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Abstract

Uric acid and purines (such as adenosine) regulate mood, sleep, activity, appetite, cognition,
memory, convulsive threshold, social interaction, drive, and impulsivity. A link between
purinergic dysfunction and mood disorders was first proposed a century ago. Interestingly, a
recent nationwide population-based study showed elevated risk of gout in subjects with bipolar
disorder (BD), and a recent meta-analysis and systematic review of placebo-controlled trials of
adjuvant purinergic modulators confirmed their benefits in bipolar mania. Uric acid may modulate
energy and activity levels, with higher levels associated with higher energy and BD spectrum.
Several recent genetic studies suggest that the purinergic system particularly the modulation of P1
and P2 receptor subtypes—plays a role in mood disorders, lending credence to this model.
Nucleotide concentrations can be measured using brain spectroscopy, and ligands for in vivo
positron emission tomography (PET) imaging of adenosine (P1) receptors have been developed,
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thus allowing potential target engagement studies. This review discusses the key role of the
purinergic system in the pathophysiology of mood disorders. Focusing on this promising
therapeutic target may lead to the development of therapies with antidepressant, mood
stabilization, and cognitive effects.
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Introduction

The purinergic system encompasses signaling pathways of the neurotransmitter adenosine
triphosphate (ATP) as well as the neuromodulator adenosine. The notion that this system
might be indirectly involved in mood regulation and dysfunction was proposed nearly a
century ago, and recent evidence supports this hypothesis. The present review discusses the
key role of the purinergic system in the pathophysiology of mood disorders, including: an
overview of the physiology of the purinergic system; a summary of the literature to date
focusing on molecular studies of purinergic receptors, animal behavioral studies, and human
genetic and clinical studies in mood disorders; and potential future therapies with
antidepressant, mood stabilization, and cognitive effects that target the purinergic system.

A literature search was conducted using the following Medline PubMed keywords:
purinergic, uric acid, adenosine (receptor), ATP (receptor), P receptors, A receptors, P2
receptors, P2X7, guanosine, mood, behavior, brain, bipolar disorder, depression, mood
disorders, and affective disorders. All articles reporting results in subjects with mood
disorders were included in the present review, as were preclinical models on the interface
between mood disorders and the purinergic system.

1. The Purinergic System: General Overview

Adenosine triphosphate (ATP) is widely used in multiple cell types as a coenzyme for
energy transfer. The purinergic system includes transmembrane receptors, named P1 and P2
based on their pharmacological properties of activation by adenosine or nucleotides,
respectively. In 1972, ATP was found to act as a neurotransmitter, originating the concept of
“purinergic” nerves (Burnstock, 1972). Subsequent studies showed the presence of both
ATP and adenosine signaling in the central nervous system (CNS) (Phillis and Kostopoulos,
1975; Wu and Phillis, 1978), as well as ATP storage and release by neurons (Burnstock,
1977). The cloning of various receptor subtypes, together with functional data, has rapidly
expanded the study of purinergic signaling in neurotransmission.

The purinergic system—uwhich comprises various receptor subtypes and ectoenzymes that
degrade ATP into adenosine and inosine—is present in numerous brain areas including the
cerebral cortex, hypothalamus, basal ganglia, hippocampus, and other limbic areas
(Burnstock, 2008). ATP is prevalent in neuronal and non-neuronal cells, and is synthesized
in the mitochondria during oxidative phosphorylation. ATP is stored in the cytoplasm of
nerve terminals. In addition to directly participating in neurotransmission as a co-transmitter,
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the purinergic system serves as a communication link between neuronal and glial cells in
which ATP generates intercellular calcium wave signaling that contributes to synapse
formation and neuronal plasticity (Fields and Burnstock, 2006; Ulrich et al., 2012). When
activated, axons and synapses release ATP to activate purinergic receptors on glial cells,
which causes shifts in intracellular calcium concentrations and cyclic adenosine
monophosphate (CAMP), leading to glial release of ATP. This signaling is involved in glial
proliferation, survival, differentiation, motility, and myelination. Purinergic effects can
impact the activity of other neurotransmitters, including the dopaminergic, gamma
aminobutyric acid (GABA)-ergic, glutamatergic, and serotonergic systems; notably, all are
involved in the pathophysiology of mood disorders (Machado-Vieira et al., 2002). Both
adenosine and ATP, as well as some of their metabolites, can induce downstream effects in
the CNS by activating distinct purinergic receptor types (Burnstock, 2008). Furthermore,
purinergic receptors serve as a method of communication between the CNS and outside
systems such as the immune, vascular, and neuronal systems (Fields and Burnstock, 2006).

The availability of extracellular nucleotides is regulated by a set of enzymes that include
ectonucleoside triphosphate diphosphohydrolases (E-NTPDases), nucleotide
pyrophosphatase/phosphodiesterase (NPPs), alkaline phosphatases (ALPs), and ecto-5'-
nucleotidase (e5NT or CD73). These enzymes catalyze the complete nucleotide breakdown
to produce adenosine (Figure 1). Adenosine can also be produced from the cleavage of S-
adenosyl homocysteine (SAH). Adenosine can also be taken up by nerve terminal
transporters (Sperlagh et al., 2012) and broken down into inosine by adenosine deaminase
and by xanthine oxidase (XO) activity to produce its downstream product, uric acid (Herken
et al., 2007). Increased uric acid levels accelerate purinergic transformation and decrease
adenosinergic transmission (Burnstock, 2008). Metabolites of the purinergic system may
serve an important role as additional signaling molecules or markers of purinergic system
activation in various conditions.

1.1 P1 (adenosine) receptors

P1 receptors are G-protein coupled receptors with an extracellular binding site for adenosine
and have seven transmembrane domains as well as an intracellular COOH terminus
(Burnstock, 2007). The P1 adenosine receptor family includes the A1, A2A, A2B, and A3
subtypes; Al and A2A receptors are the most studied in CNS pathophysiology, and
adenosine binds to Al receptors with the highest affinity (Wei et al., 2011).

