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Editorial on the Research Topic
Purinergic Pharmacology

The purine nucleotides and nucleosides constitute important extracellular signaling molecules
acting as neurotransmitters and neuromodulators. Indeed, extracellular adenosine 5 -triphosphate
(ATP) and adenosine, tightly controlled by nucleotidases, ribokinases, deaminases, and
transporters, signal through a rich array of purinergic receptors. These receptors, which
emerged early in evolution, are among the most abundant in living organisms controlling many
physiological actions, thus becoming promising therapeutic targets in a wide range of pathological
conditions. Thus, while P1 receptors are selective for adenosine, a breakdown product of ATP,
P2 receptors are activated by purine nucleotides, as well as P2Y receptors being activated by
pyrimidine nucleotides. Interestingly, purinergic receptors, both G protein-coupled (i.e., P1 and
P2Y) and ligand-gated ion channel (i.e., P2X) receptors, are involved in many neuronal and
non-neuronal mechanisms, including pain, immune responses, exocrine and endocrine secretion,
platelet aggregation, endothelial-mediated vasodilatation and inflammation, among others.

Purinergic receptors are ubiquitously expressed throughout the body, thus compromising
the specificity of receptor subtype-selective drugs and increasing the possibility of side
effects upon pharmacological intervention. However, the extracellular levels of purines may
fluctuate enormously, thus distinct purinergic receptors responding differently to low and high
concentrations of endogenous purines are called into action while cells are exposed to multiple
purinergic signaling molecules. Therefore, the same cell usually concurrently expresses different
subtypes of P1 and P2 receptors, which allows the integration of purinergic transmission into
short- and long-term signaling events. Consequently, drug selectivity constitutes another important
pharmacological goal within the purinergic field. Indeed, the development of potent and selective
synthetic agonists and antagonists for purinergic receptors has been the subject of medicinal
chemistry research for decades. In addition, allosteric modulators of purinergic receptors have
been successfully developed. Interestingly, these compounds allow the manipulation of the
endogenous purinergic system in an event-responsive and temporally specific manner, thus
offering a unique therapeutic window when compared to orthosteric compounds. Finally, the
functioning of the purinergic system could be also manipulated by modulating the metabolism
and/or uptake of extracellular purine nucleotides and nucleosides. Overall, there is no doubt that
purinergic pharmacology is growing fast and becoming an attractive field for pharmacotherapeutic
development.

In this timely research topic, an overview of the purinergic pharmacology is provided through
61 articles written by 439 authors. This successful compilation contains 15 reviews, 5 mini
reviews, 3 hypothesis and theory papers, 1 perspective, and 37 original research papers. The
reviews summarize the currently available knowledge on the role of purinergic signaling, focusing
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on the pathophysiology and its therapeutic potential (Burnstock),
for example, in mast cell degranulation and its most relevant
disease, asthma (Gao and Jacobson), pulmonary arterial
hypertension (Alencar et al.), amyotrophic lateral sclerosis
(Sebastidao et al.), neurodevelopmental disorders (Fumagalli
et al.), epilepsy (Alves et al.), neurological diseases with motor
symptoms (Oliveira-Giacomelli et al.), motivational dysfunction
and depression (Lopez-Cruz et al.), and inflammatory diseases
(Savio et al. ), In addition, some of the reviews provide more
mechanistic opinions, for instance on purinergic transmission
in psychostimulant addiction (Ballesteros-Yanez et al.), carotid
body physiology (Conde et al), and platelet heterogeneity
(Koupenova and Ravid). Also, some hints about the molecular
mechanism of ligand binding and activation by adenosine
(Carpenter and Lebon) and ATP (Di Virgilio et al.) receptors is
provided. Finally, the impact of adenosine transport in purinergic
signaling is also reviewed (Pastor-Anglada and Pérez-Torras).

Subsequently, five minireviews highlight diverse aspects of
purinergic signaling. For instance, the role of adenosine and
its receptors in T cell development in the thymus (Koroskényi
et al.) and the regulation of the activity of immune cells
and enteric nervous system (Dal Ben et al). Thus, the
most promising purine-based strategies are summarized for
the treatment of inflammation-related disorders, including
the recent development of nanobodies against key targets of
purinergic system (Menzel et al.). Next, the current knowledge
on the pathophysiological involvement of purinergic receptors
in white and brown adipocytes and their potential use in
metabolic disorders is reviewed (Tozzi and Novak). Also, the
recent emerging data involving the ATP-gated P2X7 ion channel
as a potential drug target for central nervous system disorders
including neuropsychiatric conditions (Bhattacharya).

In the section “Hypothesis and Theory” the molecular
determinants of small-molecule ligand (i.e., BzATP and
ivermectin) binding at P2X receptors is reviewed grounded in
structure-based docking studies (Pasqualetto et al.). Next, the
interplay of adenosine receptors with muscarinic acetylcholine
and neurotrophin receptors in the mammalian neuromuscular
junction controlling synapse elimination and neurotransmission
release is considered (Tomas et al.). Also, the formation of
adenosine A and dopamine D, receptor heterotetramers
and adenylate cyclase type 5 complexes in striatopallidal
neurons are postulated as an integrative device tuning adenosine
and dopamine signaling and therefore behavioral effects of
adenosine/dopamine-based ligands (Ferré et al). Finally,
a perspective paper discusses the current limitations and
highlights future research directions to achieve adenosine
receptor-mediated cardioprotection (Lasley).

The research topic contains a series of original research
papers covering important aspects of purinergic pharmacology.
Thus, several papers focus on the role of adenosine receptors
in cancer cells proliferation (Gessi et al.), morphologically
altered hippocampal neurons (Pinheiro et al.), hippocampal
slices subjected to oxygen and glucose deprivation (Fusco
et al.), instrumental animal learning (Li et al.), and rodent

models of movement disorders (Nufez et al.). Indeed, the
interest of targeting adenosine receptors is also shown by the
design of a non-imaging high throughput approach to screen
drugs in native receptors (Arruda et al.) and their detection
in human brain using positron emission tomography (PET)
ligands (Mishina et al.). In addition, some molecular clues
about adenosine receptor function are also given, for instance,
the formation of transcellular trimeric complexes involving
CD26, adenosine deaminase and adenosine A4 receptor (A2aR)
(Moreno et al.), the AypR-mediated control of glutamatergic
synaptic plasticity in prefrontal cortex interneurons (Kerkhofs
et al.) and the adenosine A,p receptor (A;pR)-mediated control
of epithelial-mesenchymal transition by tuning the cAMP/PKA
and MAPK/ERK balance (Giacomelli et al.). Also, it is speculated
whether AysR may be useful to sustain contractility in failing
human hearts and upon ischemia and reperfusion (Boknik
et al.). Finally, the role of caffeine in controlling glutamatergic
synaptic transmission in human cortical neurons (Kerkhofs et al.)
and its adverse effects in an Alzheimer’s disease animal model
(Baeta-Corral et al.) are investigated.

The role of the purinergic system in microglia and
astrocytic function both in vitro and in vivo is studied in
glaucoma (Rodrigues-Neves et al.), prostaglandin E2 signaling
(Paniagua-Herranz et al.), extracellular vesicle-based cell
communication (Drago et al.), cell migration (Adzic and
Nedeljkovic) and proliferation (Quintas et al.). Similarly, the
impact on T cells (Shinohara and Tsukimoto; Soslow et al.)
and cytokine-induced killer cell function (Horenstein et al.) is
also explored. Interestingly, extracellular signaling by guanine-
based purines was explored in cultured cells (Pietrangelo et al;
Zuccarini et al.) and in rodent models of movement disorders
(Massari et al.).

