connexin/pannexin chan-
nels opening and ATP release in further beyond adjacent cells until all the cells are
activated. Since odontoblasts express connexin 43 and are functionally connected
via gap junction as a syncytium [60, 76], stimulation from locally exposed dentin
tubules will induce a response in the whole dental pulp odontoblasts. With this
mechanism, external stimulation will cause the full dental pulp odontoblast activa-
tion and evoke the typical “all” or “none” short, sharp pain in patients with DHS.

The existence of ecto-ATPase activity in dental pulp nerve fibers as well as in the
odontoblast layer [60] may provide mechanisms to terminate ATP-induced pain in
DHS. Studies have shown that NTPDase2 is expressed in odontoblasts as well as in
Schwann’s cells that encapsulate the dental pulp nerve fibers. While NTPDase3 is
expressed in dental pulp nociceptive nerve fibers. The presence of these enzymes in
dental pulp provides machinery responsible for ATP degradation that may pro-
vide a mechanism to terminate the pain signaling induced by purinergic receptor
activation in DHS. While the existence of ecto-AMPase enzymatic activities and
expression of CD73 in nociceptive nerve fibers and odontoblasts [64] will hydrolyze
AMP to adenosine, the latter will activate the Al receptors and hyperpolarize the
terminals of the dental pulp nerve fibers via opening the potassium channels that
will help to stop any lingering of pain impulses in nerve fibers.

4. Purinergic signaling and dental orofacial pain
4.1 P2X receptors in trigeminal nerves

Activation of P2X receptors in peripheral nociceptive nerve fibers results in pain
transduction. Interestingly it has been observed that purinergic P2X receptors are
preferentially expressed in trigeminal nociceptive neurons [11, 12] suggesting that

purinergic signaling might play a unique role in the generation and development
of dental orofacial pain. Previous studies have shown expression of P2X3 receptors
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in dental pulp nerve fibers, including the iB4 positive nociceptive fibers [63].
Furthermore, it had been demonstrated that activation of P2X3 and P2X2/3 recep-
tors in dental pulp is sufficient to elicit nociceptive behavioral as well as trigeminal
brainstem neuronal activity [77]. Functional homomeric P2X3 receptor and hetero-
meric P2X(2/3) receptor are highly expressed on nociceptive trigeminal neurons,
their contribution toward the pain mechanism in dental orofacial pain has been well
established [78, 79]. Using real-time reverse transcription-PCR analysis, besides
P2X3, mRNA expression for P2X1 and P2X4 was also detected in trigeminal gan-
glion neurons. Indeed, application of P2X receptors agonists, ATP, o,f-methylene
ATP, or B, y-methylene ATP induced neuronal Ca** influx and a series of selective
antagonists for P2X1, P2X3, or P2X4 receptors inhibited these Ca®* influx responses.
Interestingly, expression of purinergic receptors (P2X1, 3, and 5) in trigeminal
ganglion is upregulated in response to dental pulp inflammation-induced pain
suggesting that these receptors may participate in the peripheral pain sensitization
[80]. Expression of P2X receptors in trigeminal ganglion is also upregulated by oral
facial deep tissue inflammation [11, 12]. In addition, application of P2X receptor
agonist of-meATP to rat tooth pulp induces central sensitization in medullary
nociceptive neurons, and this sensitization response can be blocked by dental pulp
application of the P2X (1,2/3,3) receptor antagonist TNP-ATP as well as by medul-
lary application of TNP-ATP. These results suggest that the activation of peripheral
P2X receptors in orofacial tissues plays a critical role in producing central sensitiza-
tion in medullary trigeminal subnucleus caudalis (TSNC) nociceptive neurons [81].
Therefore, trigeminal ganglion neurons preferentially express functional P2X1, 2/3,
4 receptors, and activation of these receptors attributes to generation and sensitiza-
tion of dental orofacial pain [78].

Involvement of P2X receptor activation in dental orofacial pain had been
demonstrated in various animal models. In the carrageenan-induced TM]J inflam-
matory hyperalgesia model, the P2X1, 3, and 2/3 receptor antagonist TNP-ATP, but
not the selective P2X7 receptor antagonist A-438079, significantly reduced the pain
behavior. These findings indicate that P2X3 and P2X2/3 receptors would be poten-
tial targets for the development of new analgesics to control TMJ inflammatory
pain [82]. Interestingly, it has been found that the number of P2X3 receptor positive
cells is increased in the small cell group in trigeminal ganglia, whereas there was no
change in medium or large cell groups after TM] CFA-injection. Retrograde tracing
confirmed that TMJ-innervated neurons in TG exhibited P2X3 receptors. These
observations provided evidence to support that P2X3 receptor play an essential role
in orofacial pain induced by TM] arthritis [83]. Pharmacological and immunohis-
tochemical studies revealed that the P2X3 receptor also plays an essential role in the
heat hyperalgesia observed in the infraorbital nerve (IoN) ligation-induced neu-
ropathic pain model [84]. In an oral cancer pain model, injection of squamous cell
carcinoma cells into the lower gingiva produces mechanical allodynia and thermal
hyperalgesia. It has been observed that expression of P2X receptor, calcitonin
gene-related peptide (CGRP)-, substance P (SP)-, and capsaicin receptor (TRPV1)-
immunoreactive cells are strikingly upregulated in the small cell group of trigeminal
ganglia (TGs) after tumor cell inoculation [85].

Whereas there is ample evidence that purinergic P2 receptors in trigeminal
glial cells are altered after peripheral nerve injury, there is very little information
about the changes of P2 receptors in TG satellite glial cells (SGCs), although it
is well established that SGCs are endowed with P2 receptors. In submandibular
inflammation with the injection of complete Freund's adjuvant, there was a marked
increase in the sensitivity of SGCs to ATP, with a threshold decreasing from 5
pM to 10 nM. A similar result was observed in the intact trigeminal ganglion
after infraorbital nerve axotomy. It had been demonstrated that the increased
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after-inflammation response was mediated predominantly by P2X receptors. The
enhanced responses to ATP after inflammation are primarily due to P2X2 and or
P2X5 receptors, with a possible contribution of P2X4 receptors. It has been pro-
posed that the over 100-fold augmented sensitivity of SGCs to ATP may contribute
to the development of chronic pain status in dental orofacial pain [86].

4.2 P2Y receptors in trigeminal nerves

Little is known about P2Y receptor expression in trigeminal nerves and their role
in dental orofacial pain. It had been demonstrated that UTP, an agonist of P2Y2/
P2Y4 receptors, significantly decreased the mean threshold potentials for evoking
action potentials and induced a striking increase in the mean number of spikes in
TG neurons [87]. Because of its vital role in the control of neuronal spike onset, fast
inactivating transient K* channels (IA) is a key regulator of membrane excitability
in sensory neurons. It has been shown that UTP significantly inhibited IA and the
expression of Kv1.4, Kv3.4, and Kv4.2 subunits in TG neurons. The P2Y receptor
antagonist suramin could reverse these effects. Furthermore, in ION-CCI (chronic
constriction injury of the infraorbital nerve) induced neuropathic pain model,
when blocking P2Y2 receptors with suramin or injection of P2Y2 receptor antisense
oligodeoxynucleotides led to a long time- and dose-dependent reverse of allodynia
[87]. Blocking P2Y?2 receptors is accompanied with a significant increase in Kv1.4,
Kv3.4, and Kv4.2 subunit expression and decrease in phosphorylated ERK expres-
sion in trigeminal ganglia. These data suggest activation of P2Y2 receptors leads
to upregulation of ERK-mediated phosphorylation and decline of the expression
of I(A)-related Kv channels in trigeminal ganglion neurons, which might reveal
potential alternative targets for the treatment of trigeminal neuropathic pain [87].

Other type of P2Y receptors are also involved in the development of dental oro-
facial pain. Administration of the P2Y1, 12, and 13 receptor agonist, 2-(methylthio)
adenosine 5'-diphosphate trisodium salt hydrate (2-MeSADP), in naive rats induced
neuropathic pain in the tongue, as demonstrated in lingual nerve crush rats, while
co-administration of P2Y receptor antagonists (MRS2395) to naive MRS2395 rats
did not result in hypersensitivity of the tongue. P2Y12 receptor had been detected in
satellite cells of the trigeminal ganglia. In an orofacial pain model after lingual nerve
crush, expression of P2Y12 receptors was enhanced in pERK1/2-immunoreactive
cells encircling trigeminal ganglion neurons. Administration of a selective P2Y12
receptor antagonist, MRS2395, attenuated tongue hypersensitivity to mechanical
and heat stimulation and suppressed the increase in the relative numbers of calcito-
nin gene-related peptide (CGRP)-immunoreactive neurons and neurons encircled
by pERK1/2-immunoreactive cells. These results suggest that intercellular com-
munication between activated satellite cells and CGRP-immunoreactive neurons via
P2Y12 receptors contributes to the development of orofacial neuropathic pain [88].

4.3 Purinergic signaling in trigeminal subnucleus caudalis (TSNC)

Besides purinergic receptors expressed in the central afferent terminals of
primary trigeminal nociceptive neurons, multiple P2X, P2Y, and P1 receptors are
also detected in the secondary nociceptive neurons, astrocytes, and microglia in
TSNC. Since pain signal synaptic transmission is accompanied by a large amount of
ATP release in TSNC. Activation of purinergic receptors expressed in presynaptic
afferent terminals, secondary nociceptive neurons, astrocytes, and microglia in
TSNC would play an essential role for the development of central sensitization [77].
Studies have shown that extracellular ATP acting on presynaptic purinergic receptors
(P2X2/3 and P2X3 subunits) participate in central sensitization of dental orofacial
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pain. Application of inflammatory irritant mustard oil (MO) to the tooth pulp
produced a long-lasting allodynia and hyperalgesia. Intrathecal administration of the
selective P2X1, P2X3, and P2X2/3 receptor antagonist, TNP-ATP, significantly and
reversibly attenuated the MO-induced central sensitization. While the administra-
tion of the selective P2X1, P2X3, and P2X2/3 receptor agonist, alpha, beta-methylene
ATP (alpha, beta-meATDP, i.t.) produced abrupt and significant neuroplastic changes
in TSNC nociceptive neurons, followed by neuronal sensitization as evidenced by
the ineffectiveness of a second application of alpha, beta-meATP and subsequent
MO application to the pulp. These results suggest that P2X3 and possibly also the
P2X2/3 receptor subtypes in TSNC play a crucial role for the initiation and main-
tenance of central sensitization in brainstem nociceptive neurons [89]. Tooth pulp
application of mustard oil (MO) induced a significant increase in glutamate release
in TSNC. Intrathecal administration of apyrase or TNP-ATP (a P2X1, P2X3, P2X2/3
receptor antagonist) alone significantly reduced the MO-induced glutamate release
in the TSNC. Furthermore, the suppressive effects of apyrase on glutamate release
were reduced by DPCPX (an adenosine A1 receptor antagonist) [89].