Adenosine receptors can be found in diverse brain areas including the basal ganglia,
striatum, and forebrain and on glutamatergic and dopaminergic neurons (Cunha et al., 2008).
Presynaptic Al receptor activation reduces calcium influx and, consequently, limits
neurotransmitter and neuropeptide release. In contrast, postsynaptic Al activation leads to
hyperpolarization, thus inhibiting neuronal signaling (Machado-Vieira et al., 2002; Paul et
al., 2011). The Al receptor binds to adenosine following Gi protein activation. The
subsequent signal transduction results in decreased cAMP levels, increased IP3 levels, and
altered calcium levels (Machado-Vieira et al., 2002). The versatility of the Al adenosine
receptor allows it to interact with various G-protein subtypes under different conditions,
providing a possible explanation for adenosine’s striking diversity of biochemical and
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behavioral effects (Cordeaux et al., 2004; Baker and Hill, 2007). At the same time, the A2A
receptor is prominently distributed in the cortex and striatum (El Yacoubi et al., 2001), and
acts as a G-protein coupled receptor linked to the activation of adenylyl cyclase (Zezula and
Freissmuth, 2008). For more information about adenosinergic signaling in the brain, we
refer the interested reader to the excellent review article by Dias and colleagues (Dias et al.,
2013).

1.2 P2 (ATP) receptors

P2 receptors are further divided into P2X and P2Y families, ligand-gated ion channels, and
G-protein coupled receptors, respectively. P2Y receptors are metabotropic, which vary in
their agonist properties and coupling to G-proteins. P2Y1, P2Y2, P2Y4, P2Y6, P2Y11,
P2Y12, P2Y13, and P2Y14 subtypes have been identified in mammalian tissues. They differ
in their agonist properties in responding to stimulation by ATP, adenosine diphosphate
(ADP), uridine triphosphate (UTP), and uridine diphosphate (UDP)-glucose (for a
comprehensive review, see (Weisman et al., 2012)).

P2X receptors are also widely distributed throughout various tissues, but are more prevalent
throughout the nervous system than P2Y receptors (Burnstock, 2007). The P2X family
comprises seven receptor subunits. They are ligand-gated ion channels formed as trimeric
receptors, assembled as homo- or heteromeric receptors from P2X1-P2X7 subunits.
Intracellular sites allow the regulation of receptor activity by interactions with enzymes such
as protein kinases (Burnstock, 2007). P2X receptors allow for the passage of cations
(Burnstock, 2007) and are, therefore, responsible for fast excitatory transmission induced by
the flux of sodium, calcium, and potassium (Machado-Vieira et al., 2002). Though
ionotropic signaling is transient, prolonged stimulation results in further dilation of the
molecular channel (Skaper et al., 2010). For example, prolonged stimulation of the P2X7
receptor may result in the activation of the inflammatory nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) pathway and the release of larger molecules such as
inflammatory cytokines (Ferrari et al., 1999; Potucek et al., 2006). The P2X7 receptor is
prominently distributed on immune cells and glia but, within the CNS, is also prevalently
expressed by astrocytes as well as neurons in lesser amounts (Burnstock, 2007; Majumder et
al., 2007; Skaper et al., 2010).

1.3 Guanine-binding receptors

Although guanine is known to be involved in G-protein pathway signaling (Lin et al., 2001;
Schmidt et al., 2007), evidence suggests that, synaptically, it may also function like
traditional neurotransmitters (Santos et al., 2006). Evidence also supports its activity as an
external molecular signal in the CNS. Signaling may occur through guanine-based
nucleotides such as guanosine triphosphate (GTP), guanosine diphosphate (GDP), and
guanosine monophosphate (GMP), or the nucleoside guanosine (Schmidt et al., 2007).
Guanosine may be produced extracellularly by ectonucleotidases from the metabolism of
guanine-based nucleotides. Guanosine affects astrocytes, neuronal cells, and microglia and
has been particularly studied in the cortex (Schmidt et al., 2007).
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1.4 Physiology overview

Purinergic activity depends on neuroanatomical location, cell type, and signaling
mechanisms. Actions of extracellular ATP through P2X and P2Y receptors in the brain
range from the regulation of membrane potential and electrical activity to neurotransmitter
and hormone release (reviewed by (Vavra et al., 2012)). This diversity may account for the
fact that the purinergic system has been implicated in a variety of pathologic disorders
including trauma, stroke, ischemia, neurodegenerative disorders, migraine, seizure disorders,
and neuropsychiatric conditions (Burnstock, 2008). The ubiquitous presence of purinergic
receptors in the CNS led to the hypothesis that ATP serves as a neuroprotective modulator
(Inoue, 1998; Franke et al., 2006). After release associated with trauma due to ischemic
damage or mechanical strain, it can initiate signaling responses (Franke et al., 2006;
Burnstock, 2013), but also acts as a classic neurotransmitter when released from packed
secretory granules as a result of stimulation by action potentials (Machado-Vieira et al.,
2002).

The concept of classic ATP-mediated postsynaptic currents—for instance, in the
hippocampus—nhas come into question due to several studies showing that ATP produces
neuromodulatory responses by promoting neurotransmitter release (including glutamate and
GABA) rather than acting as a neurotransmitter itself. The modulation of extracellular
glutamate, GABA, norepinephrine, and adrenaline/noradrenaline concentrations are major
features in mood disorders such as major depressive disorder (MDD) (Northoff, 2013),
underscoring the importance of purinergic receptors in this context. In addition to regulating
neurotransmitter concentrations via presynaptic P2 receptors, the mechanisms of
depolarization and calcium flux also lead to potentiation of hormone secretion in the
pituitary glands. These hormones are important for various cellular functions including
stress response (reviewed by (Burnstock, 2014)). A neurohormonal basis of mood disorders
has been postulated, whereby the hypothalamic pituitary axes interact with the brain
monoaminergic system (reviewed by (Spinelli, 2005)). Studies have found that purinergic
receptors promoted estrogen liberation and lowered dopamine and catecholamine levels,
which can contribute to the pathogenesis of depression. Steroid control of cerebrospinal
GABA levels and GABAergic synapses may also provide an important mechanism
promoted by purinergic receptors (Spinelli, 2005; Herzog, 2007).

Since the 1980s, studies have linked the purinergic system in the CNS to abnormal
movements, seizure disorders, and sleep (Caporali et al., 1987; Popoli et al., 1988; Smolen
and Smolen, 1991). Around this time, other studies emerged elucidating the involvement of
the centrally acting purinergic system in behavior (Lekic, 1988; Ushijima et al., 1989). P1
and P2 receptors have been extensively studied in relationship to CNS physiology and
pathology (for reviews of adenosinergic and ATP signaling in the normal brain and brain
disease see (Majumder et al., 2007; Dias et al., 2013)). For instance, presynaptic inhibition
of adenosine-induced signal transmission in the hippocampus was explored as a
pharmaceutical target for anti-epileptic drugs (Williams-Karnesky et al., 2013).
Furthermore, inhibition of purinergic gliotransmission, principally mediated by P2Y1
receptor activation, was found to reduce transmission of calcium waves as a possible
strategy against epileptic effects (Kumaria et al., 2008). P2X7 receptors appear to be related
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to seizure induction and cell death in epilepsy conditions due to activation of excitotoxic
pathways; inhibition of P2X7 receptor activation resulted in reduced electric and clinical
seizure severity and less seizure-induced cell death in the neocortex (Jimenez-Pacheco et al.,
2013). In addition, because of the common expression of P2X7 receptors by supportive cells
of the CNS, these receptors have been associated with the pathology of mood disorders
(Burnstock, 2008).