The extracellular ATP/adenosine ratio is a key element
for immune responses, including post-inflammatory ileitis, as
described in this research topic (Vieira et al). Thus, the
tissue-nonspecific alkaline phosphatase enzyme and Pannexin-
1 channel seem to play an important physiological role
regulating the levels of extracellular ATP (Sebastidn-Serrano
et al.), which ultimately will activate cell surface P2XRs and
P2YRs. In addition, it seem that ATP release, at least in the
suprachiasmatic nucleus, is under the control of these two
kinds of purinergic receptors (Svobodova et al.). Interestingly,
P2XRs are allosterically modulated by trace metals (i.e., zinc)
and other drugs (i.e., ivermectin) (Latapiat et al.), which
also can form heterotrimeric P2X4/P2X7 receptors (Schneider
et al.). Importantly, P2X7R is up-regulated and promotes a
fibrogenic phenotype in systemic sclerosis (SSc) fibroblasts,
thus becoming a potential therapeutic target in SSc patients
(Gentile et al.). Conversely, P2YR expression seems to play a
key role in eye physiology. Thus, changes in the P2Y,/P2Y;
expression ratio correlates well with an increment in the
intraocular pressure in an animal model of glaucoma (Fonseca
et al). Also, P2Y2R blockade facilitate the clearance of
lysosomal waste in retinal pigmented epithelial cells, which
is relevant for age-related macular degeneration management
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(Lu et al.). Furthermore, a clinical study revealed that P2Y;,R
blockade does not contribute to risk of osteoporotic fractures in
stroke patients, a common adverse effect of transient ischemic
attack treatment (Jorgensen et al.). In a separate context, the
P2Y¢R regulates chemokine (i.e., CXCL10) secretion in mouse
intestinal epithelia cells, thus regulating gut homeostasis (Salem
etal.).

As a neurotransmitter, ATP is stored in secretory vesicles,
a process mediated by the vesicular nucleotide transporter
(VNUT). In this research topic it is demonstrated that cerebellar
granule cells express functional VNUT and that may be
implicated in the initial stages of granule cell development
(Menéndez-Méndez et al.). Finally, the issue also reports the
generation and characterization of a valuable, new tool to study
ectonucleotidase nucleoside triphosphate diphosphohydrolase-8
(NTPDase8) (Pelletier et al.) and the characterization of uridine
adenosine tetraphosphate’s (Up4A) physiological role in in vivo
heart failure model, i.e., swine aortic banding (Zhou et al.).

Overall, this research topic provides new insights into the
vast physiological roles of purinergic signaling and its structural
and mechanistic basis. This field offers enormous possibilities for
translation of basic science into novel treatments for chronic and
acute diseases, while at the same time it presents a challenge to
achieve selectivity of drug action.
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PBF509, an Adenosine Asp Receptor
Antagonist With Efficacy in Rodent
Models of Movement Disorders
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Victor Fernandez-Duenas?2, Naomi Castro3, Julio Castro3* and Francisco Ciruela2*
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Spain, ° PaloBiofarma S.L., Barcelona, Spain

Adenosine Aoa receptor (AoaR) antagonists have emerged as complementary non-
dopaminergic drugs to alleviate Parkinson’s disease (PD) symptomatology. Here, we
characterize a novel non-xhantine non-furan AoaR antagonist, PBF509, as a potential
pro-dopaminergic drug for PD management. First, PBF509 was shown to be a
highly potent ligand at the human AoaR, since it antagonized AoaR agonist-mediated
CAMP accumulation and impedance responses with Kg values of 72.8 + 17.4 and
8.2 + 4.2 nM, respectively. Notably, these results validated our new AsaR-based
label-free assay as a robust and sensitive approach to characterize AoaR ligands.
Next, we evaluated the efficacy of PBF509 reversing motor impairments in several
rat models of movement disorders, including catalepsy, tremor, and hemiparkinsonism.
Thus, PBF509 (orally) antagonized haloperidol-mediated catalepsy, reduced pilocarpine-
induced tremulous jaw movements and potentiated the number of contralateral rotations
induced by L-3,4-dihydroxyphenylalanine (L-DOPA) in unilaterally 6-OHDA-lesioned rats.
Moreover, PBF509 (3 mg/kg) inhibited L-DOPA-induced dyskinesia (LID), showing
not only its efficacy on reversing parkinsonian motor impairments but also acting as
antidyskinetic agent. Overall, here we describe a new orally selective AopaR antagonist
with potential utility for PD treatment, and for some of the side effects associated to the
current pharmacotherapy (i.e., dyskinesia).

Keywords: PBF509, Parkinson’s
hemiparkinsonism, antagonist

disease, adenosine A,y receptor, catalepsy, label-free, tremor,

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative condition affecting around 1% of the population
over the age of 65 (Meissner et al, 2011). PD is characterized by bradykinesia, tremor,
and rigidity, which are secondary to the loss of dopamine neurons in the substantia nigra
(Poewe and Mahlknecht, 2009). The main therapeutic approach consists of administrating L-3,4-
dihydroxyphenylalanine (L-DOPA) or dopamine receptor agonists, thus recovering the functioning
of dopaminergic transmission (Poewe, 2009). However, a number of adverse effects appear upon the
long consumption of dopamine-like based drugs (Huot et al., 2013). From these, dyskinesia is the
most reported one, since, in most cases, it critically impedes the normal life of patients. Rotation
of dopamine-like based drugs is a normal strategy to diminish the appearance of these secondary
effects, but it seems clear that there is a need in PD clinics for searching novel agents that may
improve the management of the pathology (Schapira et al., 2006).
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From the new drugs developed not only to improve the clinical
features of classical drugs but also to alleviate their undesired side
effects, adenosine Ayp receptor (AzpR) antagonists appear to be
the most promising ones. Interestingly, A;sRs are expressed in
GABAergic enkephalinergic neurons together with dopamine D,
receptors (D, R), which are the main target of PD drugs (Gerfen
et al,, 1990). In addition, it has been largely studied the presence
of reciprocal functional interactions between both receptors, a
phenomenon that has been postulated to permit a fine-tuning
modulation of the basal ganglia functioning (for review see
Ferre et al., 2004). Furthermore, it was recently demonstrated
that both receptors form receptor complexes (i.e., oligomers),
in which a direct receptor-receptor interaction may drive the
functional interplay between AR and DR (Ferndndez-Dueiias
et al., 2015). Nevertheless, apart from the plausible pre- and
post-synaptic mechanism mediating its effects (Schiffmann et al.,
2007), it has been clearly shown that A;sR antagonists show
an antiparkinsonian efficacy, and that they may also be used to
lessen undesired side effects of dopaminergic-like based drugs.
In such way, the obtained pre-clinical information points to the
use of AzaR antagonists as valuable agents for: (i) providing
motor benefits by themselves, (ii) potentiating the benefit of
dopamine agonists, or (iii) preventing the development of
dopamine-like drugs induced dyskinesias (for review see Hauser
and Schwarzschild, 2005; Jenner et al., 2009). In line with this,
randomized clinical studies have been performed to assess the
efficacy of these new AjsR-based drugs (for review see Vallano
et al, 2011). Indeed, an AjsR antagonist (i.e., istradefylline)
(Jenner, 2005) has been licensed in Japan (Nouriast®) as an
adjuvant to L-DOPA treatment in order to reduce off-times
produced by the dopaminergic drug (Mizuno et al., 2010; Kondo
and Mizuno, 2015; Miiller, 2015).