It had been reported that P2X3 receptor expressed in astrocytes in the TSNC
participates in the development of craniofacial neuropathic pain induced by chronic
constriction of the infraorbital nerve (CCI-ION) [90]. The number of P2X3-positive
fine astrocytic processes and the density of P2X3 receptors in these processes was
increased significantly in CCI-ION model and administration of MPEP, a specific
mGluR5 antagonist, alleviated the mechanical allodynia and abolished the increase
of P2X3 receptor expression in the fine astrocytic processes. Specific glial cell popu-
lations become activated in both trigeminal ganglia and brainstem in CFA-injection
induced temporomandibular joint (TM]) inflammation pain model. CFA-injected
animals exhibited ipsilateral mechanical allodynia that is accompanied by a substan-
tial increase of GFAP-positive satellite glial cells and activation of resident macro-
phages in the trigeminal ganglia. The activated microglial cells were also observed in
the ipsilateral TSNC [91]. In dental pulp, MO injection induced central sensitization
model, it has been demonstrated that continuous intrathecal (i.t.) superfusion of the
potent P2X7 receptor antagonists brilliant blue G or periodate-oxidized ATP could
significantly attenuate the central sensitization. Specifically, central sensitization
could be induced by superfusion of ATP and even more effectively produced by the
P2X7 receptor agonist benzoylbenzoyl ATP. Consistent with the report that P2X7
receptors are mostly expressed on microglia, superfusion of the microglial blocker
minocycline abolished the MO-induced central sensitization. These novel findings
suggest that activation of P2X7 receptors in microglia cells may be involved in the
development of central sensitization in acute dental orofacial pain [92].

Microglial P2Y12 receptor is also reported to be involved in the central sensitiza-
tion of orofacial pain [93]. In a tongue cancer, pain model produced by squamous
cell carcinoma (SCC) cell inoculation, microglia were strongly activated in TSNC,
and administration of MRS2395 or minocycline reversed the associated nocicep-
tive behavior and microglial activation in SCC-inoculated rats. The increased
activity of TSNC wide dynamic range nociceptive neurons was also recorded in
SCC-inoculated rats. These findings suggest that SCC inoculation results in strong
activation of microglia via P2Y12 receptor signaling in the TSNC that is associated
with the increased excitability of TSNC nociceptive neurons and the development
of central sensitization.

4.4 Adenosine signaling and dental orofacial pain

Purinergic P1 receptor signaling may also exist in trigeminal nerves and affects
nociception processing. In 12 healthy female volunteers randomized, double-blind,
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placebo-controlled, cross-over trial, the effect of Al receptor agonist GR79236

on trigeminal nociception processing was investigated. Activation of Al recep-

tor with GR79236 inhibits trigeminal nociception in humans [94]. In a model of
trigeminovascular nociceptive transmission, the superior sagittal sinus (SSS) was
stimulated electrically, and the responding nociceptive units were recorded. It has
been shown that intravenous administration of the highly selective adenosine A1l
receptor agonist, GR79236 had a dose-dependent inhibitory effect on SSS-evoked
trigeminal nociceptive activity. Selective adenosine Al receptor antagonist DPCPX
abolished the neuronal inhibitory effect of GR79236 [95]. In another animal experi-
ment, adenosine decreased the amplitude of glutamatergic excitatory postsynaptic
currents and increased the unpaired-pulse ratio suggesting that adenosine acts
presynaptically to reduce glutamate release from primary afferents. Besides, the
adenosine-induced inhibition of excitatory postsynaptic currents was impaired by
a selective Al receptor antagonist, DPCPX, and was mimicked by a selective Al
receptor agonist CPA. These findings suggest that presynaptic Al receptors decrease
action potential-dependent glutamate release from primary trigeminal afferents
onto TSNC neurons, and thus adenosine Al receptors could be a potential target for
the treatment of pain of orofacial tissues [96].

4.5 Ecto-nucleotidases in trigeminal nerves and orofacial pain

By the control of ATP degradation and adenosine generation, ecto-nucleotidases
drive the shift from ATP-induced nociception to adenosine-induced analgesia
[97]. Since ATP induces pain and pain sensitization via activation of P2X recep-
tors and adenosine mediates analgesia via activation of P1 receptors, existence of
ecto-nucleotidases and their enzymatic activities in the trigeminal nociceptive
pathway will affect the development and maintenance of dental orofacial pain.
Recently we have demonstrated the expression and central terminal localization of
ecto-nucleotidases (NTPDase3/CD73) in the trigeminal ganglia nociceptive neurons
[64, 98]. Considering the pivotal role of purinergic singling in the pathogenesis of
neuropathic pain and the preference expression and upregulation of purinergic
receptors in the trigeminal nervous system, ecto-nucleotidase expression, and
localization in trigeminal nerves might participate in the development of orofacial
neuropathic pain.

Using histochemistry staining, ecto-ATPase and AMPase activities were detected
in dental pulp odontoblast layer, Raschkow’s nerve plexus, and nerve bundles.
Interestingly, in inflammatory dental pulp with pulpitis, enzymatic ecto-ATPase
activity was significantly upregulated. Specifically, using immunohistochemistry
and immunofluorescence staining, NTPDase2 is expressed in Shwann’s cells that
encapsulate the AB and Ao fibers, while that NTPDase3 and CD73 are detected in
nociceptive nerve fibers in dental pulp [60, 64, 98].

Trigeminal ganglia contain both primary sensory neurons and satellite glial
cells. Satellite glial cells encapsulate the ganglia neurons and are gap junction
channel connected. Via intercellular interaction satellite glia cells affect neuronal
excitability and impulse conduction in TG neurons. The ecto-ATPase activity was
detected in TG cells. Specifically, NTPDase3 is expressed in TG neurons, including
the nociceptive neurons, while NTPDase2 is expressed in TG satellite glial cells that
encapsulated the TG neurons [60, 64, 98]. In addition, ecto-AMPases activity is also
detected in TG cells and TG nerve fibers. It reveals that CD73 is expressed in TG
neurons, including the nociceptive neurons [64]. By control of extracellular ATP
degradation and adenosine generation, these enzymes would play a crucial role in
orofacial pain signal processing by affecting the excitability, inhibition, and interac-
tion of TG neurons.
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TG nociceptive neurons project central nerve fibers to the brainstem and form
synapses with the secondary nociceptive neurons in the nociceptive lamina of the
TSNC. It has been well established that the nociceptive lamina in the brainstem or
spinal cord is a pivotal region for pain signaling transmission, inhibition, modula-
tion, and sensitization. Interestingly, striking ecto-ATPase and ecto-AMPase activi-
ties were detected in brainstem TSNC nociceptive lamina. Immunohistochemistry
studies confirmed the existence of immunoreactivity for NTPDase3 and CD73 in
the nociceptive lamina. Furthermore, it has been demonstrated that incubation
with specific anti-NTPDase3 or anti-CD73 antibodies, significantly reduced
ecto-ATPase and acto-AMPase activities in TNSC nociceptive lamina, respectively
[64, 98]. These findings suggest that NTPDase 3 and CD73 are the major enzymes
responsible for ATP degradation and adenosine generation in TSNC nociceptive
lamina. Since the neuronal plasticity and central sensitization mainly occurs at
the central nociceptive lamina in neuropathic pain, the presence of NTPDase3 and
CD73 in TNSC nociceptive lamina may also participate in the central sensitization
mechanism in orofacial neuropathic pain.

The characteristic staining patterns for NTPDase3 and CD73 in the nociceptive
lamia of TSNC indicate the presynaptic localization of these enzymes [64, 98]. This
observation suggests that NTPDase3 and CD73 are produced at TG nociceptive
neurons and then are transferred to the central presynaptic membranes along the
afferent trigeminal nerves. Disruption of ecto-nucleotidase expression and presyn-
aptic localization caused by biological, chemical, or physical trigeminal insults such
as virus infection, nerve fiber differentiation, and physical constriction//compres-
sion may attribute to pathogenesis mechanism in trigeminal neuralgia and other
orofacial neuropathic pain [64, 98].

5. Conclusion

Purinergic signaling plays essential role in pain signal processing in the nocicep-
tive pathway from peripheral to central nerves. Via activation of P2X, P2Y, and P1
receptors, ATP and its metabolites induced purinergic signaling participates in the
nociceptive transduction, conduction, transmission, modulation, sensitization, and
development of neuropathic pain. Ecto-nucleotidases are the predominant enzymes
responsible for extracellular ATP degradation and adenosine generation that play
essential role to drive the shift from ATP-induced pain to adenosine-induced anal-
gesia. In order to identify the role of purinergic signaling in dental orofacial pain,
the existence of purinergic signaling and their regulation in the trigeminal nocicep-
tive pathway has yet to be identified.

Several ion channels and receptors that are prominent in craniofacial nocicep-
tive mechanisms have been identified on trigeminal primary afferent neurons.
Many of these receptors and channels exhibit unusual distributions compared
with extracranial regions. For example, expression of the ATP receptor P2X3 is
strongly implicated in nociception and is more abundant on trigeminal primary
afferent neurons than analogous extracranial neurons. P2X3 receptors are often
co-expressed with the nociceptive neuropeptides CGRP and SP in trigeminal
ganglia neurons. Co-expression of P2X3 receptor and other nociceptors (TRPV1,
and ASIC3) in trigeminal neurons imply the existence of functional complexes that
allow craniofacial nociceptive neurons to respond synergistically to altered ATP and
other pain mediators. These observations indicate that trigeminal P2X3 receptor
expression pattern differs markedly from dorsal root ganglion that may provide a
clue to explain the unique properties of dental orofacial pain. Different expression
and or regulation of purinergic signaling in the trigeminal nociceptive pathway may
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attribute to a nociceptive mechanism of dentin hypersensitivity and dental orofacial
pain. Identification of the underlying nociceptive mechanism will unveil potential
targets for better treatment and management of dental orofacial pain.
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Abstract

Perinatal hypoxic-ischemic encephalopathy (HIE), known as birth asphyxia,
remains a major contributor to poor neurodevelopmental outcomes including
cerebral palsy and seizures. One striking feature of HIE injury is a delayed pro-
gression of neuronal degeneration that spreads over time from the most severely
damaged areas outward into neighboring undamaged regions. There is increasing
evidence that these lesions act as sites of origin for waves of spreading depression
(SD), a wave of neuronal and glial depolarization, that progressively enlarge
the brain lesions. While the pathophysiology of SD is still under debate, there is
increasing evidence that purinergic receptors in conjunction with connexin and
pannexin 1 channels are necessary for sustained propagation of the waves and
neuroinflammation. This review intends to discuss the relative contribution of
purinergic signaling and connexin and pannexin 1 channels to trigger and spread
SD waves leading to the development of progressive brain lesions under condi-
tions of perinatal HIE.