2. The Purinergic System: Neurobiological Findings in Mood Disorders

2.1 Overview

Kraeplin was the first to propose that the purinergic system might be indirectly involved in
the pathology of mood disorders; his observations suggested that excretion of uric acid was
decreased during altered mood states (Kraepelin, 1921). Indeed, the purinergic system has
been linked to many symptoms of MDD, bipolar disorder (BD), and anxiety disorders,
including dysfunctional sleep (Huang et al., 2011), anhedonia (Csolle et al., 2013), changes
in appetite, energy levels, and motor function (Salamone and Correa, 2009), cognitive
impairment (Salamone and Correa, 2009), psychomotor agitation, and severity of emotional
symptoms (Wei et al., 2011). The purinergic system has also been linked to the etiology of
mood disorders via dysfunctional ATP and adenosine signaling and through inherited
patterns and the neuroinflammatory hypothesis. In the 1970s, Brooks and colleagues studied
peripheral uric acid in relationship to specific mood symptoms, based on observations that
peripheral and urinary clearance of uric acid resulted from significant purine turnover in the
brain (Brooks et al., 1978). In that study, uric acid levels correlated with hallucinations and
suicidality, and trended to correlate with mania. Ten years ago, our group first described the
role of purinergic dysfunction as a possible therapeutic intervention for mood disorders
(Machado-Vieira et al., 2008).

The preclinical involvement of the purinergic system in mood disorders has been studied in
vitro and in animal models. In vitro studies suggested that ATP and adenosine are involved
in pathophysiological mechanisms and potential therapeutics in mood disorders. For
example, it was recently found that allopurinol and febuxostat—potent purine XO inhibitors
that block urate accumulation—had antidepressant effects in the forced swim test animal
model of depression (Karve et al., 2013). The effects exerted by these compounds were
comparable to those of fluoxetine. This and other studies point at the need to clarify the
biochemical mechanisms underlying purinergic dysfunction in mood states as a means of
identifying therapeutic targets.

While preclinical and in vitro studies aim to understand the specific molecular mechanisms
of purinergic dysfunction in behavioral states, human studies have assessed genetic
variations related to purinergic function in patients with mood disorders. Human studies
include neuroimaging techniques that explore phosphorous metabolism, such as positron
emission tomography (PET) imaging studies of ATP turnover using specific purinergic
receptor ligands (Kato et al., 1995; Bauer and Ishiwata, 2009). Human studies have also
analyzed peripheral tissue samples for purinergic receptor expression in leukocytes and
circulating levels of potential purinergic biomarkers, such as uric acid levels (Brooks et al.,
1978; lacob et al., 2013). Notably, diverse comorbid medical conditions have been described
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in patients suffering from BD, including gout (Chung et al., 2010). These findings suggest
that the purinergic system may be a viable target for identifying novel therapeutics to treat
mood disorders.

2.2 ATP & its Receptors

Metabolic dysfunction driven by ATP and its receptors (P2 receptors) has been associated
with mood disorders. Several studies have demonstrated that ATP is an essential modulator
of astrocyte involvement in depressive-like behaviors (Kirshenbaum et al., 2011; Cao et al.,
2013). Much of the action of purinergic signaling in the brain seems to occur in non-
neuronal cells of the CNS including astrocytes and microglia. Animals exposed to repeated
social defeat demonstrate reduced brain levels of ATP, and replenishing ATP in mice with
transgenic blockage of vesicular gliotransmission-induced astrocytic ATP release resulted in
antidepressant-like effects such as decreased immobility time in the forced swim test (Cao et
al., 2013).

The overactivity of P2 receptors has been associated with depression. A recent study
revealed antidepressant- and anti-anxiety-like effects in mice treated with the P2 receptor
antagonist pyridoxalphosphate-6-azophenyl-2/,4’-disulfonic acid (PPADS) (Pereira et al.,
2013). As a result, P2X receptor antagonism has been proposed as a therapeutic strategy for
mood disorders and has been further evaluated in preclinical models (particularly examining
the P2X7 subtype). Astrocyte activation by ATP led to a positive feedback loop through the
P2X7 receptor involving other neurotransmitters, indicating that slight imbalances in
extracellular ATP concentrations may lead to widespread signal changes in the brain and,
potentially, to behavioral modifications (Bennett, 2007). P2X7 receptor activation on
microglia also contributed to the release of inflammatory markers linked to depressive
behavior (Basso et al., 2009; Skaper et al., 2010; Furuyashiki, 2012).

P2X7 receptor antagonism had antidepressant (forced swim test) and anxiolytic-like effects
in mice (Pereira et al., 2013). Recently, a novel high affinity P2X7 receptor antagonist,
JNJ-4795567, demonstrated permeability to the CNS (Bhattacharya et al., 2013). In mice,
P2X7 receptor knockout had antidepressant-like effects (Basso et al., 2009; Boucher et al.,
2011; Csolle et al., 2013); compared to wild-type animals, these P2X7 knockout mice also
displayed increased resilience in the repeated forced swim test (Boucher et al., 2011), and
decreased anhedonia-like behavior in the sucrose preference test (Csolle et al., 2013). P2X
receptors are also thought to play a role in mood disorders, given that ivermectin, a potent
positive allosteric modulator of the P2X4 receptor, induced depressive-like behaviors
(Bortolato et al., 2013).