The development of new A;sR antagonists is consequently
a main objective in PD therapeutics, since they may
represent alternative or complementary drugs to deal with
the symptomatology associated with the pathology. Importantly,
it is crucial the information gained in pre-clinical studies, which
may permit to properly screen the better candidates to be tested
in randomized clinical studies. However, finding the optimal
animal model is not a simple task, and it is usually mandatory to
demonstrate the activity of any new drug in a variety of them.
Here, we describe the effectiveness of PBF509, a novel selective
and potent AzoR antagonist, in several rat animal models of
movement impairment: (i) the pilocarpine-induced tremulous
jaw movement (TJM), (ii) the hemiparkinsonian animal model,
and (iii) the L-DOPA induced dyskinesia (LID). Importantly,
we show the activity of this new antiparkinsonian drug in
comparison with other well-known A;sR-based agents, aiming
to prompt its future use in randomized clinical trials.

MATERIALS AND METHODS

Drugs

PBF509 (Mediavilla-Varela et al., 2017), synthesized by
PaloBiofarma, was dissolved in 0.5% methylcellulose for
oral administration. All other compounds were obtained from
external sources: 6-hydroxydopamine (6-OHDA), benserazide,

pilocarpine, haloperidol (Sigma-Aldrich, St. Louis, MO,
United States), 3,4-Dihydroxy-L-phenylalanine (L-DOPA;
Abcam Biochemicals, Cambridge, United Kingdom), CGS21680,
SCH442416, (Tocris Bioscience, Ellisville, MO, United States).

Antibodies

The primary antibodies used were rabbit anti-TH polyclonal
antibody (Millipore, Temecula, CA, United States), mouse
anti-AaR monoclonal antibody (Millipore) and rabbit anti-
a-actinin  polyclonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, United States). The secondary antibodies
were horseradish peroxidase (HRP)-conjugated goat anti-rabbit
and goat anti-mouse IgG (Pierce Biotechnology, Rockford,
IL, United States), and Cy2-conjugated donkey anti-rabbit
and Cy2-conjugated donkey anti-mouse antibodies (Jackson
ImmunoResearch Laboratories).

cAMP Accumulation Inhibition Assay
cAMP accumulation was measured using the LANCE Ultra
cAMP kit (PerkinElmer, Waltham, MA, United States) (Taura
et al., 2016). In brief, HEK-293 cells permanently expressing
the ApARSNAP construct (Fernandez-Duerias et al., 2015) were
incubated in the absence or presence of increasing concentrations
of SCH442416 or PBF509 before stimulating the cells with
CGS21260 (~ECgp) for 30 min at 22°C with adenosine
deaminase (0.5 U/ml; Roche). Eu-cAMP tracer and ULightTM—
anti-cAMP reagents were prepared and added to the sample
according to the LANCE® Ultra cAMP Kit instruction manual.
384-wells plate was incubated 1 h at 22°C in the dark and
was then read on a POLARstar microplate reader (BMG
LABTECH, Durham, NC, United States). Measurement at
620 and 665 nm were used to detect the TR-FRET signal
and the concomitant cAMP levels were calculated following
manufacturer’s instructions. Data were fitted by non-linear
regression using GraphPad Prism 5 (GraphPad Software).
Concentration-response curves were carried out by assaying
different ligand (i.e., PBF509 and SCH442416) concentrations
ranging between 10 nM to 30 WM. Data was expressed as K by
following the formula reported by Leff and Dougall (1993):

Kgp = ICs0/[2 + ([A]/[Aso])"] /M —1

Where ICsy is the concentration of compound that inhibits
CGS21680 effect by a 50%; [A] is the concentration of CGS21680
employed in the assay, [As] is the CGS21680 EC5g value and n is
the Hill slope of the curve.

Cellular Impedance Assay Label-Free

The xCELLigence RTCA system (Roche) was employed to
measure changes in cellular impedance correlating with
cell spreading and tightness, thus being widely accepted as
morphological and functional biosensor of cell status (Xu et al.,
2016). Accordingly, we assessed the impact of AoR blockade in
cellular impedance (Solly et al., 2004; Stallaert et al., 2012; Hillger
et al,, 2015). To this end, HEK-293 cells permanently expressing
the AARSNAP construct (Ferndndez-Duenas et al., 2015) were
growth in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-
Aldrich) supplemented with 1 mM sodium pyruvate (Biowest,
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Nuaillé, France), 2 mM L-glutamine (Biowest), 100 U/mL
streptomycin (Biowest), 100 mg/mL penicillin (Biowest), and
1.5% (v/v) fetal bovine serum (Gibco) in presence of 0.5 U/ml
of adenosine deaminase. The 16-wells E-plates (Roche) were
used. Wells were coated with 50 pl fibronectin (10 pg/ml).
Plates were placed at 37°C for 1 h. After removing coating
liquid, plates were washed three times with 100 pl Milli-Q-water
before use. The background index for each well was determined
with supplemented DMEM (90 wl) in the absence of cells.
Data from each well were normalized to the time point just
before compound addition using the RTCA software providing
the normalized cell index (NCI). Subsequently, cells (90 wl
re-suspended in supplemented DMEM were then plated at a cell
density of 10,000 cells/well and grown for 18 h in the RTCA SP
device station (Roche) at 37°C and in an atmosphere of 5% CO,
before ligand (i.e., CGS21680) addition. For the concentration-
response inhibition of CGS21680-mediated effect the cells were
first incubated with the corresponding antagonist (i.e., PBF509
or SCH442416) for 1 h and then CGS21680 (~ECgg) was added.
Cell index values were obtained immediately following ligand
stimulation every 15 s for a total time of at least 100 min. For
data analysis, ligand (i.e., SCH442416 and PBF509) responses
were transformed to ANCI after subtracting baseline (i.e., vehicle
control) to correct for any ligand-independent effects. The ANCI
was then taken at 30 min after the agonist addition to build
the concentration-response curve. ANCI were expressed in %
considering 1 M of CGS21680 as the 100% and the vehicle as
the 0%.

Animals

Sprague-Dawley rats (Charles River Laboratories, L'Arbresle,
France) weighing 240-250 g were used. The University of
Barcelona Committee on Animal Use and Care approved the
protocol. Animals were housed and tested in compliance with
the guidelines provided by the Guide for the Care and Use
of Laboratory Animals (Clark et al., 1997) and following the
European Union directives (2010/63/EU). All efforts were made
to minimize animal suffering and the number of animals used.
Rats were housed in groups of three in standard cages with
ad libitum access to food and water and maintained under a
12 h dark/light cycle (starting at 7:30 AM), 22°C temperature,
and 66% humidity (standard conditions). All animal model
observations were made between 9:00 AM and 1:00 PM.

Haloperidol-Induced Catalepsy

Rats (n = 10) were randomly assigned to treatment groups
and behavioral testing was performed blind to treatment. The
dopamine D, receptor (DR) antagonist, haloperidol (1 mg/kg,
s.c.) was administered to induce catalepsy. Thirty minutes
after the haloperidol administration, rats experienced a full
cataleptic response. At this time point, for each rat the state
of catalepsy was tested by gently placing their front limbs
over an 8-cm high horizontal bar. The intensity of catalepsy
was assessed by measuring the time the rats remain in this
position being completely immobile for a maximum of 120 s.
Only rats that remained cataleptic for the entire 120 s were
used for subsequent drug testing. After 30 min of the baseline

measurement vehicle (0.5% methylcellulose and 2% DMSO) or
PBF509 was administered orally via gavage (3, 10, or 30 mg/kg,
p.o.) and the catalepsy was then determined at 15, 30, and
60 min PBF509 administration. For each time point the number
of responding rats and the total cataleptic time for each animal
was determined.