Keywords: spreading depression, gap junctions, hypoxic-ischemic encephalopathy,
purinergic signaling

1. Introduction

Perinatal hypoxic-ischemic encephalopathy (HIE), also known as birth
asphyxia, is a neurological syndrome that affects newborns worldwide, causing
life lasting sequelae and not only impacting individual lives but also economy and
public health systems [1, 2]. It is estimated that HIE occurs between 1 and 8 per
1000 newborns, although this number can be widely more expressive accordingly
to the region, especially in low-income countries [3, 4]. Besides, HIE is considered
to be the third major cause of neonatal mortality, accountable for 23% of newborn
deaths and averaging about 1 million children annually [5, 6]. In consonance,
the morbidity is not far behind: HIE accounts for 10% of all cerebral palsy cases,
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compromising the quality of life of these patients and their families [7-9]. In this
scenario, understanding the factors and mechanisms involved in HIE etiology

is crucial to the development of new therapeutic strategies and improvement of
mortality and morbidity rates.

Over the last years, several studies emerged intending to explain the pathophysi-
ology of HIE [10-13]. The gaps in these topics are highlighted as particular priorities
among the many critical areas that remain to be integrated. It is a consensus that the
primary event for HIE burden is a global reduction of blood flow to the fetal brain
during pregnancy or birth process [13]. This ischemic-hypoxic insult may result
from various maternal or fetal conditions such as umbilical cord prolapse, rupture
of the uterus and placental insufficiency [1, 14, 15]. One of the most intriguing fea-
tures of HIE, however, is not even the ischemic injury per se, but the ability of the
initial lesion to expand to previously undamaged areas (i.e., secondary lesions) [16].
Much of this process remains undefined and saving perilesional regions at risk,
termed penumbra, challenges physicians and scientists. In this context, increasing
evidence supports extracellular ATP and purinergic receptors as significant players
in HIE pathophysiology and, consequently, a unique addition as interventional tar-
gets for the limited repertoire of drugs currently available as therapeutic approaches
for HIE [17-19].

Purinergic receptors are a class of ligand-gated receptors divided into two groups
P1 and P2, responsive to nucleosides and nucleotides, respectively. P1 receptors
have four members described (A1, A2A, A2B e A3) [20-22]. On the other hand, P2
receptors are subdivided into two families P2Y and P2X. Both P2Y receptors and
the P1 receptors are G coupled protein receptors (GPCRs), and the P2X receptors
are ionotropic receptors. Those receptors are expressed in various systems in the
organism, as the vascular system, the immune system, the gastrointestinal system,
the renal system, and the central nervous system (CNS) [20-22]. Specifically, in
the CNS, it is believed that some purinergic receptors could play essential roles in
ischemia decreasing the symptoms and the extent of brain damage [23, 24].

Along with purinergic signaling, there are strong pieces of evidence in the
literature correlating spreading depression (SD), a phenomenon characterized
by self-sustained waves of depolarization of a sizeable population of cells, and
hypoxic-ischemic insults [25, 26]. HIE-mediated SDs erupt in the brain, encumber-
ing tissue structure and function, and raising fascinating—and still unanswered—
questions concerning their initiation (i.e., genesis) and propagation. Even more
ominously, erupting SDs accelerate tissue damage following HIE or traumatic brain
injury (TBI) [27, 28]. Studies by many authors, including our group [29], suggest
that lesions act as a site of origin to these waves, which slowly propagate through
the brain surface [30]. So far, the role of glia (astrocytes and microglia) in initia-
tion, propagation, and recovery of SD is poorly understood [31, 32]. Although
there is evidence that SD has an impact on astrocytes and microglia [31, 32], the
consequences of their activation need to be further explored. Considering SD as
an electrochemical event, ionic changes in the extracellular medium are important
to the genesis and maintenance of propagated SDs. In this regard, recent studies
present pannexins and connexins paved the way for sustainable SD propagation
[26]. Hence, HIE detains a multifactorial mechanism, compelling not only puriner-
gic signaling but also spreading depression, connexins, pannexins and many other
biological processes yet to be defined.

This article intends to review the aspects and empirical evidence made on HIE-
mediated brain injury through the functional interaction between purinergic signal-
ing, connexins, pannexins, and SDs. To the best of our knowledge, this is the first
review to discuss the functional interplay among purinergic signaling and the above
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mentioned “players” as key elements to trigger and to either support or to interrupt
the propagation of waves of SD within the HIE’s penumbra. Understanding the

underlying mechanisms of HIE is expected to develop more effective neuroprotec-
tive approaches during the highly prevalent condition of perinatal hypoxic distress.

2. Purinergic signaling

Since the first description of the physiological effects of purines and pyrimi-
dines, by Drury and Szent-Gyo6rgyi in 1929, several pieces of evidence increased
the discussion on their activity in the context of the CNS [23, 24, 33-35]. This novel
family of receptors is virtually expressed in all human cells types, including neurons
and glial cells at central nervous system, hence raising the several hypotheses on
their role in the context of a myriad of neurological disorders, such as, neurodegen-
erative diseases, traumatic brain injury, CNS tumors, epilepsy, psychiatric disor-
ders, and ischemic encephalopathy [36, 37].

The early 1970s classification of the novel receptor family—then called puri-
noreceptors—proposed by Geoffrey Burnstock is considered to be one of the first
steps to current comprehension and systematic research of purinergic receptors,
which stratifies them into two groups, taking in consideration their molecular
characteristics and downstream signaling [38].

The adenosine-activated receptors, or P1 receptors, present four subtypes
(A1, A2A, A2B, and A3), each of these consisting of seven folds of transmembrane
protein domains (TM1-TM7) linked to an N-terminal extracellular domain and a
C-terminal intracellular domain. In contrast, P2 receptors are subdivided into two
families: metabotropic P2Y receptors and ionotropic P2X receptors. Among several
other mammal species, humans present eight members of the metabotropic P2Y,
(described as P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14), and seven
members of the ionotropic P2X receptors, numbered P2X1 to P2X7 [22, 39-42].

The P1A2A and P1A2B molecules are Gs-protein-coupled receptors, therefore
stimulating adenylate cyclase and leading to downstream production of cyclic
adenosine 3’,5'-monophosphate (cAMP) second signaling, once they are bound
to their active ligand. On the other, hand P1A1 and P1A3 subtypes molecules are
Gi protein-coupled receptors, leading to adenylate cyclase inhibition and cAMP
degradation. In addition, some of the A2B receptor isoforms may also be associated
with Gq domains, leading to a phospholipase C and inositol triphosphate second
signaling pathways [42] (Figure1).

Metabotropic P2Y receptors are G protein-coupled receptors activated by
different nucleotide types, including ATP, ADP, UTP, UDP, and UDP-glucose.
Similarly to P1 receptors, the seven transmembrane domain/ns, three extracel-
lular and three intracellular loops, and C-terminal intracellular and extracellular
N-terminal ends are found in their structure. P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11
receptors are associated with Gq protein, leading to an increase of the intracellular
calcium through the internal stores culminating in a protein kinase C activation,
whereas P2Y12, P2Y13, and P2Y14 are coupled to Gi protein, inhibiting adenyl-
ate cyclase and cyclic AMP [39]. Concerning the ionotropic P2X receptors, they
are non-selective cation channels modulated by ATP [43]. Once activated these
receptors act as transmembrane channels, allowing the flow of mono and divalent
cations, such as, K*, Ca*, and Na* accordingly to their gradient [44, 45]. Although
some data in this context is found to be controversial, it is important to mention
that some subtypes as P2X2, P2X4, and P2X7 are described to open a non-selective
transmembrane pore, if submitted to high concentrations or prolonged exposure
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Structural features of Cx43, P2X7 and Panx1. Each functional P2X7 veceptor is a trimer, with the three
protein subunits arranged around a cation-permeable channel pore. The subunits all shave a common topology,
possessing two plasma membrane spanning domains (TM1 and TM2), a lavge extracellular loop with the ATP
binding site, and containing 10 similarly spaced cysteines and glycosylation sites, and intracellular carboxyl (C)
and amino termini (N). (Left) Connexin 43 (Cx43) and pannexin 1 (Panx1) (vight) share similar membrane
topology, with four a-helical transmembrane domains (M1—-My) connected by two extracellular loops and one
cytoplasmic loop, where both amino NH2 (N) and carboxy COOH-termini (C) are intracellular. However,
different from connexins, the pannexins possess an extracellular glycosylation site which impedes gap junction
formation by these channels. Upper panel—(left) a Cx hemichannel (HC) and pannexon (vight) are formed
by connexins and pannexins, vespectively, that oligomerize laterally.

to their ligand. In this condition, these receptors allow the passage of molecules up
to 900 Da, which includes organic ions and most of the frequently used fluorescent
dyes [46-48] (Table 1). P2X receptors present two transmembrane domains con-
nected by an extracellular loop, besides a C-terminal and an N-terminal domain in
the intracellular milieu [56]. They are capable of homotrimeric and heterotrimeric
assemble [57, 58] (Figure1).

As suggested before, the ischemic CNS context, purinergic receptors might
represent an important molecular target to restrain the condition’ irreversible

Channel Blockers Dye Permeability
P2X7 BBG, 0ATP and AZ11645373 [49] Iodide propidium (+) -

A-438079, AZ11645373 and Ethidium bromide (+) and -

probenecid [50] Lucifer yellow ()

A-740003, PPADS and BBG [51] Yo-Pro-1 (+) -
Connexin Heptanol, octanol, CBX, La*, Lucifer yellow () -
Hemichannel FFA and AGA [52]

CBX and Gap26 [53] Ethidium bromide (+) -

CBX and mefloquine [54] Iodide propidium (+) -

CBX, FFA, AGA and NFA [55] Not used -
Pannexin panx [50, 53] Ethidium bromide (+) No change

Nomenclature: -, decreased permeability/no permeability. BBG, brilliant blue G; 0ATPE, periodate-oxidized
adenosine triphosphate; CBX, carbenoxolone; AGA, 18alpha-glycyrrhetinic acid; FFA, flufenamic acid; PPADS,
pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid; NFA, niflumic acid. The (+) and (=) indicates valency of
the dye used.

Table 1.
P2X7, connexins and pannexins antagonists blocked the permeability to anionic and cationic dyes.
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burden. In this scenario, ATP and adenosine are released to the extracellular space
after injury through vesicles from neurons, besides exocytosis and membrane
channels including ABC transporters, pannexin 1, calcium homeostasis modulator
1 (CALHM1) channels and P2X7 pore in glial cells [59]. Estimated extracellular ATP
concentrations have been described to reach up to 700 nM after ischemic events
leading to tissue necrosis, whereas adenosine levels can reach up to 1000 nM [17],
due to ectonucleotidases’ activity, which catabolizes AMP and generates adenos-
ine consequently. These extracellular concentrations of adenosine and ATP after
ischemic events are high enough to activate P1 and P2 receptors [60].