Another receptor of possible therapeutic importance is the P2Y1 receptor. This receptor,
which is expressed by astrocytes, provides a key mechanism for calcium wave stimulation in
astrocytes (Hamilton et al., 2008; Ulrich et al., 2012) as well as in presynaptic facilitation of
dopamine and glutamate release, which are then responsible for motivation-related
responses to stimuli (Burnstock and Kennedy, 2011). Moreover, ATP release is thought to
occur from neurons and glial cells during electroconvulsive therapy (ECT), resulting in the
initial activation of P2 receptors and subsequent activation of P1 receptors following
degradation of ATP into adenosine. Sadek and colleagues proposed that the antidepressant
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effects of this therapy would result from the co-release of ATP with dopamine (Sadek et al.,
2011). On the one hand, the released ATP could stimulate P2X7 receptors, thereby affecting
depressive symptoms (Sadek et al., 2011). On the other hand, P2Y1 receptors expressed by
neuronal cells have also been associated with both anxiolytic and antidepressant effects
(Kittner et al., 2003; Taayedi, 2007). The cited anxiolytic-like effects were reversed in the
presence of the selective P2Y 1 receptor antagonist MRS 2179 (Kittner et al., 2003). The
importance of the P2Y1 receptor was further studied in animal models of motivation and
adaptive behaviors (Krugel et al., 2004). A chronic succession of starvation and feeding
periods altered P2Y1 receptor expression, supporting a role for altered sensitivity in
responding to environmental stimuli (Krugel et al., 2004). Phase I clinical trials are needed
to investigate the therapeutic potential of purinergic modulators in the treatment of mood
disorders.

2.3 Adenosine & its Receptors

Evidence from animal studies supports dysfunctional adenosine (P1) receptor signaling,
mostly by Al and A2A subtypes, in the pathophysiology of mood disorders. Adenosine is
produced from ATP by a cascade of cell surface transmembrane enzymes, including E-
NTPDases and e5NT (Figure 1). Enzymes of this cascade function in mood and somatic
symptoms. e5NT knockout mice lack non-REM sleep responses to sleep deprivation, but no
changes in anxiety-like behaviors were evident in these knock-out mice (Zlomuzica et al.,
2013). Lithium, used to treat BD, inhibits ectonucleotidase activity (Oliveira Rda et al.,
2011). Given that the activity of such enzymes would otherwise lead to the accumulation of
adenosine, lithium directly targets the adenosinergic system.

Adenosine receptor knockout animals had prolonged immobility in behavioral models of
depression though no motor function effects were seen (Fedorova et al., 2003). Increased Al
and A2A adenosine receptor binding in rat hippocampus and striatum was associated with
depressive-like behaviors after exposure to chronic mild stress (Crema et al., 2013).
Interestingly, adenosine and its metabolite inosine reduced immobility time in the forced
swim test and tail suspension test in mice (Kaster et al., 2004; Kaster et al., 2013). The
antidepressant effects of adenosine may involve interactions with potassium channel
activity, opioid and serotonin receptors, and nitric oxide signaling (Kaster et al., 2005b;
Kaster et al., 2005c; Kaster et al., 2005a; Kaster et al., 2007b; Kaster et al., 2007a).

In other models, the antidepressant effects of sleep deprivation and ECT augmented brain
adenosine levels (Lewin and Bleck, 1981; Savelyev et al., 2012). Similarly, tricyclic
antidepressants (TCAS) increased inhibition of cortical neuron firing and potentiated the
effects of adenosine on cortical neurons (Stone and Taylor, 1978; Phillis, 1984). Aggressive
behavior induced by clonidine was overcome by adenosine receptor antagonism (Ushijima
et al., 1989). The synthetic Al and A2A receptor agonists, CHA (N6-cyclohexyladenosine)
and DMPA (N6-[2-(3,5-dimethoxyphenyl)-2-(methylphenyl)ethyl]adenosine), respectively,
had antidepressant effects in the forced swim test in mice (Kaster et al., 2004). In another
study, the A2A receptor antagonists preladenant and SCH 412348 had similar antidepressant
effects in the tail suspension test (Hodgson et al., 2009). The adenosine deaminase inhibitor
EHNA (erythro-9-(2-hydroxy-3nonyl) adenine) had antidepressant-like effects in the forced
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swim test (Kaster et al., 2013) as did inosine, an adenosine metabolite. These effects were
inhibited by adenosine receptor antagonists.

Evidence indicates that the effects of purinergic molecules go beyond the phenotype of
depression. For example, inosine and hypoxanthine stimulation also induced anxious
behaviors in rats by acting at the benzodiazepine receptor (Wagner and Katz, 1983).
Theacrine, which, like caffeine, binds to both A1 and A2A receptors, increased locomotor
activity when administered to rats in the nucleus accumbens (Feduccia et al., 2012).
However, studies using the electric shock avoidance test, which serves as an animal model
of helplessness, found that adenosine induced depressive-like behaviors in animals (Minor et
al., 1994; Woodson et al., 1998; Shen and Chen, 2009). This suggests that purinergic
systems may mitigate depressive and anxiety symptoms as well as psychomotor agitation,
but further research is needed to further elucidate the mechanisms and specific targets
involved in such effects.

2.3.1 Al receptor—Animal studies targeting the Al receptor have been conducted in an
attempt to elucidate the potential mechanisms of adenosine that may underlie mood
regulation. Sleep deprivation in rats increased the number of Al receptors in the brain
(Elmenhorst et al., 2009). Some studies found that Al receptor knockout or antagonism
increased anxiety (Gimenez-Llort et al., 2002; Lang et al., 2003; Prediger et al., 2004); in
contrast, A2A blockade did not (El Yacoubi et al., 2001). Al receptors seem only indirectly
involved in caffeine increases in locomotion, as their antagonism alone was not necessary to
elicit these effects. Rather, it is hypothesized that A1 antagonism exacerbates the effects
seen through A2A receptor antagonism (Halldner et al., 2004). It is possible, however, that
Al receptors play a role in a variety of symptoms and phenotypes other than depression in
patients with mood disorders. For example, Al receptor knockout animals experienced
hyperalgesia (Johansson et al., 2001).

One study found that the mood stabilizer carbamazepine upregulated Al receptor expression
by astrocytes in vitro (Biber, 1999). Notably, in an attempt to harness these mechanisms for
synthesis of novel therapeutic agents, Al adenosine receptor agonists have been synthesized
and demonstrate potential for binding to brain tissue in vitro (Maillard et al., 1994) and in
animal models of mood disorders. However, these compounds have only been assessed for
potential anti-convulsive (Tosh et al., 2012) and ischemic protective effects (\Von Lubitz et
al., 1996) and have not yet been applied to animal models of mood and behavior. Given
these findings, studies are being pursued using pharmacologic agents that work through the
Al receptor.