Pilocarpine-Induced TJM

Rats were placed in the observation chamber (30 cm diameter and
40 cm high clear glass chamber with a mesh floor and elevated
40 cm from the bench) to habituate during 5 min before being
orally administered with vehicle (0.5% methylcellulose and 2%
DMSO) or the indicated A4R antagonist (i.e., SCH442416 and
PBF509), followed (20 min) by pilocarpine (1 mg/kg; i.p.). Five
minutes after pilocarpine injection TJMs were counted for 1 h
(divided into six tests of 10 min each). TJMs were defined as
rapid vertical deflections of the lower jaw that resembled chewing
but were not directed at any particular stimulus (Salamone et al.,
1998). Each individual deflection of the jaw was recorded using
a mechanical hand counter by a trained observer, who was blind
to the experimental condition of the rat being observed (Gandia
etal., 2015).

Hemiparkinsonian Animal Model

Experimental hemiparkinsonism was induced in rats by
unilateral injection of 6-OHDA in the medial forebrain bundle
as previously described (Ferndndez-Duefias et al, 2015).
Accordingly, rats were stereotaxically injected with 6-OHDA
(8 g of 6-OHDA in 4 pl of saline solution containing 0.05%
ascorbic acid) at: AP (anterior-posterior) = —2.2 mm, ML
(medial-lateral) = —1.5 mm and DV (dorsal-ventral) = —7.8 mm
with respect to bregma (Paxinos and Watson, 2007). To
minimize damage to noradrenergic neurons, rats were pretreated
with desipramine hydrochloride (10 mg/kg, ip.) 20 min
before surgery. Then, 3 weeks after the lesion the extent of
dopamine deafferentation was validated by assessing the rotating
behavioral response to L-DOPA administration. In brief, rats
were injected with L-DOPA (50 mg/kg, i.p.) in the presence of
benserazide hydrochloride (25 mg/kg, i.p.) and the number of
full contralateral turns recorded during a 2 h period. Dopamine
deafferentation was considered successful in those animals that
made at least 200 net contralateral rotations. Thereafter, animals
were housed during 3 weeks before used.

To test the effect of A»sR antagonists in the hemiparkinsonian
animal model compounds were orally administered in vehicle
(0.5% methylcellulose and 2% DMSO) 40 min before the
administration of benserazide (25 mg/kg; i.p.). Subsequently, L-
DOPA (4 mg/kg; i.p.) was delivered 20 min later and placed in
the rotametry chambers, as previously described (Hodgson et al.,
2009). The number of contralateral rotations was recorded during
a 2-h period.

LIDs and Abnormal Involuntary

Movements (AlMs) Rating
L-DOPA-induced  dyskinesias were triggered to the
hemiparkinsonian rats (see above) by twice a day administration
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of L-DOPA (4 mg/kg, ip.) plus benserazide hydrochloride
(15 mg/kg, i.p.) during 22 consecutive days. Subsequently, the
L-DOPA-induced AIMs were scored by a blinded experimenter
following a rat dyskinesia scale previously described (Winkler
et al., 2002). In brief, rats were injected with L-DOPA, placed
individually in transparent plastic cages and observed every
20 min during 220 min. Thus, three subtypes of AIMs were
monitored (i.e., axial, forelimb, and orolingual) and their
respective severity scored from 0 to 4 as previously described
(Winkler et al., 2002). Enhanced manifestations of otherwise
normal behaviors, such as rearing, sniffing, grooming, and
gnawing, were not included in the rating. Accurate AIM ratings
were subsequently performed on treatment days 1, 7, 14, and 22
during the chronic L-DOPA administration phase. We computed
integrated AIM scores for each animal and testing session using
the sum of all three AIM subtypes and expressed as the area
under the curve (AUC).

Gel Electrophoresis and Immunoblotting
Sodium dodecyl sulfate polyacrylamide gel -electrophoresis
(SDS/PAGE) was per-formed using 10% polyacrylamide gels.
Proteins were transferred to PVDF membranes using a semidry
transfer system and immunoblotted with the indicated antibody
and then HRP-conjugated rabbit antigoat (1:30,000) or goat
anti-rabbit IgG (1:30,000). The immunoreactive bands were
developed using a chemiluminescent detection kit (Pierce) and
the Amersham Imager 600 (GE Healthcare Europe GmbH,
Barcelona, Spain).

Immunohistochemistry

Rat brains were fixed and coronal sections (50-70 wm) obtained
as previously described (Taura et al., 2015). Slices were collected
in Walter’s Antifreezing solution (30% glycerol, 30% ethylene
glycol in PBS, pH 7.2) and kept at —20°C until processing.

For immunohistochemistry, previously collected slices were
washed three times in PBS, permeabilized with 0.3% Triton X-
100 in PBS for 2 h and rinsed back three times more with
wash solution (0.05% Triton X-100 in PBS). The slices were then
incubated with blocking solution (10% NDS in wash solution;
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA,
United States) for 2 h at R.T. and subsequently incubated with
rabbit anti-TH polyclonal antibody (1 pg/ml) and mouse anti-
AsAR monoclonal antibody (1 pg/ml) overnight at 4°C. After
two rinses (10 min each) with 1% NDS in wash solution, sections
were incubated for 2 h at R.T. with either Cy2-conjugated donkey
anti-rabbit (1:200) or Cy2-conjugated donkey anti-mouse (1:200)
antibodies before being washed (10 min each) two times with
1% NDS in wash solution and two more times with PBS and
mounted on slides. Fluorescence images of whole brain coronal
sections were obtained using a SteREO Lumar.V12 fluorescence
stereoscope (Carl Zeiss Microlmaging GmbH, Oberkochen,
Germany).

Statistics

The number of samples (n) in each experimental condition is
indicated in figure legends. When two experimental conditions
were compared, statistical analysis was performed using an

unpaired ¢-test. Otherwise, statistical analysis was performed by
one-way analysis of variance (ANOVA) followed by Bonferroni
post hoc test. Statistical significance was set as P < 0.05.

RESULTS

Functional Activity of PBF509 at Human

Recombinant AopR

PBF509 is a structurally novel non-xanthine and non-furan
AsAR antagonist. The affinity of PBF509 for all four human
adenosine receptors was recently reported by means of classical
radioligand competition binding assays using membrane extracts
from cells expressing AjR, AzaR, AzpR, and A3zR (Mediavilla-
Varela et al., 2017). Thus, PBF509 bound AR with high affinity
(Ki =12 £ 0.2 nM) and showed 416-, 208-, and 83-fold selectivity
over the A3R, AR, and AjgR, respectively (Mediavilla-Varela
etal., 2017).

In functional assays, PBF509 did not show any agonist efficacy
in HEK cells permanently expressing the human A, ARSNAP
(data not shown). However, PBF509 completely antagonized the
agonist-mediated cAMP accumulation in Ayp RSNAP expressing
HEK cells (Figure 1), thus showing a Kg value of 72.8 £+ 17.4 nM
(Figure 1). Interestingly, while the PBF509 Kp value was
significantly different [F(; 69y = 11.5, P < 0.005] from the one
found for a well characterized AsR antagonist (Todde et al,
2000), SCH442416 (Kp = 28.8 &= 7.2 nM; Figure 1), it was within
the same range as previously described (Mediavilla-Varela et al.,
2017). Thus, these results suggested that PBF509 was equipotent
in blocking A,z R-mediated cAMP accumulation at the moderate
nanomolar range.