Even though purinergic receptors in the CNS are believed to play different roles
during HIE, while the protective role of adenosine P1A1 receptors during ischemia
is well accepted, through the reduction of infarct volume and improvement of
neurological functions [61, 62], P2 receptors activation have been associated with
inflammation, neurodegeneration and cell death [45, 63]. The evidence supporting
an “adenosine neuroprotection” dates from 1997, when Halle and cols reported that
pretreatment with 2-amino-3-benzothiophene (PD 81,273)—to increase adenosine
binding to P1A1 receptors—conferred neuroprotection following HIE [24]. As
expected, the neuroprotection afforded by adenosine is antagonized by theophyl-
line (dimethylxanthine), an inhibitor of phosphodiesterase (PDE) isoenzymes,
which break down cyclic nucleotides in the cell and leads to increased concentra-
tions of [cAMP]i and [cyclic 3°,5” guanosine monophosphate]l [64, 65], antagoniz-
ing P1A1 and P1A2 receptors at therapeutic concentrations [23]. Along the same
line, Adén et al. (2003) reported that the absence of P1A2A receptors (P1A2A KO
mice) aggravated brain damage after neonatal HI [62].

All mammalian cell types express multiple P2 receptor subtypes, each of which
presenting variable affinities for purine and pyrimidine nucleotides [66]. In the neona-
tal HI CNS, Wang et al. (2009) suggested that P2X7 downregulation in oligodendrocyte
precursor cells confers neuroprotection [67], while the use of P2X7 antagonists, such
as, A-438079 and JNJ-47965567, can antagonize the occurrence of seizures. In this
context, P2X7 could represent a novel and effective therapeutic target in the condition
mentioned above [68]. There is accumulating evidence that P2X1, P2X2, P2X3, P2X4
and P2XS5 are potentially involved in direct neuronal death [69, 70] and that P2X7 are
expressed in glial cells [71]. It remains a matter of debate whether neurons express P2X7.

3. Connexins

Connexins are a family of trans-membrane proteins related to several functions,
such as, intercellular communication and tissue differentiation. These proteins are
best known for being the assembling subunits of connexons, a hexameric struc-
ture composed of six units of connexins [72-74]. The apposition of connexons in
adjacent cells forms intercellular conduits named gap junctions (GJs), which allow
the transfer of small molecules, ions and second messengers between cells [75].

The connexins family comprises 21 genes in the human genome [76], and their
genetic expression varies according to the tissue and extracellular conditions. It

is noteworthy that several cell types can express more than one type of connexin
simultaneously [73, 77]. Connexins isoforms possess very similar and conserved
structures, consisting of two extracellular loops, four transmembrane domains, one
cytoplasmic loop, the C-terminus and the N-terminus [78]. When six units of iden-
tical connexins assemble, the resulting connexon is termed homomeric, whereas a
connexon formed of different types of connexins is named heteromeric. Following
the same rule, gap junctions are homotypic if derived from two identical connexons
or heterotypic when two different connexons assemble [73] (Figure1).
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Among all connexins isoforms, connexin 43 (Cx43) is the more widely
expressed, being present in more than 30 different tissues [77]. Predominantly
found in astrocyte’s membrane, novel studies suggest important participation of
Cx43 connexons and GJs in the pathophysiology of several diseases [73, 79-82].

In the field of CNS hypoxic-ischemic insults, including neonatal asphyxia, some
groups argue that GJs allows redistribution of nutrients, such as, glucose, and ATP
[19], hence providing neuroprotection in this context. On the other hand, a myriad
of studies presents Cx43 hemichannels as protagonists in processes of brain blood
barrier disruption, calcium disbalance and mitochondrial dysfunction [83-85]. In
addition, Cx43 may play an important role in the propagation of SD waves, possibly
promoting the expansion of the initial injury to previously undamaged areas [26].

Under normal conditions, GJs may open or close accordingly to cell demands,
while undocked connexons remain closed [86, 87]. Nevertheless, in cell death
scenarios, hemichannels may open, allowing molecules to flow through the cell
membrane, from and into the extracellular space [84, 88-90]. The release of sub-
stances, such as, ATP, glutamate and nicotinamide adenine dinucleotide (NAD")
in the extracellular medium promotes paracrine signaling to the surrounding cells,
triggering cell death cascades and, consequently, expanding the primary injury [87].

Purinergic receptors in both neurons and glial cells can be activated from dying
cell’s ATP release, leading to calcium influx through the receptor channel [83]. An
increase of intracellular calcium might induce or worsen mitochondrial dysfunc-
tion in the context of brain injury, which leads to both secondary energy deficit
and apoptosis [83]. In addition, ATP can also activate pattern recognition receptors
(PRR), highlighting NOD-like receptor protein-3 (NLRP3) [84]. Finally, P2X7 and
P2X4 receptors are involved in inflammasome activation and the secretion of pro-
inflammatory molecules.

One of the most widely characterized approach intending to prevent the inflam-
matory responses of purinergic receptors activation is Cx43 blockade. However, the
effects of Cx43 blockade are still controversial. Several iz vitro and in vivo models in
the literature resulted in a reduction of cell death, tissue swelling, and lesion spread
[91, 92]. In contrast, some groups described an association between Cx43 blockade,
apoptosis and higher infarct volume [93, 94]. This divergence may be explained
by the limited pharmacologic agents and approaches described to promote Cx43
blockade. Currently, some of the most commonly used agents in the literature
include Cx43 mimetic peptide, carbenoxolone, and octanol [19]. Once agents with
greater specificity for Cx43 are established and their mechanisms are characterized,
a better understanding of the role of Cx43 in pathological conditions such as HIE
will be possible.

4. Pannexins

Pannexins are a class of monomeric proteins capable of forming cell membrane
hemichannels, resembling structural and functional homology with the connexins
as mentioned earlier. Likewise the formers, these molecules can assemble as oligo-
meric forms, namely pannexons. There are several different subtypes of pannexons
in which pannexins can be assembled, depending on the cell type and physiologic
condition of the cell surroundings. Among these, the three human isotypes are
expressed virtually in all tissues: Panx1 (426 amino acids, 47.6 kDa), Panx2 (677
amino acids, 74.4 kDa) and Panx3 (392 amino acids, 44.7 kDa) [84, 95, 96].

The characterization of the assembled pannexin polymers upon cell membrane
is still controversial since several groups suggest their action to be in the hemichan-
nel fashion—such as connexins—while other findings indicate their function to
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resemble full transmembrane channels between cells [84, 95, 96]. Despite the

fact pannexins and connexins share several similar pharmacologic properties and
expression patterns, unlike connexons, it is now believed that pannexons are not
capable of forming functional gap junctions between neighbor cells and hence not
being capable of promoting the connection between their cytoplasm [95, 97, 98].

Regarding molecular characterization, human pannexin isotypes share 50-60%
of membrane sequence similarity, and their extracellular C-terminal sequences
are the most variable among them, defining their subtype characterization based
on their pattern of glycosylation [96, 98]. Novel structural studies of pannexin
membrane characterization suggest that the physiologic interplay between Panx2
and other subtypes, and functional gap junction formation are very unlikely in
experimental scenarios due to glycosylated domain ionic repulsion [97, 98]. Panx2
is believed to be exclusive to CNS cells, even though its molecular properties are not
elucidated as well as Panx1 subtypes [95, 96] (Figure1).

In contrast, Panx1 subtypes can be subdivided accordingly to their different
expressed conformations, mostly determined by the several possible types of
channel activation [97, 99]. Recent studies suggest that in the absence of specific
ligands, Panx1 is a Cl-selective channel expressed in astrocytes, oligodendrocytes,
and microglia [100]. In contrast, once activated by K* ions, Panx1 can isomerize
into a highly conductant non-selective channel (500 pS), permeable to molecules
such as ATP and other nucleotide polymers. Alternatively, voltage-activation of
Panx1 opens a lower conductance conformation (50 Ps) [97, 99]. Nonetheless, it is
important to mention that caspase activity, mechanical stretching, osmotic changes,
purinergic receptor activation (such as P2X7 bound to adenosine nucleotides),
and other cell biomolecular survival pathways are indicated as panx1 activators
[19, 43, 101]. Additionally, this suggests that tissue injury and cell death processes
can mediate Panx1 activity and might explain one of the early mechanisms of ATP
leakage through the cell membrane [97, 99] and intercellular activation through
purinergic receptors, and coupling through functional gap junctions. The influence
of extracellular ATP in astrocytes downstream signaling is further discussed in this
review.

The evidence against the pannexin role as intercellular hemichannels is based on
three major aspects of these protein characteristics. Firstly, their well-recognized
function as ATP and other macromolecule releasers. In addition, their distribu-
tion is described mostly in the apical domains of ubiquitous cells, which makes
hemichannel coupling very unlikely [95]. Lastly, the aforementioned glycosylated
extracellular domain acts repealing the near plasmatic membrane and does not talk
in favor of their gap junction formation [95-98].

Although it seems that hemichannel opening occurs only at the downhill of cell
stress, Panx opening is also observed under physiological situations, such as, the
glucocorticoid release throughout the circadian cycle and neuronal coordination
under sleep pattern changing [102, 103]. Panx1 role was also described in inflam-
masome formation and the release and cleavage of IL-1p [101, 104], which might
suggest a role in the triggering of early inflammatory response and cell death [105].

5. Spreading depression

In 1906, Sir William Gowers described migraine pathophysiology as an intense,
yet slow activity of the cortical centers of the brain spreading as “ripples in a pond
into which a stone is thrown”—“occupying 20 min or so in passing through center
affected” leaving a state of “molecular disturbance of the structures” [106]. This
phenomenon was confirmed and described 38 years later in rabbit’s cerebral cortexes
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by Aristides Ledo, who coined the term spreading depression (SD) [107], nowadays
associated not only with migraine pathophysiology but also with several other neu-
rological disorders, such as, traumatic brain injury, spinal cord injury, subarachnoid
and intracranial hemorrhage, stroke and HIE [28, 108-111] (Figure 2).
Characterized as an intense change in ionic homeostasis and extracellular space
(ECS) features, SD is an all-direction depression of neural activity that does not
respect any tissue cellularity boundaries in the cortex [30, 112]. Although it is
described as a negative shift in DC moving a few millimeters per minute, SD also
involves fast electrical events, as seen in a burst of activity at the wavefront, fol-
lowed closely by the numbness of preview neuronal tissue [27, 28, 30, 113, 114]. SD
used to be described by Professor Hiss Martins-Ferreira as an “electrical tsunami”
spreading among a neuronal mass that encompasses dendritic swelling, gap junc-
tion channels assemble and opening, mitochondrial changes, up-regulation, and
down-regulation of several other proteins of the CNS [26, 115, 116].
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Figure 2.