2.3.2 A2A receptors—Several preclinical studies also support the involvement of A2A
receptors in mood disorders and related symptoms. For example, various adenosine receptor
knockout studies, mostly specific to the A2A receptor, support adenosinergic involvement in
neuroplasticity, the sleep-wake cycle, motor function, cognition, and emotion-related
behaviors (reviewed by (Wei et al., 2011)). A2A receptor knockout mice were less likely to
display depressive behaviors in the tail suspension test than control animals (El Yacoubi et
al., 2001). A2A receptor antagonism and knockout increased motor motivational and goal-
directed behavior, respectively (El Yacoubi et al., 2001; O’Neill and Brown, 2006; Short et
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al., 2006; Pardo et al., 2013). In addition, A2A receptor antagonism was found to be
responsible for the arousal effects of caffeine (El Yacoubi et al., 2003; Lazarus et al., 2011).
Interestingly, A2A receptor knockout effects may be specific to brain region. For instance,
A2A knockout to the striatum affected habit formation and increased psychomotor activity
(Shen et al., 2008), but activity was decreased in extrastriatal or forebrain A2A knockouts
(Shen et al., 2008; Yu et al., 2009).

Studies also suggest A2A involvement in mania. A2A agonism decreased amphetamine-
induced motor activity and behavioral unrest in animal models (reviewed in (Fredholm et
al., 2005)). In contrast, A2A antagonism both increased motor behavior in mice and
overcame the reduction of motor activity induced by dopamine receptor antagonism (Pardo
et al., 2013). A2A antagonism also countered the activity of clozapine (an antipsychotic
medication) (Pinna et al., 1999), and A2A knockout animals showed modulations of
dopaminergic effects (Seeman et al., 2006). A2A receptor knockout animals also showed
blunted response to psychostimulants (Chen et al., 2000). In addition, interrelationships
between A2A and dopamine D1 receptor activity have been reported in motivational
behavior (Short et al., 2006). These findings, which implicate the purinergic system and its
interaction with dopaminergic modifications, should be considered in the development of
antipsychotic and antimanic therapies.

Some models have suggested that the purine guanine may play a role in mood disorders. Its
signaling effects were classified in three broad categories: glutamatergic inhibition
(particularly in astrocytes), impact on memory and behavior, and trophic effects on neuronal
cells (Schmidt et al., 2007). Guanine is believed to have neuroprotective effects due to
glutamate inhibition (Porciuncula et al., 2002). Evidence for memory impairment comes
from animal studies, which, among other findings, demonstrated that guanine inhibits recall
of an avoidance task in rodents (Vinade et al., 2004). This mechanism may account for the
cognitive and memory impairment symptoms seen in various mood disorders. Guanine may
also be involved in the motor symptoms of mood disorders such as BD. However, these
effects are likely independent of Al and A2A receptor activity. Caffeine, an adenosine
antagonist, did not antagonize the effects of guanosine (a guanine-based purine) in mice
with induced seizures or in an amnesic state (Schmidt et al., 2007). When guanine-
monophosphate was administered to rats, they showed evidence of increased anxiety-like
behaviors when presented with behavioral tasks, including an elevated plus maze task and
exposure to light and open field (Almeida et al., 2010).

Taken together, these findings suggest that P2 receptor activation and decreased adenosine
concentrations could contribute to the development of a mood disorder. Consequently,
therapeutic interventions might be aimed at inhibiting P2 receptor activity, while inhibition
of adenosine deaminase would result in beneficial adenosine accumulation and adenosine
Al receptor activation (see also Table 1).
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3. Human Studies

Various human studies implicate purinergic dysfunction in mood disorders. Regulation of
the purinergic system has been associated with severe mood changes; specifically, altered
genetic expression as well as peripheral and central biomarkers have been identified in
individuals with mood disorders. On a molecular level, evidence of dysfunctional adenosine
receptor downstream signaling in BD was demonstrated by studies showing altered cAMP,
protein kinase C (PKC), and intracellular calcium levels in manic patients (reviewed in
(Machado-Vieira et al., 2002)). To better understand the specific pathologies in this system,
genetic analyses of purinergic gene expression and single nucleotide polymorphisms (SNPs)
were conducted that indeed show an association with increased risk for mood disorders.
Metabolites and markers of purinergic activity have also been identified in the periphery of
these patients, and new pharmacological approaches with purinergic modulators have been
attempted. Finally, imaging studies that allow for visualization of ATP metabolism and
P2X7 receptor activity in the brain have also demonstrated unique findings when studying
populations of depressed individuals.

3.1 Protein Expression and Genetic Studies

Diverse genetic studies have implicated purinergic targets in mood disorders. Zhang and
colleagues found that low P2X7 transcription was associated with MDD, and lower mMRNA
expression was found in postmortem studies of victims of suicide (Zhang et al., 2011). Other
studies found increased mMRNA expression of P2 receptors, including the P2X7 subtype, in
patients with treatment-resistant depression (lacob et al., 2013) as well as in BD patients
exposed to sleep deprivation (Backlund et al., 2012). lacob and colleagues suggested a
secondary compensatory mechanism of increased receptor expression to initially decreased
purinergic activity (lacob et al., 2013).

SNP variations in genes coding for purinergic system proteins play functional roles in
individuals with mood disorders (summarized in Table 2). Twelve studies found an
association between SNPs in the P2X7 gene and mood disorders: nine with the GIn460Arg
allelic variation (rs2230912) (Barden et al., 2006; Lucae et al., 2006; Nagy et al., 2008;
Hejjas et al., 2009; McQuillin et al., 2009; Soronen et al., 2011; Backlund et al., 2012;
Mantere et al., 2012; Halmai et al., 2013), one with the His155Tyr (rs208294) allelic
variation (Soronen et al., 2011), one with a SNP located in the 3’ untranslated region
(rs1653625) (Halmai et al., 2013), and one with a trend toward significance with the
Thr348Ala allele (rs1718119) (Erhardt et al., 2007). Interestingly, the study by Mantere and
colleagues (2012) demonstrated that the P2X7 receptor subunit GIn460Arg polymorphism
was specifically associated with neuroticism in the context of mood disorders. The
Thr348Ala allele has been correlated with symptoms of mania including cognitive
impairment, distractibility, and talkativeness (Backlund et al., 2011). Nevertheless, other
studies found no correlation between P2X7 SNPs and mood disorders (Table 2).