Next, we aimed to characterize the functional activity of
PBF509 using a label-free technology. To this end, the whole-cell
agonist-mediated impedance responses were monitored in the
presence or absence of PBF509 using a biosensor method. Once
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FIGURE 1 | Inhibition of AoaR-mediated cAMP accumulation. Inhibition of the
CGS21680-mediated cAMP accumulation. A SCH442416 and PBF509
concentration-response inhibition curve of CGS21260-mediated cAMP was
assessed in HEK-293 cells permanently expressing the ApaRSNAP. Data are
representative of three separate experiments performed in duplicate.
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completed the optimization of the assay (see section “Materials
and Methods”), we first tested the CGS21680-mediated changes
in morphology (i.e., impedance) of ApaRSNAP expressing HEK
cells, which were recorded in real-time. Interestingly, addition
of CGS21680 resulted in an immediate and concentration-
dependent increase of impedance (Figure 2A). The ECsy found
for this CGS21680-mediated impedance change was of 127 & 74
and 61 £+ 31 nM, for measurements performed at 30 and
60 min, respectively (Figure 2B). As the potency value did
not significantly differ between the two time points measured
[F(1,21) = 1.256, P = 0.274], we assessed the ability of PBF509 to
block the CGS-induced impedance change at 30 min (Figure 2C).
Of note, while SCH442416 showed a Kg value of 0.2 4= 0.07 nM,
PBF509 displayed a Kg of 8.2 £+ 4.2 nM (Figure 2C). Thus,
the PBF509 inhibitory potency of AjaR-mediated impedance
increase was within the low nanomolar range, following the
same tendency to that displayed by SCH442416. Overall, the two
functional assays used confirmed a lower potency of PBF509
vs. SCH442416 in blocking the A;sR-mediated signaling, which
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FIGURE 2 | PBF509 blocks ApaR-mediated whole cell label-free responses.
(A) Representative example of the AppaRSVAP cells impedance signal in
response to CGS216980 (10 pM-100 pM) over the time. Cell lines were
stimulated with the AoaR selective agonist CGS21680 18 h after seeding
(10,000 cells/well) and the impedance signal recorded over 60 min as
described in materials and methods. (B) Concentration-response curves of
CGS21680 derived from the normalized cell index (NCI) shown in (A) within 30
or 60 min after agonist addition. ECsp values of CGS21680 were 127 + 74
and 61 4+ 31 nM at 30 and 60 min, respectively. (C) Inhibition of the
CGS21680-mediated impedance signal. Cell lines were pre-incubated for
60 min with increasing concentrations of SCH442416 and PBF509

(10 pM-100 pM) before stimulation with CGS21680 (500 nM).
Concentration-response curves of SCH442416 and PBF509 were derived
from ANCI within 30 min after agonist addition. Data are representative of
three separate experiments performed in duplicate.

ranged from 2.5-fold in the cAMP assay and 40-fold in the label-
free approach. Importantly, the potency values derived from the
label-free assay provided a proof-of-principle that this biosensor
technology can be applied to pharmacologically characterize
AjaR-based drugs.

PBF509 Attenuates Haloperidol-Induced
Catalepsy

Once determined the potency and intrinsic activity of PBF509
we aimed to determine the pro-dopaminergic nature of this
compound in vivo. To this end, we evaluated the ability of
PBF509 to block DR antagonist-mediated catalepsy. PBF509
dose-dependently attenuated the cataleptic effects of haloperidol
when administered 1 h after haloperidol injection (Figure 3).
Interestingly, the anticataleptic activity of PBF509 was observed
after 15 min of administration at all the doses tested (3, 10,
and 30 mg/kg) and lasted for at least 1 h post-administration
of PBF509 (Figure 3). These results are in good agreement with
the early description of anticataleptic activity of A4 R antagonists
(Kanda et al., 1994).

PBF509 Attenuates Pilocarpine-Induced

Tremulous Jaw Movements

The adenosinergic system has emerged as a potential target
for the treatment of parkinsonian symptoms, including tremor
(Schwarzschild et al., 2006). Indeed, Ao R antagonists have been
shown to be efficacious to reduce drug-induced tremor (Simola
et al., 2004). Accordingly, we aimed to test whether PBF509 was
able to reduce pilocarpine-induced tremulous jaw movements
(TJMs), an animal model of parkinsonian tremor previously
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FIGURE 3 | PBF509 reverses haloperidol-induced catalepsy. Rats were
pretreated with haloperidol (1.0 mg/kg, s.c.) and 1 h later the selected
cataleptic animals were orally administered with either vehicle or PBF509 (3,
10, and 30 mg/kg, p.o.). The time spent in a cataleptic position was
measured after 15, 30, and 60 min after PBF509 administration. The data
represent the mean time spent cataleptic + SEM over a period of 120 s
measurement (1 = 3-8 animals/group). The cataleptic behavior was calculated
and compared within groups by a two-way ANOVA followed by Bonferroni’s
post hoc test. Group differences were calculated by a non-parametric Kruskal
Wallis ANOVA followed by a Dunn’s post-test as Gaussian distribution was
missing. *P < 0.05, **P < 0.01, ***P < 0.001. The alpha-error level was set
to 0.05.
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used (Salamone et al., 2013; Gandia et al., 2015). Interestingly,
PBF509 dose-dependently attenuated pilocarpine-induced TJMs,
being effective at the lowest dose tested (0.3 mg/kg; Figure 4).
It is important to mention here that PBF509 showed similar
potency to SCH442416 in reducing TJMs (Figure 4). Thus, these
results suggested that parkinsonian rest tremor, which is relatively
resistant to dopamine-replacement therapy, might be potentially
targeted by PBF509.

Effect of PBF509 on L-DOPA-Induced

Turning Behavior

Next, we aimed to evaluate the antiparkinsonian effectiveness
of PBF509 using the unilateral 6-OHDA lesioned rat, a classic
and widespread toxin-based animal model of experimental
parkinsonism (Schwarting and Huston, 1996). To this end,
we first validated the extent of the 6-OHDA lesion in our
hemiparkinsonian animal model by monitoring the striatal
tyrosine hydroxylase (TH) density, a marker of dopaminergic
innervation. As expected, a significant reduction (~75%)
of TH density in the lesioned striatum (L) was observed
by immunoblot (Figures 5A,B) and immunohistochemistry
(Figure 5C), thus corroborating the 6-OHDA-mediated loss
of striatal dopaminergic innervation. Interestingly, when the
AyaR immunoreactivity was assessed not significant differences
(P =0.193) between the healthy (R) and the lesioned (L) striatum
were observed (Figure 5).

In the hemiparkinsonian animal model, an asymmetry
in motor behavior is produced upon administration of
dopaminergic agents (i.e., L-DOPA), a consequence of the
unilateral dopamine depletion in the nigrostriatal pathway (Duty
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FIGURE 4 | PBF509 attenuates pilocarpine-induced tremulous jaw
movements. Effect of different doses of SCH442416 and PBF509 on
pilocarpine-induced tremulous jaw movements. The number of jaw
movements were recorded during 1 h in rats orally administered with vehicle
(Veh), SCH442416 or PBF509 (0.3-7.5 mg/kg) before (20 min) pilocarpine
administration (1 mg/kg, i.p.). Values correspond to the mean + SEM of 6-7
animals for each condition and expressed as percentage of the TUMs
observed in the vehicle. TUMs were absent in animals no treated with
pilocarpine. The asterisks denote data significantly different from the vehicle
condition: *P < 0.05 and ***P < 0.001, one-way ANOVA with a Bonferroni’s
post hoc test.