Waves of Ledo spreading depression (SD) and purinergic receptors. Three-step models have been proposed to
explain genesis and propagation of SDs, a phenomenon believed to play a major role in the pathophysiology
of HIE. Firstly, HIE-mediated primary injury leads to a surge in [K" Jo, ATB reactive oxygen species (ROS)
and a number of neurotransmitters (NT) in the extracellular space through Cx hemichannels and Panx1
opening in dying cells (gray cell). The upcoming activation of purinergic receptors at glia [71] and/or at
neighboring neuron cell surfaces (blue cells)—a matter of debate (?)—triggering SD phenomenon. Besides,
glutamate excitotoxicity is also triggered, leading to Ca® influx in the adjacent cells through NMDA receptors.
Transmembrane ionic shifts during SD leads to a large drop in [Na']o, [Ca®* ]o, [CI]o, simultaneously

with the extracellular DC potential shift. Subsequently (thivd step), reentrant waves spread throughout the
penumbra mediated by gap junctions, promoting secondary damage—via apoptosis—and lesion enlargement
[30]. Electrotonic junctions in the neonatal cevebral cortex (see inset—bottom) are mostly dendrodendritic—
although these same neurons can also be interconnected by chemical synapses [38]—and are believed to provide
an important path for propagation of the waves [42]). Microglia (pink cell) is also activated via P2X4 and
P2X7 receptors and releases proinflammatory cytokines.
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Among this complex electrochemical phenomenon that revolves in the CNS
extracellular space, the intracellular spaces of neuronal-glial populations, and cel-
lular coupling, many factors have been attributed as key players to its genesis and
sustenance, such as, Ca®*, K*, and glutamate and purinergic receptors [30]. Highly
increased K* concentration was demonstrated in SD scenarios, which lead to sev-
eral experimental models intending to recapitulate SD waves through artificially
increasing this ionic concentration on the cortical surface [29]. It was also observed
that the levels of this ion in the ECS reaches typically a plateau, being trespassed
once SD is elicited [117] and those higher amounts of K* deliverance increase
wave frequencies. Moreover, the fast electrical burst at SD wavefront is possibly
explained by high extracellular K* concentrations inducing high neuronal activity.
Imaging studies assessing initial changes in Ca®*, glutamate, and K* concentrations
at SD wavefront revealed earlier and more significant changes in K, suggesting its
role as the first responder in SD initiation and propagation [118] (Figure 2).

Astrocytic Ca®* waves are also intrinsically related to SD, sharing its “velocity of
propagation and stimulation paradigms” initiation stimuli, refractory period, and
signaling characteristics, which are postulated not only as involved with the initia-
tion of SD, but also as fundamental for its propagation [30, 119-121]. However,
Ca®* waves are not a sine qua non player for SD genesis, as observed in a Ca** free
medium, in ion chelating experimental contexts, in which SD genesis was not inhib-
ited, albeit it caused a lower onset and faster recovery [119] (for further evidence
against this Ca®* role, see [122-124]). It is noteworthy that, gap junction blockers,
purinergic blockers, ATP hydrolase inducers, and desensitization of the purinergic
receptors were reported as potential Ca** wave inhibitors [30, 125-128].

The myriad of aforementioned cationic changes in SD scenarios implies in
several anionics unbalances in the ECS, being CI™ the most affected inorganic anion
[30]. Consequently, Na* follows the elicited Cl™ influx, decreasing ECS tonicity
leading to cell swelling and morphologic changes in dendritic spines [129]. The
dendritic spines recovery depends on mitochondrial membrane potential integrity,
an already impaired function in hypoxic-ischemic scenarios [130].

Glutamate concentration is not only found to be higher during and after SD but
also its release to be synchronic and excitotoxic processes are triggered by NMDAr
activation. Despite these events, the blockade of this neurotransmitter is not able to
inhibit SD onset [131-133].

The roles of purinergic signaling in neurodegeneration following perinatal HIE
contexts is also well documented. Levels of extracellular ATP in the brain increase
during ischemia, activating both P1 and P2 receptors expressed on neural cells
(neuronal and glial). Hence, extracellular ATP levels are postulated to be involved
in the pathophysiology of post-ischemic inflammation and extent of brain injury
[17, 45, 81, 83, 134]. Despite this factor is being considered to be one of the key play-
ers in triggering SD through Panx1 and Cx hemichannels in dying cells, the propa-
gation of the waves requires the participation of gap junctional channels within
the ischemic penumbra [19, 30, 115, 135]. Therefore, the hypothesis of a functional
interplay between P2X7, Panx1, and Cx, and its impact in the injury enlargement is
very plausible in the context of the HI newborn cerebral cortex development
[19, 104, 130, 136]. In consonance with this conclusion, the blockade of genesis and
propagation of SD through purinergic antagonists and GJ blockers may represent
a viable therapeutic approach, not only to prevent post-HIE neonatal brain injury
expansion, but also in other neurovascular disorders, including migraine, trauma,
and ischemic stroke [19] (Figure 2).

Mitochondrial activity is fundamental to cell maintenance, carrying in itself
an intricate and distinct pattern of protein, ionic and electrical activity [137-139].
Both oxygen and glucose deprivations unbalance the primary source of cellular
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ATP production through the disruption of mitochondrial oxidative phosphoryla-
tion chain [140-143]. This described powerhouse organelle failure generates a toxic
[Ca®*]i increase, caspase activation, and ROS production, which induces necrotic
features of the HIE-mediated primary injury [142, 143]. We are lead to believe that
this characteristic of cell membrane rupture is the main contributing path for Cx
hemichannel opening; acting synergically with the Panx1 heightening of ATP and
K* in ECS. Henceforth, we postulate this described cascade of hemichannel events
to be the first step for SD genesis and propagation in HIE [95, 99, 136, 144]. The
opening of these pores induces several other cell-signaling events, such as P2X7
activation and glutamate excitotoxic activity that is leading to significant Ca**
concentration increase in the ECS. Ionic shifts and DC change is followed by gap
junction-mediated spiral waves, promoting secondary SD-mediated injury [29]
(Figure 2).

In conclusion, Cx hemichannels opening may elicit Ca** waves—responsible for
the faster onset of SD-ATP, caspases, NO and other second signaling molecules flow,
contributing to the bystander cell killing effect among coupled astroglial cells [145].
This highway-rail for SD waves intensifies its onset, as longs as [Ca*']i augmentation
is followed by CI~, Na" influx, leading to ECS changes (“Chemical Tsunami”) [30].
Depolarizing wavefront will also elicit neuronal bursts, contributing to K* and ATP
increase in the biophase [146]. The cited secondary injury appears to behave in a
positive feedback-like fashion, into which further ionic and ATP release will lead to
SD frequency increase and the ECS changes to mechanical panx1 activation.

6. Biomarkers

Inflammation plays a critical role in HIE [147, 148] by the complex inter-
play between neutrophils, lymphocytes, adhesion molecules, cytokines, and
chemokines, causing injury in neurons, glial cells, and white matter. The
blood-brain barrier is disrupted leading to egress of brain chemicals, normally
only found in the CNS, and circulate peripherally. These chemicals can serve as
important biomarkers that may help in disease risk stratification and clinical
decision-making.

Hypoxia-ischemia induces activation of microglia and astrocytes [149, 150],
resulting in secretion of inflammatory cytokines and chemokines that influence
neuronal viability and recovery [149]. Following brain injury, purinergic P2 recep-
tors and extracellular ATP play an important role in the microglial inflammatory
response [151]. While P2 receptors are activated during oxygen-glucose deprivation
(OGD) leading to microglia activation with cytokine release [70, 152] and subse-
quent neuronal death, the enhanced expression of P2X4 mediates ATP induced
amoeboid microglial cell activation for production of proinflammatory cytokines
[153] in postnatal hypoxic rats. In particular, P2X7 expression is increased 24 h after
neonatal hypoxia-induced seizures in mouse pups following global hypoxia and
injection of P2X7 antagonist reduced the frequency of electrographic seizures and
EEG abnormality [68]. Therefore, purinergic biomarkers have been proposed for
both cerebral ischemia diagnosis and prognosis [45].

Microglia responds vigorously to hypoxic-ischemic attack and produce excess
inflammatory cytokines [148]. Newborns with HIE have higher levels of interleu-
kins IL-1, IL-6, IL-8, IL-10, tumor necrosis factor TNF-a, transforming growth fac-
tor TGF-p and monocyte chemoattractant protein MCP-1 that correlate positively
with brain injury severity [154-157]. IL-1p plays an important role in brain injury
during ischemia [158]. The mechanism of brain damage induced by IL-1p involves
the release of free radicals, enhancing the toxicity of excitatory amino acids and
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increasing vascular permeability resulting in secondary cerebral edema. Blood and
cerebrospinal fluid (CSF) IL-1p, IL-6, and TNF-a concentrations were found higher
in HIE neonates compared to control group and a high CSF/serum ratio suggested
cytokine production in the brain in addition to the systemic cytokines crossing the
blood-brain barrier [154, 159]. Therapeutic hypothermia (TH), a well established
treatment for neonates with HIE [8, 10, 157, 159, 160], has been shown to perform
arole in the prevention of inflammatory process by maintaining proinflammatory
IL-6 at low levels and anti-inflammatory IL-10 at high levels [160] (Figure 2).

7. Discussion

HIE remains one of the leading causes of neonatal deaths [5, 6]. Although mul-
tiple factors have been implicated in this disorder, the HIE underlying mechanisms
are yet to be elucidated. To the best of our knowledge, we provide herein a sum-
mary of the described functional interplay among purinergic signaling, pannexins,
connexins, and SD waves in HIE pathophysiology. Based on this interaction, the
present work intends to review the current information on potential biomarkers on
HIE diagnosis and prognosis.

SD waves spread across the cortex at rates of 2-5 mm/min [30, 107, 161], accom-
panied by a slow negative extracellular voltage and ions movement depolarizing
neurons and astrocytes followed by a period of electrical suppression of distinct
neuronal populations. The propagation of the SD waves is more significant in fields
enriched with dendrodendritic synapses [162], such as, those described in the
inner plexiform layer of the retina [30]. At this time, there are no comprehensive
reviews of SD, from genesis to sustained propagation for which gap junctions have
been reported to be essential [30]. However, the fact that the temporal and spatial
characteristics of intercellular Ca** waves in astrocytes are remarkably similar to
those of SDs “contributed, in part, to the mischaracterization of this phenomena”
[30, 113]. Even though both events fail when gap junctions are blocked, the latest
(i.e., Ca** waves) is neither antagonized by glutamate receptor blockers nor by
purinergic receptor antagonists [30] (Tables1 and 2).

Considering the role of spreading depression waves in HIE etiology, a new panel
of biomarkers are being proposed to improve accuracy in diagnosis and prognosis,
especially in the disease earlier stages or milder presentations. Unfortunately, ATP
and adenosine, with short half-lives, do not offer good performance as biomark-
ers [174]. Recent studies have supported the use of proton magnetic resonance
spectroscopy (MRS), a quantitative, noninvasive method of detecting energy
metabolism disturbances in the neonate’s brain as a marker in outcome prediction
for HIE patients [175]. In these studies, it seems that the ratios including Lactate/N-
acetylaspartate and N-acetylaspartate/creatine could be a potential prognostic
biomarker to evaluate neurodevelopmental outcomes [176, 177]. However, larger
prospective multicenter studies with a standardized protocol for both measurement
protocols and analysis methods are required to validate such protocols.