By assessing the characteristics of the studies outlined in Table 2, some overall conclusions
can be drawn. First, the GIn460Arg (rs2230912) polymorphism has been studied in nine
case-control studies, two case-case studies, and one cohort study. Though sample sizes
varied, the studies with the largest sample sizes (three studies n > 1000 subjects) were case-
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control studies (Lucae et al., 2006; Green et al., 2009; Grigoroiu-Serbanescu et al., 2009).
All but three studies (two in BD and one in MDD) found no association with mood disorders
(either BD or MDD) (Barden et al., 2006; Lucae et al., 2006; McQuillin et al., 2009). Five
studies found an association with symptom profile (Hejjas et al., 2009; Backlund et al.,
2011; Soronen et al., 2011; Mantere et al., 2012; Halmai et al., 2013). Notably, only two
studies found no association with symptom profile, and in both cases this was in subjects
with depression (Lavebratt et al., 2010; Halmai et al., 2013). Collectively, this demonstrates
substantial evidence suggesting that the GIn460Arg SNP is associated with mood disorders
and, specifically, with BD symptom severity or profile (such as length of mood episode).
Given that only one study to date found an association between symptom profile and any
other P2X7 gene polymorphism (His155Tyr SNP (rs208294)), it is likely that the
GIn460Arg polymorphism is the most significant genetic predisposition to purinergic
dysfunction and mood disorders. Overall, the findings suggest a likely association between
the GIn460Arg P2X7 gene polymorphism and state (symptom severity or profile), but not
trait (diagnosis). Similarly, though it has not been frequently studied, the 348Ala SNP has
been associated with BD and anxiety disorders (panic and agoraphobia), though only the
anxiety disorders study was of a case-control design (Erhardt et al., 2007; Backlund et al.,
2011).

In addition, two case-control studies, one familial study, and one study of healthy subjects
investigating an A2A receptor polymorphism (1976C/T) found a possible association with
anxiety disorders but not depression (Alsene et al., 2003; Hamilton et al., 2004; Lam et al.,
2005; Tsai et al., 2006).

Other purinergic system genes have also been associated with mood disorders. A SNP
coding for mitochondrial DNA was found to be associated with BD as well as brain pH of
BD subjects (Hamilton et al., 2004). A gene encoding SCL29A3, an adenosine transporter,
was associated with depression and sleep disturbance (Gass et al., 2010). However, since
each of these SNPs has only been identified in one study, more research on these potential
novel purinergic targets is warranted.

These studies point to the involvement of chromosome 12924 in mood disorders (Curtis et
al., 2003; Ewald et al., 2003; Shink et al., 2005; Barden et al., 2006; Christiansen et al.,
2009; Green et al., 2009; McQuillin et al., 2009). P2X7 genes have also been associated
with inflammation, immune function, and neuronal survival (Harvey et al., 2007), all of
which are involved in the pathophysiology of mood disorders. Although the findings of
genetic studies vary, many indicate that the P2X7 receptor gene on this chromosome is the
source of a susceptibility locus for mood disorders, but its functional role in mood disorders
is still under investigation.

A variety of findings have linked the rs2230912 polymorphism with clinical outcomes
(Halmai et al., 2013), however, it is possible that these polymorphisms may be associated
with severity of depression rather than with risk for mood disorders (Halmai et al., 2013). It
is also possible that inheritance is multifactorial and these polymorphisms only indicate
increased risk to developing depressive illness through the rs208294 SNP (Soronen et al.,
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2011). Taken together, these findings suggest that the P2X7 receptor gene plays a potential
key role in the pathophysiology of mood disorders.

3.2 Imaging Studies

Imaging studies have shown changes in brain compounds associated with purinergic system
dysfunction in subjects with mood disorders. Because the high energy bonds to ATP are
composed of phosphorous, quantification of its presence allows the identification of ATP
activity in various brain regions. The magnetic properties of nuclei, such as that of
phosphorous-31 (an isotope of phosphorous), are used in magnetic resonance spectroscopy
(MRS) (Prichard et al., 1999). PET compounds with an affinity for adenosine receptors have
also been developed (Bauer and Ishiwata, 2009) and could allow the evaluation of
purinergic involvement in psychiatric disorders. The focus of ligand development is on
molecules that can penetrate the blood brain barrier, such as those with xanthine-related
structures. More than six chemicals fitting this structure have been identified as possible Al
receptor ligands, and 12 have been identified as possible A2A receptor ligands, many of
them derived from similar chemicals as the A1 receptor ligands (Bauer and Ishiwata, 2009).
For example, one recent study demonstrated the potential efficacy of [18]F-CPFPX, an Al
receptor ligand, by visualizing cerebral caffeine binding (Elmenhorst et al., 2012). No
clinical studies in mood disorders have yet been completed using these ligands.

Initial studies using Phosphorous-31 (31P) MRS showed elevated 3!P incorporation in manic
patients treated with lithium (Kato et al., 1991; Kato et al., 1993) and diminished levels of
phosphorous compounds during depressive episodes (Kato et al., 1992; Kato et al., 1995).
Since then, other investigators have used 31P imaging to confirm abnormal phosphorus
metabolism in subjects with BD (Deicken et al., 1995) and MDD (Moore et al., 1997),
suggesting mitochondrial dysfunction related to low ATP levels. Furthermore, other studies
have noted elevated levels of phosphate compounds in MDD patients after treatment of a
major depressive episode (Forester et al., 2009), and a decrease after treatment with choline
in BD (Lyoo et al., 2003). Notably, no differences in brain 31P PET were seen in sleep
deprivation studies.

Subsequently, numerous studies identified abnormal ATP metabolism in mood disorders
(Regenold et al., 2012). One MRS study found no difference when assessing purine levels in
depressed and healthy individuals, but did note a difference in females who responded to
treatment, indicating the potential involvement of adenosine in the efficacy of antidepressant
treatment (Renshaw et al., 2001). Similar findings have been seen in adolescents and
children (Kondo et al., 2011; Shi et al., 2012; Sikoglu et al., 2013; Weber et al., 2013). Most
of these studies were small and require further investigation. Recently, PET has been used to
study microglial and astrocyte metabolism and activity in the CNS through ligands to
translocator protein (TSPO) (Brown et al., 2007; Zhang et al., 2007; Martin et al., 2011).
Considering that microglia and astrocytes are a major source of purinergic receptor
expression and related activity in the CNS, these studies may help us understand the
interaction between purinergic and microglial dysfunction in the etiology of mood disorders.
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3.3 Purinergic Biomarkers

Purinergic system biomarkers include enzymes of ATP metabolism (eg, XO, adenosine
deaminase (ADA) and CD73), xanthines, uric acid, and products of their metabolism (eg,
ATP levels). Early studies conducted in the 1960s and 1970s implicated purinergic system
dysfunction in BD (Anumonye et al., 1968; Brown et al., 1972; Jenner et al., 1972; Hansen
and Dimitrakoudi, 1974). Subsequently, CSF levels of the purine metabolites hypoxanthine
and xanthine were linked with depressive symptoms in MDD. Lower CSF xanthine levels
were associated with depressive symptoms, and higher levels were associated with poor
appetite, which was associated with activation of the monoaminergic system (Agren et al.,
1983; Niklasson et al., 1983). A more recent study identified significantly elevated levels of
both serum ADA and XO levels in MDD subjects compared with healthy subjects (Herken
etal., 2007). In that study, increased ADA levels were inversely correlated with duration of
illness; levels increased with antidepressant treatment, suggesting that ADA levels may be
an acute biomarker of disease. In addition, XO levels decreased with antidepressant
treatment, suggesting that dysfunctional purinergic activity in depression is affected by
pharmacologic intervention.