FIGURE 5 | Immunoreactivity of ApaR in the striatum of 6-OHDA-lesioned
rats. (A) Immunoblot analysis of TH and ApaR density in striatal membranes
from control (R) and 6-OHDA lesioned (L) striatal hemisphere. Striatal
membranes were analyzed by SDS-PAGE and immunoblotted using a rabbit
anti-TH polyclonal antibody (1 pug/ml), a mouse anti-ApaR monoclonal
antibody (1 pg/ml) and a rabbit anti-a-actinin polyclonal antibody (1 pg/ml).
A HRP-conjugated anti-rabbit or anti-mouse IgG (1/30,000) was used as a
secondary antibody. The immunoreactive bands were visualized by
chemiluminescence. Load control used for quantitating was a-actinin.

A representative blot for three different lesioned animals is shown.

(B) Quantification of TH and AoaR density in striatal membranes from control
(R) and 6-OHDA lesioned (L) striatal hemisphere. The immunoreactive bands
corresponding to TH and AgaR in each striatal hemisphere were normalized by
a-actinin immunoreactivity. Data are expressed as percentage of the control
(R) TH or ApaR density 4+ SEM of three independent experiments. Asterisks
indicate data significantly different from the control condition: ***P < 0.0001
by Student’s t-test. NS: not statistically significant. (C) Photomicrographs
showing, by means of TH staining (upper panel), the loss of dopaminergic
innervation in the lesioned striatum (L) compared to the non-lesioned (R)
striatum, and the density of ApaR (lower panel) in 6-OHDA-lesioned rat brain
coronal slices (see section “Materials and Methods”).

and Jenner, 2011). Accordingly, pro-dopaminergic compounds
can

promote contralateral rotations of lesioned animals upon
submaximal L-DOPA dosing (4 mg/kg, for our hemiparkinsonian
rats). The administration of A, R antagonists, either SCH420814
(preladenant) or PBF509, up to 3 mg/kg, to 6-OHDA lesioned
rats did not result in asymmetric turning behavior (Figure 6).
However, both compounds dose-dependently induced a
contralateral turning behavior when administrated before the
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FIGURE 6 | PBF509-mediated potentiation of L-DOPA-induced contralateral
rotations in 6-OHDA-lesioned rats. The number of contralateral rotations in
6-OHDA-lesioned rats orally administered with vehicle (Veh) or SCH420814
and PBF509 (0.3 and 3 mg/kg) in the absence or presence of L-DOPA

(4 mg/kg) was monitored during a 2 h period. Values correspond to the
mean + SEM of 10-15 animals for each condition. The asterisks denote data
significantly different from the vehicle condition: *P < 0.05 and ***P < 0.001,
one-way ANOVA with a Bonferroni’s post hoc test.

subthreshold dose of L-DOPA (Figure 6). Overall, PBF509
was able to enhance the effects of L-DOPA with a minimum
efficacious dose (MED) of 3 mg/kg p.o., and equal in efficacy to
SCH420814 at this dose.

PBF509 Reduces L-DOPA-Induced
Dyskinesia (LID)

Chronic L-DOPA use in PD is often associated with the
development of LIDs. Accordingly, alleviating this adverse
side effect related to PD therapy constitutes a therapeutic
challenge. Interestingly, a relationship between A;sR and LIDs
has been established, thus an increased striatal A;pAR density
has been reported in experimental animal models of LID
(Zeng et al,, 2000) and in PD patients with dyskinesia (Calon
et al., 2004; Ramlackhansingh et al., 2011). Here, we aimed
to assess the potential antidyskinetic activity of PBF509. To
this end, we induced LIDs to our 6-OHDA lesioned rats by
chronic L-DOPA administration and the emergence of abnormal
involuntary movements (AIMs) over time was monitored.
Indeed, a time L-DOPA-dependent AIMs manifestation was
observed (Figure 7A). Thus, AIM severity increased during
the first 40 min post-injection and remained significantly
(P < 0.01) elevated for an additional 40 min in one-week L-
DOPA administrated animals (Figure 7A, Day 7). A follow up
of these animals over time showed that after 2 weeks of L-
DOPA administration the AIMs remained robustly (P < 0.001)
elevated during 80 min and after 3 weeks the animals
showed a longer and sustained LIDs incidence (Figure 7A).
Interestingly, the observed time-course in our LID animal model
resembled the so called peak-dose dyskinesia in PD (Fahn,
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FIGURE 7 | Effect of PBF509 in LID rats. (A) L-DOPA induced-motor side
effects (i.e., LIDs) development upon chronic (22 days) L-DOPA (4 mg/kg)
administration. AIM score was measured during a 220-min on days 1, 7, 14,
and 22 after the corresponding daily L-DOPA administration. The total AIMs
score over 200 min was quantified and expressed as area under the curve
(AUC) &+ SEM (n = 8). **P < 0.01 and ***P < 0.001 one-way ANOVA with
Dunnett’s post hoc test when compared to day 1. (B) Immunoreactivity of
AoaR in the striatum of dyskinetic rats. TH and AoaR density in striatal
membranes from control (R) and 6-OHDA lesioned (L) striatal hemisphere of
LID animals was analyzed by immunoblot and quantified as described in
Figure 4. Data are expressed as percentage of the control (R) TH or AgaR
density £ SEM of three independent experiments. Asterisks indicate data
significantly different from the control condition: ***P < 0.001, *P < 0.05 by
Student’s t-test. (C) LID attenuation in chronic (22 days) L-DOPA (4 mg/kg)
administered rats following administration of AoaR antagonists. The total AIM
score (area under the curve, AUC) obtained over 220 min following
co-administration of L-DOPA (4 mg/kg) plus vehicle (Veh), SCH420814

(8 mg/kg) and PBF509 (3 mg/kg) are presented as mean score + SEM

(n = 6). The asterisks denote data significantly different from the vehicle
condition: ***P < 0.001, one-way ANOVA with a Bonferroni’s post hoc test.
NS: not statistically significant.

2000). Subsequently, we next demonstrated that chronic L-DOPA
treatment of hemiparkinsonian rats prompted a significant
increase (15 £+ 2%, P < 0.05) of striatal A;aR density in
the lesioned hemisphere (Figure 7B), in agreement to that
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described previously. Then, under these experimental conditions,
we assessed the antidyskinetic activity of PBF509. The drug
was used at the antiparkinsonian MED (3 mg/kg, p.o0.), and it
showed an antidyskinetic efficacy similar to that observed for
SCH420814 (Figure 7C). Overall, while PBF509 showed a robust
antiparkinsonian activity it also displayed antidyskinetic efficacy.