As discussed, cytokines are key players in the inflammatory mechanism,
contribute to the progression of ischemic damage and are released by SD-activated
glia. Waves of SD cause a considerable perturbation of the ionic environment in
the brain, which are readily detected by microglia—although the role of microg-
lial activation in SD-related neurological disorders remains a matter of debate.
There is increasing evidence that supports that glia (astrocytes, oligodendrocytes
and microglia) may play a key role in triggering SD waves. It is known that CNS
microglia become activated due to the increase in extracellular ATP from the depo-
larization of neurons and glia, by propagated waves of SD and from the release
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Channel Model Blocker(s) Effects
P2X7 In vivo MCAO (rat) RB2 (10-100 mg/kg) RB2 improved neurological
score and reduced brain-
damaged area [163]
In vivo 4VO (rat) BBG and oATP (1, 5and P2X7 antagonists increased
10 pg) and A-438079 (0.03, neuronal survival and
0.3 and 3 pg) improved behavioral deficits.
They reduced mortality, glial
activation, and cytokine
transcription [164].
In vivo 4-VO (rat) BBG (50 mg/kg) and P2X7 antagonist, BBG,
A-740003 (0.04 mm/kg) reduced cell death, microglial
microvesicle-like components,
expression of IL-1f, p-38
phosphorylation and glial
activation. BBG and A-740003
improved memory functions
[165]
In vivo carotid arteries BBG (20-40 mg/kg) BBG abolished neuroprotective
occlusion and post- effects produced by post-
conditioning (mouse) conditioning, such as memory,
and motor performance
improvement [166]
P2y Culture of rat primary N/A Ischemic tolerance [167]
cortical neurons subjected
to OGD
Culture of astrocytes N/A Ischemic tolerance [168]
exposed to sublethal OGD
and subsequent lethal OGD
Connexin  Perinatal ischemia- Carbenoxolone (105 mg/kg) Decreased neuronal death,
intrauterine hypoxia- apoptosis, histopathologic
ischemia (rat) damage and developmental
impact. Decreased clustering of
dying cells [169]
Perinatal ischemia-bilateral Cx43 mimetic peptide Reduced seizure activity and
carotid ligation (sheep) (50 pmol/kg) status epilepticus. Improved
neuronal and oligodendrocytes
survival [170]
Neonate 7D hypoxia/ Cx43 mimetic peptide Reduced infarct volume,
ischemia-carotid ligation (25-50 pg/kg) astrogliosis, glutamate release
and hypoxic chamber (rat) and improved neurological
function [171]
Pannexin  Invivo 4-VO (rat) Probenecid (2 mg/kg) Probenecid attenuated

neuronal death, cathepsin B
translocation in neurons and
glial reactivity [172]

In vivo MCAO (Mouse)

Probenecid (1 mg/ml)

Probenecid reduced infarct
size, neurological deficit,
brain water content, astrocytic
activation and inhibited
HMGBI1 and AQP4 expression
[173]

MCAO, middle cevebral arterial occlusion; 4-VO, four-vessel occlusion; RB2, veactive blue 2; BBG, brilliant blue G;
0ATP, periodate-oxidized adenosine triphosphate; OGD, oxygen-glucose deprivation; N/A: not applied.

Table 2.

Key findings of P2X7, P2Y, connexins and pannexins blockade in brain ischemia models.
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of chemicals through damaged plasma membranes of dying cells [178]. Activated
microglia secrete pro-inflammatory mediators such as cytokines and develop
phagocytic and major histocompatibility complex (MHC) class II-restricted
antigen presenting characteristics. Although microglia express almost all P2X
members (P2X1, P2X4, P2X5, and P2X7), these receptors are expressed in different
levels and contribute distinctly to neuroinflammation [148]. One of the central
cytokines produced by these cells is IL-1p, which plays essential roles in brain
injury during ischemia, such as, IL-6 secretion [89, 179]. In bone marrow-derived
macrophages, P2X7 activation plays a significant role in the release of IL-1p [180].
In microglia, however, evidence suggests that other receptors, highlighting P2X4,
may be protagonists along with P2X7 in IL-1p release [180]. Hence, despite the fact
that purinergic biomarkers are not available, cytokines induced by P2X activa-
tion are measurable in serum and might be useful as diagnostic and prognostic
indicators.

Although TH is a current standard therapy for neonatal HIE [8, 10, 157, 159, 160],
no serum biomarker is in current clinical use for this high-risk population. Using
a serum panel of biomarkers rather than a single biomarker and combining them
with acid-base values, Apgar score, clinical signs of encephalopathy, early EEG
and MRI could help in identifying the infants with the highest risk of compromise.
None of the proposed biomarkers, so far, has yet been established as clearly better
than clinical evaluation of HIE for recruitment of infants at risk of adverse out-
comes. Also, even though some of the putative biomarkers show good correlations
with outcome, they do so only after the onset of the subsequent deterioration (e.g.,
12 or 24 h or even later). In practice, this means that the search continues for a panel
of biomarkers with high diagnostic and prognostic accuracy that can be identified
early in the disease process to aid the bedside clinician in tailoring treatment to
individual HIE newborns.

List of abbreviations

4-VO four-vessel occlusion

AGA 18alpha-glycyrrhetinic acid

BBG brilliant blue G

CALHM1 calcium homeostasis modulator 1
cAMP cyclic adenosine monophosphate
CBX carbenoxolone

CNS central nervous system

CSF cerebrospinal fluid

Cx connexin

ECS extracellular space

FFA flufenamic acid

GJ gap junction

GPCRs G coupled protein receptors

HI hypoxic-ischemia

HIE hypoxic-ischemic encephalopathy
MCAO middle cerebral arterial occlusion
MCP-1 monocyte chemoattractant protein-1
MHC major histocompatibility complex
MRS proton magnetic resonance spectroscopy
NFA niflumic acid

0ATP periodate-oxidized adenosine triphosphate
OGD oxygen-glucose deprivation
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Panx pannexin

PDE phosphodiesterase

PPADS pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic acid
RB2 reactive blue 2

ROS reactive oxygen species

SD spreading depression

TBI traumatic brain injury

TH therapeutic hypothermia
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Abstract

Purinergic receptors are a class of receptors distributed into two groups, P1 and
P2. P1 receptors are activated by nucleosides, like adenosine, while nucleotides
active P2 receptors. In turn, P2 receptors comprise two families, metabotropic P2Y
and ionotropic P2X. P2Y receptors consist in eight members, namely, P2Y1, P2Y2,
P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14, described in mammals, while P2X
includes seven members, numbered P2X1 to P2X7. These receptors have been
described as expressed in practically all cells studied to date. In this context, P2
receptors are suggested as participating in certain diseases. The general approach
applied in the discovery of new drugs is expensive and lengthy. Alternatively, in the
last 20 years, molecular modeling has emerged as an exciting tool for the design of
new drugs, in less time and at low costs. These tools allow for iz silico testing of
thousands of molecules against a target protein, as well as toxicity, absorption,
distribution, metabolism, and constant affinity predictions of a given interaction.
Thus, molecular modeling algorithms emerge as an increasingly important tool for
the design of drugs targeting purinergic receptors as therapeutic targets of many
diseases, including cancer, pain, inflammation, cardiovascular, and endocrine
conditions.

Keywords: molecular modeling, molecular dynamics, virtual screening,
homology modeling, drug discovery, P2X receptors, P2Y receptors

1. Introduction

Purinergic receptors are a class of transmembrane proteins activated by
extracellular nucleotides and nucleosides. They consist in the P1 receptor (mainly
activated by adenosine) and P2 receptors distributed into two families, P2Y
(G protein-coupled receptors) and P2X (ionotropic receptor).

P2Y receptors comprise eight members in mammals (P2Y1, P2Y2, P2Y4, P2Y6,
P2Y11, P2Y12, P2Y13, P2Y14) and are activated mainly by adenosine diphosphate
and uracil nucleotides, such as UTP and UDP. Regarding distribution, P2Y receptors
are widely distributed throughout the organism. The structure of P2Y receptors
comprises seven transmembrane segments with an extracellular amino terminal, an
intracellular carboxyl-terminal, and three segments connecting the transmembrane
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domains, and two subtypes have been resolved by X-ray crystallography, P2Y1 and
P2Y12 [1-3].

The first resolved P2Y structure was P2Y12 in 2014, in two papers published by
Zhao group describing the crystal structure (Figure 1) of the receptor bound to an
antithrombotic drug and two agonists (2MeSADP and 2MeSATP) [1, 3]. As this
receptor is related to thrombosis, with at least three drugs available in the market,
this finding was relevant to address the development of new antithrombotic drugs.
Surprisingly, the authors also reported a different behavior of the receptor linked to
nucleotide and non-nucleotide ligands, presenting different binding pockets that
share only a small portion of the site.

Another subtype that has been resolved by X-ray crystallography is P2Y1 that
plays a similar role in thrombosis, facilitating platelet aggregation, and that could be
a new candidate for the discovery of antithrombotic treatments. In this case, the
resolution was even higher, at 2.2 A, than P2Y12. The authors described two distinct
binding pockets, one allosteric and another orthosteric. The allosteric site is located
close to the lipid bilayer, while the orthosteric site is formed by an extracellular
loop-2, VI and VII helices, and a portion of the amino-termini domain. It is
important to note that the binding modes are entirely different from that reported
for P2Y12.

Regarding P2X receptors, these are nonselective cation channels gated by extra-
cellular ATP, also expressed in various systems throughout the organism [4-6]. To
date, seven different P2X subtypes (P2X1-P2X7) have been found, assembled as
homo- or heterotrimers with two transmembrane segments, an extracellular ligand
binding loop and both intracellular amino and carboxy termini that modulate chan-
nel gating [7, 8]. In general, the P2X receptors when activated open a channel
permeating mono and divalent cations except for the P2X5 that permeates anions
as. Another receptor that has a different behavior is the P2X7 that opens a channel
activated by low concentrations of ATP, but under high concentration stimulation

Figure 1.

Thg;:e—dimemional structure of P2Y12 bound to 2MeSADP. (A) Crystal structuve of P2Y12 (PDB code 4PXZ)
with the transmembrane vegions depicted in pink. The receptor structure is represented as a cartoon comprising
different colors (gray, light blue, and green). 2MeSADP molecules are shown as a stick representation.

(B) P2Y12 crystal structure without any ligand (PDB code 4PXZ). In (B), each helix is shown as

a diffevent color.
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(>100 pM), it opens a pore, allowing the passage of molecules up to 900 Da,
including fluorescent molecules [9-11]. With the recent crystal structure determi-
nation of some P2X receptors, some of the questions and hypothesis gathered in
previous studies were confirmed, and it was also possible to postulate a reasonable
mechanism for channel activation [8]. However, the molecular machinery involved
in the high-conductance pore formation remains uncertain and under discussion.