Uric acid has been linked to many physiological functions including sleep, locomotion,
cognitive function, appetite, and socialization. It has also been implicated in the
pathophysiology and therapeutics of mood disorders, particularly impulsivity and
excitement-seeking behavior (Machado-Vieira et al., 2002; Sutin et al., 2014). Elevated uric
acid levels—which suggest increased purinergic transformation—have been observed in
acute mania. In addition, these levels were positively correlated with symptom severity and
with the improvement of manic symptoms in diverse studies (De Berardis et al., 2008;
Machado-Vieira et al., 2008; Salvadore et al., 2010). It should also be noted that peripheral
uric acid levels correlate positively with central levels (Bowman et al., 2010); recently,
plasma uric acid levels were found to be higher in BD patients than controls (Kesebir et al.,
2014). As a result of these findings, testing for uric acid levels has been proposed as a
screening test in acute mania (Machado-Vieira, 2012).

Uric acid levels have also been correlated with specific character traits including drive and
disinhibition, both of which are common in mania. However, at least one study found no
differences in uric acid levels between BD subjects and healthy controls (Wen et al., 2012).
Uric acid, as one of a cluster of urinary metabolites, was correlated with first depressive
episode in drug-naive MDD subjects (Zheng et al., 2013). Another study compared healthy
controls and MDD patients and found that lower levels of uric acid were associated with
MDD (Chaudhari et al., 2010); indeed, the authors noted a strong inverse relation between
Hamilton Depression Rating Scale (HDRS) scores and uric acid levels after 12 weeks of
antidepressant treatment (Chaudhari et al., 2010). Interestingly, in another study, subjects
with MDD showed lower plasma uric acid levels than healthy controls and BD patients
(Kesebir et al., 2014). A smaller study also found that lower levels of uric acid were
associated with MDD compared to other psychiatric conditions; these normalized after five
weeks of antidepressant treatment, though no significant differences were observed between
those with depressive and anxiety disorders (Wen et al., 2012). Moreover, selective
serotonin reuptake inhibitors (SSRIs) modulated peripheral ADA and XO levels in
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individuals with MDD (Herken et al., 2007), and adenosine levels increased in individuals
treated with citalopram (Blardi et al., 2005).

Finally, a large study found that prevalence of social phobia was inversely associated with
moderately elevated levels of serum uric acid (Lyngdoh et al., 2013). The variability of these
diverse findings may be due to the possibility that the relationship between peripheral uric
acid levels and mood disorders is state- rather than trait-dependent (Kesebir et al., 2013). For
instance, uric acid levels are higher in manic patients than in those with bipolar depression.
In the study by Kesebir and colleagues, a positive correlation was identified between
hyperthymic and irritable temperament scores and uric acid levels across the total sample of
MDD and BD patients (Kesebir et al., 2014). Taken together, the evidence presented above
suggests that uric acid, and perhaps other purinergic system biomarkers, may be used in the
clinical assessment of patients with mood disorders.

4. Systemic Purinergic Dysfunction: Mood Disorders & Medical
Comorbidities

The medical conditions most commonly comorbid with mood disorders may reveal
important connections with their underlying biochemical imbalances. A nationwide study
recently confirmed that patients with BD were at greater risk of developing gout than
healthy matched controls, further linking uric acid imbalance with the etiology of BD
(Chung et al., 2010). BD is also comorbid with many medical conditions of metabolic
dysfunction including obesity, thyroid disease, cardiovascular disease, and diabetes
(Hamdani et al., 2013), which implicates dysfunction of energy systems and metabolism in
the etiology of BD. The links between BD and Lesch-Nyhan disease—a congenital
deficiency of hypoxanthine-guanine phosphoribosyltransferase (HPST), an enzyme that
regenerates purines in the purine salvage pathway (Jinnah, 2009)—Iends further credence to
the notion that purinergic systems play a role in mood, behavior, cognitive function, and
motor activity in humans. Lesch-Nyhan disease is characterized by hyperurecemia leading
to gout, neurodevelopmental delay, abnormal movements, self-injurious behavior, and mood
instability (Kish et al., 1985; Stone et al., 2009), echoing some of the symptoms of mood
disorders.

The purinergic system, and particularly the P2X7 receptor, has been implicated in numerous
CNS conditions including neurodegenerative and neuroinflammation-related disorders such
as multiple sclerosis, pain, seizures, and migraine (Burnstock and Kennedy, 2011) as well as
numerous other systemic medical conditions (Vasileiou et al., 2010; Burnstock and
Kennedy, 2011). Most of them can be comorbid with MDD or BD, including
neurodegenerative disorders and multiple sclerosis (Stone et al., 2009; Hellmann-Regen et
al., 2013), migraine (Jerrell et al., 2010; Ligthart et al., 2013), pain (Bair et al., 2003),
seizure (Gilliam, 2005), obesity, type 2 diabetes mellitus, endocrine disorders, epilepsy,
cardiovascular disorders, asthma, and other psychiatric conditions (Jerrell et al., 2010). The
evidence that these conditions involve purinergic system dysfunction through central and
peripheral pathological processes supports the hypothesis that mood disorders are systemic
illnesses.
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5. Treatment-related studies and clinical trials

The purinergic system offers an array of potential therapeutic targets for mood disorders,
and clinical trials of pharmacologic agents that target the purinergic system have
demonstrated promising results in BD. Potential targets drawn from clinical and preclinical
studies are outlined in Table 1. However, most existing clinical trials of purinergic
modulation have focused on XO inhibition. These are outlined in Table 3.

One study that compared zotepine and haloperidol added to mood stabilizers in the treatment
of acute mania found that zotepine significantly decreased uric acid levels; Young Mania
Rating Scale (YMRS) ratings were equally improved with both treatments (Chan et al.,
2010). This suggests that pharmacologic agents that are able to cross the blood brain barrier
and inhibit adenosine metabolism, leading to decreased uric acid levels, may serve as
effective treatments for mania and BD. However, not all mood stabilizers may work via this
mechanism. Though there are no known studies of uric acid levels in patients with mood
disorders taking valproic acid, one study of patients with epilepsy found that valproate did
not lower uric acid levels (Ring et al., 1991). It should also be noted that pharmacological
agents that modulate purinergic activity, such as caffeine, increase the risk of manic
symptoms, severity of seasonal BD, and can induce schizophrenia in susceptible individuals
(Tondo and Rudas, 1991; Ogawa and Ueki, 2003; Hedges et al., 2009).