DISCUSSION

Dopamine augmentation constitutes the first line therapy in PD.
Hence, L-DOPA or direct dopamine agonists (i.e., ropinirole,
pramipexole, apomorphine) are regular drugs for PD clinical
management (Poewe and Mahlknecht, 2009). Interestingly,
while dopamine-targeted therapies allow proper management
of PD, associated motor disturbances have considerable side
effects both after acute and chronic regimes (i.e., hallucinations,
constipation, nausea, somnolence, on-oft effects, dyskinesia)
(Eggert et al., 2008). In addition, these therapies usually display
an efficacy decline along the disease development and do
not address other disease disturbances frequently associated to
PD (i.e,, mood, postural instability, or cognitive disturbances).
Accordingly, alternative approaches modulating dopaminergic
neurotransmission in PD have emerged as potential alternatives
to manage PD therapy-associated side effects (Fox et al,
2008). Indeed, A aR blockade has been demonstrated to be
effective in both preclinical and clinical PD studies (Vallano
et al., 2011; Pinna, 2014). Interestingly, it has been proposed
that the mechanism behind the pro-dopaminergic activity of
A AR antagonists may rely in part to the existing functional
and molecular interaction (i.e., heteromerization) of A;AR and
D,R within the striatum (Ferre et al., 2004; Fernandez-Duefas
et al,, 2015). Thus, a mutual trans-inhibition between these
two receptors has been largely described (Ferre et al., 2008).
In addition to this postsynaptic site of action, striatal AssR
show also presynaptic expression on glutamatergic terminals of
the cortico-limbic-striatal and thalamo-striatal pathways forming
heteromeric complexes with adenosine Al receptors (Ciruela
et al., 2006) and driving striatal circuits controlling motor
function independently of dopaminergic signaling (Schiffmann
etal., 2007).

The initial work identifying novel A5 R antagonists focused
on purine and xanthine derivatives, principally built from
adenosine and the naturally occurring antagonist caffeine. In
parallel, further effort was set on non-xanthine furan-based
derivatives, such as triazolotriazines and triazolopyrimidines
(e.g., ZM241385, BIIB014 and SCH420814). However, regardless
of the good affinity and selectivity shown, these A4 R antagonists
have, in general, high molecular weight, thus they are complex
and difficult to synthesize. In addition, they display poor
water solubility, and their furan group precludes replacement
by empirical medicinal chemistry. Here, we characterize the
functional activity of PBF509, a new non-xanthine and non-
furan competitive antagonist with high affinity and selectivity
for the AaR (Mediavilla-Varela et al., 2017), through a highly
sensitive TR-FRET-based cAMP accumulation assay in AsR
expressing cells. Interestingly, to further characterize the its

activity we implemented a label-free xCELLigence assay based
on the real-time impedance recording of A;sR expressing
cells. Thus, upon similar physiological conditions of the
xCELLigence assay (i.e., regular cell culture growing), PBF509
displayed comparable potency in blocking the A;sR-mediated
signaling when compared to the cAMP assay. Noteworthy,
apart from revealing PBF509 antiparkinsonian efficacy, our
work led to the description of a whole-cell label-free approach
for investigating AzaR-mediated drug responses in A, A RSNAP
expressing HEK cells, which may allow cellular assays with
minimal modifications and increased sensitivity over traditional
label-based methodologies.

PBF509 was effective in reducing catalepsy induced by
haloperidol, a D,R antagonist. Interestingly, anticataleptic
properties have been classically used to predict clinical efficacy
for antiparkinsonian drugs (i.e., pramipexole) (Maj et al., 1997).
Thus, our results suggested that PBF509-induced A4 R blockade
provided a counterbalance to the loss of D,R-mediated effects
in the basal ganglia indirect pathway, as previously described
for other AjsR antagonists (Shiozaki et al., 1999). Moreover,
PBF509-mediated A;zR blockade reduced pilocarpine-induced
tremulous jaw movements and potentiated L-DOPA-induced
contralateral rotations in unilaterally 6-OHDA-lesioned rats,
which is consistent with previous findings using other AaR
antagonists (Hodgson et al., 2009). In addition, PBF509 showed
antidyskinetic efficacy in the LID animal model, which correlated
well with the increased striatal A;pAR expression. Overall, our
results support the potential usefulness of PBF509 in PD
management, including its ability to reduce dyskinesia when used
in combination with L-DOPA in PD treatment.

A number of AjsR antagonists have been proposed as
antiparkinsonian agents and tested in preclinical PD animal
models. For instance, ST-1535 (Rose et al., 2006; Tronci
et al., 2007) and related metabolites (i.e., ST3932 and ST4206)
(Stasi et al., 2015), and JNJ40255293 (Atack et al, 2014),
which are based on the purine adenosine. Also, the xanthine-
based compounds, as KW6002 (istradefylline) (LeWitt et al.,
2008) and the non-xanthine SCH58261 (Simola et al., 2004),
SCH420814 (preladenant) (Hodgson et al., 2009), and BIIB014
(vipadenant) (Gillespie et al., 2009), amongst others. However,
among the A5 R antagonists undergoing clinical trials (Vallano
et al., 2011; Pinna, 2014), only the xanthine istradefylline has
been approved for manufacturing and marketing (in Japan,
2013), thus becoming the world’s first antiparkinsonian agent
of a first-in-class A,oR antagonist. In clinical trials, Nouriast®
(istradefylline) improved wearing-off phenomena and was well
tolerated by PD patients treated with L-DOPA. On the other
hand, the non-xanthine preladenant did not prove itself to be
more effective than placebo during Phase-III trials, and was
discontinued in 2013, as it was vipadenant. Similarly, despite
the robust preclinical pharmacology and good pharmacokinetic
properties of JNJ40255293, its development was halted due to
preclinical toxicity. Here, we have described a selective non-
xanthine and non-furan A;zR antagonist with efficacy in rat
models of movement disorders and without preclinical toxicity.
Interestingly, in a double-blind, placebo-controlled, Phase-I
clinical trial (NCT01691924) of single ascending oral doses in
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32 healthy male volunteers, PBF509 showed safety, tolerability
and feasibility. Thus, the compound is currently in prospective
Phase-II clinical trials for PD.

In summary, PBF509 demonstrated remarkable potential in
experimental animal models of movement disorders, including
PD and LID, thus becoming an excellent candidate for clinical
AjaR-based treatment of PD motor symptoms. In addition, the
ability of PBF509 to alleviate non-motor symptoms associated
with PD (i.e., memory and mood impairments and sleep
disturbances) will deserve future clinical attention.
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Extracellular adenosine concentrations are regulated by a panel of membrane
transporters which, in most cases, mediate its uptake into cells. Adenosine
transporters belong to two gene families encoding Equilibrative and Concentrative
Nucleoside Transporter proteins (ENTs and CNTs, respectively). The lack of appropriate
pharmacological tools targeting every transporter subtype has introduced some bias on
the current knowledge of the role of these transporters in modulating adenosine levels.
In this regard, ENT1, for which pharmacology is relatively well-developed, has often
been identified as a major player in purinergic signaling. Nevertheless, other transporters
such as CNT2 and CNT3 can also contribute to purinergic modulation based on
their high affinity for adenosine and concentrative capacity. Moreover, both transporter
proteins have also been shown to be under purinergic regulation via P1 receptors in
different cell types, which further supports its relevance in purinergic signaling. Thus,
several transporter proteins regulate extracellular adenosine levels. Moreover, CNT and
ENT proteins are differentially expressed in tissues but also in particular cell types.
Accordingly, transporter-mediated fine tuning of adenosine levels is cell and tissue
specific. Future developments focusing on CNT pharmacology are needed to unveil
transporter subtype-specific events.