A significant advance in the understanding of P2X receptors was the determina-
tion of the crystal structures of zebrafish P2X4 (zfP2X4) in both the apo- (closed-
channel state) and ATP-bound (open-channel state) forms (Figure 2) [12]. Before
this, assumptions concerning the receptor structures were carried out through
bioinformatics and molecular and biochemical studies, since overexpression,
reconstitution, and the overall structure determination of membrane proteins are
challenging [13]. In addition, no sequence homology exists between P2X and other
ion channels [14]. Therefore, the crystallographic structures of zfP2X4 demon-
strated the particular three-dimensional organization of the P2X family and the
folding of each subunit, marking a new era for P2X studies.

The architecture of P2X receptors is compared to a dolphin [8] (Figure 1),
where the highly conserved residues, found in a rigid p-sheet structure, form a
sizeable glycosylated ectodomain denoted as the dolphin body. Four other flexible
domains make up the head, dorsal fin, and left and right flippers. The TM1 and TM2

Extracelular

Transm.

Figure 2.

Three-dimensional structuves of the closed and open (ATP-bound) P2X4 states. (A) Crystal structure of the
gfP2X4 in a closed state (PDB code 4DWo) with the transmembrane regions depicted in blue and red. The
three subunits arve vepresented as a cartoon and in different colors (gray, light blue, and green). (B) Crystal
structure of the 2fP2X4 bound to ATP (PDB code 4DW1). ATP molecules are displayed as a van der Waals
(vdw) representation. One of the subunits is colored according to the dolphin-like model. (C) The same
structure as in (A), viewed from the top along the axis of the central channel. (D) The same structuve as in (B),
seen from the top along the axis of the central channel.
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transmembrane domains (dolphin tail) are organized into alpha helices, and the
ion-conducting channel is formed by the association of three of the TM2 alpha
helices. It was also possible through the zfP2X4 crystal structures to confirm the
ATP-binding site region [12]. The residues are located within a cavity surrounded
by the head, left flipper, and dorsal fin [8]. Besides, two possible ion pathways were
recognized. Ions theoretically either pass through the channel vertically, through
three related vestibules positioned along the central axis of the receptors, or laterally
through three fenestrations positioned above the gate region, located approximately
halfway down the length of the TM2 helix [8].

Over the years, crystal structure determination and iz silico modeling allowed
for inferences regarding gating action. Gating may begin with ATP binding that
incites conformation changes all around the receptor and the contraction of regions
surrounding the ATP-binding site. Subunits bend outside and rotate, flexing the
lower regions of the receptor and the extension of the lateral fenestrations. Since the
lower areas of the receptor are connected to the transmembrane domain, their
movement displaces the outer ends of the TM helices, followed by pore
opening [15].

Recently, other P2X crystal structures have been determined, such as the Gulf
Coast tick P2X (gcP2X) receptor [7], the human P2X3 (hP2X3) receptor [16, 17],
the panda P2X7 (pdP2X7) receptor [18], and the chicken P2X7 (ckP2X7) receptor
[7]. Surprisingly, it has been demonstrated that some antagonists thought to be
competitive antagonists were, in fact, allosteric antagonists. These structures led to
an understanding concerning channel activation, desensitization, and the recogni-
tion of P2X family agonists and antagonists. On the one hand, the elucidation of the
various P2X structures opens the possibility of structural comparisons between
subtypes. For instance, the ckP2X7 conformation was noted as presenting an
extended, incompletely activated conformation of the channel and a different ATP
recognition mechanism compared to other P2X crystal structures [7]. On the other
hand, the availability of crystal structures in both open- and closed-channel states
also increases the use of computational methods to predict P2X receptor structures
from sequences and aid in drug design studies targeting the P2X family.

2. In silico approaches applied to drug discovery

The classical pharmacology approach to study protein and ligand interactions
searching for new drugs based on high-throughput screening with thousands of
molecules takes up significant amounts of time and financial resources. The
computational approach, on the other hand, allows for substantial overall cost
reductions.

In silico methods comprising pharmacophore modeling, homology models,
quantitative structure-activity relationships, molecular docking, or databases are
mostly used alongside other experimental techniques, such as iz vitro methodolo-
gies, creating models to test, discover, and optimize molecules to attribute a phar-
macological target. The in silico approaches to drug discovery or computational
pharmacology and therapeutics comprise biomedical data for simulations and
predictions, suggesting hypotheses and aiding in creating shortcuts between the
idea and the designed drug, whereas all new drug design process takes about
15 years [19].

In silico approaches alter the way the pharmacology industry discovers and
optimizes drugs, using human genome information. The genomic sequence emerges
with confidence in biological and chemical sciences [20, 21]. The various gene-
sequenced species to date, including humans, have contributed to increasing all
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databases and databanks worldwide. Besides, the new biochemistry challenge is to
apply this information to solve the 3D structure of macromolecules, mainly proteins
(i.e., enzymes, receptors). As these structures order the major functionality of the
human body, reading, solving, and interpreting this structural information may be
the future of medicine. Elucidating protein structures opens up possibilities for drug
research using the solved 3D structures as molecular targets [22]. However,
although available gene and protein information exist, a knowledge gap is also
observed [23]. In this context, structure-based methods are frequently used to
predict or optimize new drugs, enabling both improvements and predictions
concerning pharmacodynamic (bioactivity and toxicity) and pharmacokinetic
(absorption, distribution, metabolism, and excretion) properties [24].

However, each approach was developed for a specific proposal, and none was
capable of solving all issues. In this sense, over time many researchers have noted
that mixed strategies can be used as complementary, filling the gaps present in each
method. This point of view emerges to aid in the study of human P2 receptors, as no
experimental 3D structure is available. In this sense, comparative modeling based
on homologous template proteins associated with molecular docking and a virtual
screening (VS) approach is a standard protocol for computer-aided drug design.
The following section details some procedures applied to computational structure-
activity relationship studies.

2.1 Comparative modeling

The experimental determination of a protein structure is frequently delayed by
difficulties in the cloning, expression, and purification of the target protein. Addi-
tionally, technical and methodological problems concerning crystallization can also
occur, which may nullify the effort to obtain a crystal structure. Therefore, methods
that deal with structure prediction are highly sought out. One of these methods is
termed comparative modeling, also known as homology modeling. This method is
based on the concept that two proteins from the same family, which share similar-
ities in their amino acid sequence, will display similar three-dimensional structures,
as the degree of conservation of three-dimensional structure elements in a protein
family is higher than sequence conservation.

The precision of comparative modeling relies on the sequence alignment
between what is called the template (related homologous protein) and the target
sequence (protein to be constructed) [25]. Usually, the sequence identity must be
higher than 70% to ensure a successful prediction, as sequence identities lower than
30% may produce models presenting inaccurate structural predictions. Membrane
proteins, especially transmembrane domains, can be constructed into acceptable
models with sequence identities equal or higher than 30%, although the alignments
in soluble regions may be less accurate [26]. In addition to sequence identity,
inherited structural deficiencies, such as crystal packing and the presence of deter-
gents for solubilization from the template structure, may also contribute to an
unreliable predicted model. Popular comparative modeling programs include
MODELER, SWISS-MODEL, and ROSETTA [27-29].

Predicted receptor structures for P2X1, P2X2, P2X3, P2X4, and P2X7 have been
constructed in several studies (see more details in the review by Grimes and Young)
[30]. These structural studies provided evidence to the identification of the critical
amino acid residues and regions of the P2X receptor function have been previously
investigated only by experimental assessments. In addition, comparative modeling
has led to interesting developments regarding modified P2X receptors, by point
mutations in important residues. Mutations in crucial residues can introduce dif-
ferent mobility concerning channel opening and closing, as well as different
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interactions between the receptors and ATP [8]. For example, the substitution of
glycine, located in the lower body, to alanine in the P2X4 receptor resulted in a more
rigid structure, decreased ATP sensitivity, slower activation, and desensitization [31].

2.2 Molecular docking

One of the first steps in a computational drug discovery campaign is molecular
docking. Molecular docking, or simply docking, is a computational method that
predicts the favored binding mode of one molecule to another when they may form
a complex. Usually, the binding molecule, known as a ligand, has its rotational or
translational space probed, while the other particle, known as the receptor, remains
rigid. A receptor structure can originate from modeling or experimental
approaches, such as comparative modeling and crystallographic structures. Several
docking programs and tools are available for both academic and commercial uses,
such as AutoDock [32], DOCK [33], Glide [34], and GOLD [35]. Docking programs
consist of a search algorithm and score functions that return a conformation of the
ligand, known as a pose.

In the algorithm search, the ligand conformation is evaluated recursively until
convergence to minimum energy is reached [31]. In docking methods, the energy is
estimated by a scoring function that ranks the conformations, usually by the sum of
electrostatic and van der Waals energies. A docking run does not require a lot of
computational power, taking from seconds to a few minutes at most to detect a
conformation [36]. Although docking approaches are fast, one of the crucial opera-
tional issues is obtaining accurate results due to flexibility and score function limi-
tations [36]. Therefore, a docking result should not be viewed as a drug, but just as a
priority candidate for optimization and experimental testing.

With the existence of known P2X receptor three-dimensional structures,
searching for compounds that selectively activate or block specific P2X receptor
subtypes indicates promising therapeutic targets for many diseases, such as cancer,
pain, inflammation, cardiovascular, and endocrine conditions [37]. To date,
numerous P2X ligands have been described, mostly derivatives from the endoge-
nous agonist ATP developed to increase ATP stability and reduce its degradation
rate by extracellular ectonucleotidases [38, 39]. Other structural compound classes,
such as nucleotide derivatives, irreversible antagonists, suramin-like analogs, and
pyrimidine or purine derivatives, have been reported [37]. Therefore, strategies
that predict the druggability of a compound to a target and, in turn, contribute and
accelerate optimization are frequently applied in drug discovery campaigns.
Recently, a study performed an effort in the field of structure-based modeling and
the understanding of interactions between compounds with drug-like properties
and P2X receptors. Dal Ben and colleagues used comparative model structures for
rP2X2 and hP2X2, using the zP2X4 crystal structure as a template, to perform
docking experiments concerning ATP and ATP analogs as P2X agonists in the ATP-
binding site [37]. In addition, they also assessed nucleotide and non-nucleotide
antagonists (a P2X3 antagonist, suramin derivatives, anthraquinones, azoles, and
cyanoguanidine derivatives) in different binding sites. The docking results indi-
cated agonist interactions, which may act in a comparable way to endogenous ATP
[37]. It is also clear that, alongside mutagenesis analyses, comparative modeling and
docking can provide key residues regarding P2X receptor agonist and antagonist
potency and selectivity.

This technique was also applied to test specific ligands that already have been
tested on the wet bench. Some authors demonstrated that, in a P2Y1 model based on
the X-ray crystallography-resolved rhodopsin structure, some antagonist affinities
were very similar to that obtained in experiments [40]. Other P2Y member models
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have been described based on other G protein-coupled receptors, to discover new
antagonists; see more details in Jacobson et al. [41].