Notably, the anti-gout agent allopurinol is an XO inhibitor that inhibits purine degradation,
leading to increased adenosine levels (Pacher et al., 2006). The clinical potential of
allopurinol for treating BD was recently emphasized (Bishnoi, 2014). Ten years ago, we
delivered the first report on the efficacy of allopurinol in treatment-resistant mania comorbid
with hyperuricemia; symptoms improved in two patients, and these improvements were
associated with a consistent decrease in uric acid levels (Machado-Vieira et al., 2001). Three
randomized, placebo-controlled trials in mania were subsequently conducted. A randomized,
double-blind, placebo-controlled trial of allopurinol (600 mg/day) concomitantly with
lithium in BD patients significantly alleviated manic symptoms compared to dipyridamole
and placebo (Machado-Vieira et al., 2008); these antimanic treatment outcomes correlated
with decreased uric acid levels (Machado-Vieira et al., 2008). A similar trial with
allopurinol (300mg/day) as an add-on to lithium and haloperidol showed similar results
(Akhondzadeh et al., 2006). In addition, a recent pilot study of allopurinol in BD subjects
showed that those with restricted caffeine use compared to caffeine users had better
outcomes (Machado-Vieira et al., 2008; Fan et al., 2012). It should be noted, however, that
this study was small, and that participants were taking a complex medication regimen that
included antipsychatics, anticonvulsants, antidepressants, lithium, benzodiazepines, and
hypnotics; poor compliance and potential substance abuse were issues of additional concern
(Fan et al., 2012). Another recent study found no difference between allopurinol (at a lower
dose, 300mg/day) and placebo in BD patients experiencing an acute manic episode.
However, these patients were treated with a variety of mood stabilizers and antipsychotics,
potentially causing a ceiling effect (Weiser et al., 2014). Unfortunately, the authors provided
no information on the number of concomitant medications, dose, or even the duration of
treatment with mood stabilizers and antipsychotic medications during the follow-up period
(Weiser et al., 2014), which prevents consistent conclusions from being drawn. More
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recently, a four-week, double-blind, placebo-controlled trial with allopurinol (300mg/day) as
an add-on treatment to valproate showed significant antimanic effects compared to placebo
(Jahangard et al., 2014). Echoing our previous findings, this study also found an association
between lower uric acid levels and symptom improvement at endpoint (Jahangard et al.,
2014). Finally, a recent systematic review and meta-analysis of adenosine modulators—with
a special focus on allopurinol—supported the efficacy of these agents as adjuvant therapy in
bipolar mania compared to placebo (Hirota and Kishi, 2013).

Taken together, the present findings support a role for allopurinol as add-on therapy in
mania (see Table 3). To date, no trials of purinergic modulators have been conducted in
MDD; however, some promising novel P2X receptor ligands are now in Phase | and 11 trials
(Gunosewoyo and Kassiou, 2010).

6. Discussion

The evidence presented above underscores the manner in which purinergic signaling
dysfunction appears to be directly involved in the pathophysiology and therapeutics of mood
disorders. As reviewed above, recent findings from animal studies implicate purinergic
signaling from the upstream receptor level to downstream behavioral effects. In addition,
human genetic and clinical studies further support this hypothesis.

Though human studies have begun to assess clinical outcomes associated with purinergic
modulators (for instance, through neuroimaging, genetic, and biomarker studies), future
research is needed to explore their relationship to purinergic dysfunction in depth. As
regards translational research, the application of new technologies—for instance,
epigenetics, proteomics, and molecularly targeted PET imaging—should be included in
future studies. In therapeutic applications, more selective purinergic modulators developed
for (or tested in) non-psychiatric medical indications should be tested in mood disorders
such as BD. For existing purinergic modulators discussed in this review, such as XO
inhibitors, additional studies with larger sample sizes are needed, including multi-center
clinical trials. Such studies should target a variety of other mood states beyond mania and
include dimensions such as suicidality and anhedonia. Finally, such studies should take
place in a variety of settings, including outpatient, inpatient, and emergency room
environments.

The research conducted to date suggests that various components of purinergic signaling
may contribute to the underlying etiology of mood disorders; targeting this system may help
us identify therapeutic targets and develop new, improved purinergic modulators for mood
disorders.
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Figure 1. The purinergic system and signaling in mood disorders
Extracellular nucleotides and nucleosides, including adenosine triphosphate (ATP), uridine

triphosphate (UTP), and guanosine triphosphate (GTP), their metabolites, and their
associated purinergic receptors, have been linked to mood disorders. Most of the existing
evidence points to an association between ATP and adenosine signaling and mood
dysregulation. Adenosine is a purine nucleoside produced in part through the metabolism of
ATP by ATPase and 5’-nucleotidase enzymatic activity. Adenosine acts through purinergic
P1 receptors, whereas ATP acts through purinergic P2 receptors. The availability of
extracellular nucleotides is regulated by enzymes, including ectonucleoside triphosphate
diphosphohydolases (e-NTPDases), nucleotide pyrophosphatase / phosphodiesterase
(NPPs), ecto-alkaline phosphatases (ecto-ALPs), and ecto-5’-nucleotidase (e5NT). These
enzymes catalyze the complete nucleotide breakdown to yield adenosine. Adenosine can
also be produced from the cleavage of S-adenosyl-L-homocysteine (SAH). Further
breakdown of purines through enzymes, including adenosine deaminase (ADA) and
xanthine oxidase (X0), yields metabolites such as inosine and uric acid. Purinergic signaling
occurs through adenosine, and potentially inosine, at P1 receptors (both A1 and A2A
subtypes). Signaling also occurs by way of P2 receptors, including the P2X7 subtype, in the
context of behavior and mood dysregulation. These receptors are found on neuronal and
non-neuronal cells including microglia and astrocytes. Signaling at these sites is thought to
disturb other neurobiological systems including neuroinflammation and neurotransmitter
modulation. Dysfunction at any number of these aspects of purinergic signaling—either at a
genetic, biochemical, or functional level—is thought to lead to altered behavior (impulsivity,
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aggression, changes in locomotor activity, and sleep patterns) and mood (depression,
anxiety, and mania). This dysfunction, therefore, suggests a link between purinergic
dysfunction and the etiology of mood disorders
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