2.3 Virtual screening

Molecular docking experiments of a compound series are important and
enlightening. However, iz silico screening of large chemical libraries may improve
the chance of finding candidates for optimization. Therefore, virtual screening is
the computational and low-cost counterpart of time-consuming high-throughput
screening strategies [42]. Virtual screening can be structure-based, using molecular
docking as a method, or ligand-based. Compound libraries to be screened can be
formed by thousand to millions of compounds presenting similarities, or not, to
known target ligands. However, only a small percentage of compounds from the
top-ranking conformations can be examined for interaction patterns and prioritized
to be purchased or synthesized [42].

Regarding the P2Y family, a study applying virtual screening was carried out by
Costanzi et al. [43], who tested ~250,000 molecules for P2Y1. At the end of the
screening, they selected only 110 hits clustered in 59 groups. The substances
presented antagonistic behavior in a low molar range; however, compound
optimization was still required [43].

With the help of structure-based virtual screening, Caseley and co-workers were
able to identify three novel hP2X7 antagonists with micromolar potency (IC50
< 6 pM) from a library of over 100,000 structurally diverse ligands [44]. VS was
performed in the hP2X7 ATP-binding pocket (enclosing 10 A of the site), and 42 of
the highest-ranked scores were commercially available to be tested. Ligand similar-
ity was also considered and used in inhibition tests. From functional testing, one of
the three compounds showed favored inhibition of the large pore formation without
consequence to ion channel function. Studies such as this suggest that P2X receptors
are indeed an attractive pharmacological target and that computational finds can
corroborate experiments and vice versa.

2.4 Molecular dynamics

In their most basic application, structure-based methods rely on a single “snap-
shot” of the target protein. This factor may be due to the lack of experimental or
reliable modeled structures or just the reduction of docking and virtual screening
computational demands [45]. However, with the recent progress in computational
power, methods that account for structural flexibility can replicate in solution
dynamics. One of the most applied methods to investigate protein motion, with or
without a ligand, is known as classical molecular dynamics simulation. Molecular
dynamics (MD) comprises simulations based on Newton’s motion equation and can
designate the progress of the conformational state and energy landscape as a func-
tion of time in a feasible time scale [42]. Classical MD is used because it includes
temperatures and pressure effects, provides an alternative interpretation for exper-
iments, aids in obtaining molecular level information, and is computationally
cheaper than other MD approaches, such as quantum mechanics/molecular
mechanics (QM/MM) or quantum chemistry (MD/QC). One of the reasons for this
is that QM methods use the Schrodinger equation solution to represent the electron-
nuclear relation considering static nuclei, since in classical MD atom nuclei use an
average field to describe the electrons [46-48].

Despite the advances in computational power, molecular dynamics simulations
still present a limited time scale, ranging from hundreds of nanoseconds to hun-
dreds of microseconds depending on the system, making its length not enough to

85



Receptors P1 and P2 as Targets for Drug Therapy in Humans

sample most biological processes. In the case of transport through membranes or
channels, the massive, conformational changes during gating are complicated and
time-consuming, due to systems with over 200,000 atoms (receptor structure,
water molecules, lipid bilayer, and neutralizing ions) accomplishing, at most, hun-
dreds of nanoseconds [49]. However, even with limited simulation times, interest-
ing structural information can be obtained. For instance, regarding a molecular
dynamics simulation of the crystal structure of zfP2X4, it was possible to infer that
ATP binding may terminate hydrophobic interactions between the left flipper and
the dorsal fin, producing a downward movement of the left flipper and upward
motion of the dorsal fin [50]. Moreover, molecular dynamics predicted ion passage
through the lateral fenestrations, which were confirmed later in cysteine
accessibility assay experiments [12, 51].

Nevertheless, molecular dynamics assessments have only been employed in a
few studies. Alternatives to sidestep time scale and length shortcomings in the ion
channel, such as coarse-grained simulations and enhanced sampling methods
(replica-exchange molecular dynamics, metadynamics, and simulated annealing),
are performed instead of classical molecular dynamics. In coarse-grained methods,
a system is represented by a reduced number of degrees of freedom, thus eliminat-
ing some interactions and allocating fewer resources than all-atom representation,
while enhanced sampling methods can help the system cross specific high-energy
barriers that separate low-energy conformations. Recently, a coarse-grained simu-
lation of a model structure of rP2X2 within a lipid bilayer was performed [44], and
the authors observed that lipids were interposed between the transmembrane heli-
ces during the simulation, thus indicating that these molecules may be able to
stabilize the open receptor state [30]. All data about the results concerning the
techniques described above (comparative modeling, molecular docking, and
molecular dynamics) could be seen in Table 1.

2.5 Artificial intelligence applied to drug discovery

Artificial intelligence (AI) is considered the hallmark of The Fourth Industrial
Revolution [52]. Al comprises several definitions but can be defined briefly as a part
of computer science capable of performing activities ascribed to human intelli-
gence, such as solving problems, with similar and, in some instances, superior
cognitive abilities, for instance, in some cases involving image recognition and
playing games, such as Go, Chess, and Shogi [53]. It is important to point out that
the game tree complexity of Go is 10*° [54]. Al is implemented through machine
learning (ML) algorithms to be used in different fields.

Currently, ML tools have been used to rapidly identify biologically active mole-
cules from libraries containing thousands of substances in a less costly manner
compared to a bench approach [55, 56]. As mentioned previously, several ML
algorithms are available, such as k-nearest neighbors, Naive Bayesian, decision
trees, deep neural networks, support vector machines (SVM), and random forest,
although the two most applied in this decade which aimed at drug discovery have
been SVM and deep neural networks [57]. SVM was developed by Cortes and
Vapnik, presenting applications in several fields [58]. Essentially, a hyperplane (in a
Cartesian plane, for instance, with one variable per line) separates two samples by
attempting to find the maximum distance between data points and the hyperplane.
The closest points in each side are termed support vectors. An excellent review on
SVM applied to drug discovery has been recently published by Maltarollo [59]. SVM
can predict interactions between ligand and receptors based on physicochemical
features and protein and compound descriptors, regardless of structural
information.
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Artificial neural networks are a mathematical representation of neurons, based
on how they work in the animal brain, containing several hidden layers, in some
cases. Several subtypes have been noted, but a central character is to train the
network to learn specific task patterns. In other words, the algorithm “writes” itself
through modifications, applying certain variables such as weights and bias in the
neural network. The work of a neural network is similar to the brain plasticity that
occurs in animals in order to learn new tasks, where new synaptic contacts are
formed, producing other biological networks. An interesting review of this issue has
been recently published by Carpenter [57]. Several subtypes of artificial neural
networks have been applied in drug discovery [57].

Nevertheless, the future is promising, since several drugs have been developed
applying ML. Besides, the new Google AlphaZero program has learned to play
several games by self-playing and has defeated machine learning programs such as
AlphaGo and AlphaGo Zero, which had previously defeated human Go champions
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Table 1.
P2 receptors and In Silico approaches widely applied to elucidate tridimensional strutuctuves, interactions, and
binding mechanisms between P2 receptors and their suitable ligands.

[53, 55, 60, 61]. To date, no medicine has been produced with the aid of machine
learning algorithms, and no studies on P2 receptors are available.

3. The in silico approach: putative applications and disadvantages

Bioinformatics is a multidisciplinary field that comprises knowledge on chemis-
try, biology, and physics. This type of approach has emerged as a prevalent tool in
some areas of research, mainly those engaged in the discovery of new compounds.
The computational method user includes pharmaceutical industries that rather than
spending money and time on the selection and optimization of synthetic molecules
would be able to test several parameters of thousands of substances, at low costs
[62-64]. The development of a new compound takes from 10 to 16 years compris-
ing the initial steps of preclinical studies (also using a lot of test in animals) and,
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later, clinical trials, which cost about 1.2 billion, with the added factor that the
molecule can still fail during any phase of the trial. Thus, computational approaches
can be a low-cost option to test, at atomic resolution level, hypothesis that might
require costly lab experiments.

Computational approaches also have their disadvantages. In general, i silico
methodologies work with the concept of models. Models are an approximation of
reality; thus, they give only partial information of the whole biological system. For
example, structure-based methods, such as comparative modeling, molecular
docking, molecular dynamics, and other mentioned methods, often rely on three-
dimensional models from previously experimentally determined structures. How-
ever, experimentally determined structures also carries out uncertainties intro-
duced during the transformation from observed electron density data to an atomic
level structure. The position of protein atoms, ligands, water molecules, and other
cofactors might be affected by crystallization conditions, and the difficulties in
using a physiologically relevant environment might lead to ambiguous conclusions
in the structure determination. Therefore, the accuracy of structure-based methods
might be questionable due to these unreliable models.

Approximation of reality is also present in software’s algorithms. Molecular
docking, for instance, often disregards protein flexibility to speed the process, and
their ability of predicting binding affinities is limited by their small derivation/
training set used by the scoring function. Also, molecular dynamics have limited
time scale and sampling, and the physical models (force fields) used are not
intended for all types of biologically appropriate molecules failing in reproducing
properties under different temperature, pressure, pH, ion concentration, and sol-
vent types. Some approximations can be overcome by increasing computational
power and using of graphical units; however, this might go against the cost effi-
ciency promoted by means of in silico approaches, since it might be expensive to
build and maintain a cluster of computers or supercomputers.

Nevertheless, computational resources can be applied to other areas of knowl-
edge, such as in forensic analyses [65], pharmacokinetics parameter predictions
(absorption, distribution, metabolism, excretion, and toxicity) [66], binding kinet-
ics predictions (ko, and Kyg) [67], understanding the role of water molecules [68],
binding site predictions (orthosteric, allosteric, and hotspots) [69], compound
optimization [70], and the creation of new synthetic pathways [71].

In relation to the P2 receptors, a lot of data has been generated by computational
approaches (or molecular modeling), even describing some features not detailed by
common molecular and structural techniques as the passage of the ions through the
lateral fenestration and more recently the docking of some molecules inside the
pore of the P2X7 suggesting an allosteric pocket of binding molecules [72]. Although
there is no compound approved by FDA targeting P2 receptors derived from
molecular modeling, various compounds are under investigation in the preclinical
phase.

So, synthetic engineering is only in the beginning and will, in a very close future,
aid in facilitating an enormous number of processes in biology and other areas.

4, Conclusions

Bioinformatics is a growing subject of study that was incorporated in various
fields of knowledge as engineering, physics, chemistry, and biology. This growth
was strengthened by hardware and software improvements, mainly in the open-
source software. In biology/chemistry, the most used is the molecular modeling, a
field of science that encompasses all approaches, mimicking and modeling the
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behavior of molecules. The pharmaceutical industry has added routinely the in
silico experiments to select hits and subsequently new drugs. And in the future, it
seems that these techniques will be routinely applied in other fields, facilitating
results and saving time and cost. Moreover, the artificial intelligence development
could be directed to retouch weak point in molecular modeling approaches.
Notwithstanding, the new age began in which every process will be facilitated by
machine learning algorithms.
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