Keywords: adenosine, transporters, CNT, ENT, purinergic signaling

INTRODUCTION

Oscillation of extracellular adenosine levels is physiologically relevant because this nucleoside
is the agonist of four P1 receptors known to modulate many biological functions (Fredholm
et al., 2011; Burnstock, 2017). Indeed, adenosine concentrations in the extracellular milieu are
determined by the balance between its appearance and its removal. In most cases adenosine
appearance is the result of the sequential metabolic action of various ecto-nucleotidases on
nucleotide precursors, ATP being the first nucleotide in this cascade (Dos Santos-Rodrigues
et al,, 2014; Nguyen et al., 2015; Pastor-Anglada et al., 2018). However, in particular cell types,
there is experimental evidence supporting the possibility of adenosine also being released from
cells (Almeida et al, 2003). Extracellular adenosine disposal is similarly mediated by either
metabolism, Adenosine Deaminase (ADA) being the enzyme responsible for its conversion into
inosine, or by its uptake into cells, where it is likely to be metabolized and trapped as AMP after
being phosphorylated by Adenosine Kinase (ADK). The relative contribution of each particular
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mechanism to the oscillations of adenosine levels may be cell-
specific and dependent upon the tissue microenvironment, but
is not well-known, although some attempts to address this issue
have been done (Nguyen et al, 2015). In any case, adenosine
removal from the extracellular milieu is likely to play a major role
in regulating adenosine concentrations.

Adenosine cannot freely permeate biological membranes
and its transport across them occurs via selected adenosine
transporter proteins. Accordingly, transport processes are
key modulators of extracellular adenosine disposal. In this
contribution, we plan to provide an updated and critical view on
the particular transporter subtypes likely to mediate adenosine
transport. Evidence supporting the link between transport
processes and purinergic signaling will be also discussed.

ADENOSINE TRANSPORT
MECHANISMS

All adenosine transporters identified so far belong to the SoLute
Carrier (SLC) superfamily, in particular, to gene families SLC28
and SLC29 (Young et al,, 2013; Young, 2016; Pastor-Anglada
et al., 2018). SLC28 genes encode three transporter subtypes
known as human Concentrative Nucleoside Transporters 1, 2,
and 3 (hCNTI, hCNT2, and hCNT3). The SLC29 family has
four members, thereby resulting in four transporter subtypes,
known as human Equilibrative Nucleoside Transporters 1, 2,
3, and 4 (hENTI1, hENT2, hENT3, and hENT4). Evidence for
additional transporter subtypes, generated by mRNA splicing has
been provided for hCNT3 and hENT2, in both cases leading to
shorter proteins than their corresponding wild type transporters.
Nevertheless, in all cases these small variants appear to be
localized in intracellular compartments (Errasti-Murugarren
et al.,, 2009; Grané-Boladeras et al., 2016) and are unlikely to
play any significant role in purinergic signaling. Nevertheless,
it has been shown that hENT?2 splice variants can regulate wild
type hENT2 abundance and function at the plasma membrane
(Grané-Boladeras et al., 2016).

The type of translocation processes implicated in adenosine
transport (i.e., “concentrative” versus “equilibrative”) and the
affinity binding of adenosine to its transporter proteins are key
determinants of adenosine transport efficacy.

hCNTs are obligatory inward transporters which take
advantage of the sodium gradient to accumulate nucleosides
in the cells. Nucleosides and sodium are co-transported with
translocation stoichiometry 1:1 (hCNT1 and hCNT2) and 1:2
(hCNT3). Indeed, those CNT proteins showing the ability
to transport adenosine are excellent candidates to promote
adenosine disposal from the extracellular milieu due to their
concentrative capacity. hENTs are potentially bidirectional,
vectorial transport being determined by the nucleoside
concentration gradient across the membrane. Nevertheless,
it is probable that in some circumstances, functional coupling of
adenosine influx with its intracellular phosphorylation by ADK
enables cells to trap this nucleoside as AMP thereby building
up a transmembrane adenosine gradient which will favor
unidirectional import of adenosine. It is not known whether

adenosine release via these transporters can be explained by
some sort of ineflicient, not necessarily uncontrolled coupling
between metabolism and transport.

As introduced above, affinity is also a critical parameter
when discussing the adenosine transport capacity of each
nucleoside transporter subtype. Reported physiological
adenosine concentrations are very low, often below 1 uM
(Fenton and Dobson, 1992; Espinoza et al.,, 2011; Rose et al.,
2011; Westermeier et al, 2011), although under certain
conditions, such as hypoxia or in tumor microenvironments
where ATP levels can increase considerably, adenosine can also
accumulate above normal physiological concentrations (Blay
et al.,, 1997) reviewed in de Andrade Mello et al. (2017) and Di
Virgilio and Adinolfi (2017). As shown in Table 1, apparent Km
values for adenosine vary among transporter subtypes, although
some intrinsic variability is observed for the same transporter
subtype, probably as a result of the experimental set used to
calculate this parameter.

Adenosine transport can be determined either by influx
measurements of its radiolabeled form or, at least for CNT-
type transporters, by electrophysiological means. In order to get
accurate determinations of kinetic parameters it is important to
overexpress a particular subtype on a nucleoside-transport null
background, which indeed is very rare, although two mammalian
non-commercial cell lines lacking CNT- and ENT-related activity
had been engineered for this purpose (Mackey et al., 1998; Ward
et al., 2000). On the other hand, determination of adenosine
uptake kinetic constants of endogenous transporters is a big
challenge. In general trends, most cell lines do not retain hCNT-
related activity, because hCNT expression is highly dependent
upon cell differentiation. Moreover, kinetic determinations in
primary cells are not easy either because they co-express several
transporter subtypes showing overlapping substrate selectivity.

Nucleoside uptake by each particular nucleoside transporter
subtype cannot be determined directly. This is a limitation likely
to result in experimental variability. CNT-mediated transport is
Na-dependent, but uptake determinations in saturating sodium
concentrations (normally 120 mM NaCl) incorporate CNT-
and ENT-related transport as well a variable (often small)
residual component likely to be associated with non-specific
binding, to which even the support where the cells grow on
can contribute to. Thus, uptake measurementsin the absence of
sodium are required, being this cation often replaced by choline
(120 mM Choline Cl). CNT-type activity can be calculated
by subtracting uptake rates measured in the absence of Na
from the total uptake activity measured in a Na-containing
medium. Needless to say, uptake rates should be measured
in initial velocity conditions for proper calculation of kinetic
constants. This can be experimentally challenging, particularly
when transporters are overexpressed. Under these conditions
substrate uptake can be very fast and short uptake time points
might be needed (seconds). As mentioned above, it is not correct
to assume that endogenous ENT-type proteins are responsible
for all apparent uptake activity measured in the absence of
sodium. This means in practice that direct measurements
of ENT-related activity cannot be performed either. Thus,
ENTs must be pharmacologically inhibited to figure out their
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TABLE 1 | Affinity constants of human adenosine transporters.

Gene name Experimental model Type of assay Af. ct. (WM) Reference
protein
SLC29A1 Human Erythroleukemia K562 cells. Adenosine influx 75 Boleti et al., 1997
ENT1 Endogenous transporters. Adenosine influx 32 Celis et al., 2017
Human Umbilical Vein Endothelial Cells (HUVEC). Adenosine influx 53 Casanello et al., 2005
Endogenous transporters. Adenosine influx 59 Munoz et al., 2006
Placental microvascular endothelial cells. Endogenous 61 Salomon et al., 2012
transporters. 82 Escudero et al., 2008
Heterologous expression in PK15NTD (Nucleoside 40 Ward et al., 2000
Transporter Deficient) cells.
SLC29A2 Human Umbilical Vein Endothelial Cells (HUVEC). Adenosine influx 49 Celis et al., 2017
ENT2 Endogenous transporters. Adenosine influx 102 Murioz et al., 2006
Placental microvascular endothelial cells. Endogenous Adenosine influx 77 Salomon et al., 2012
transporters. 98 Escudero et al., 2008
Heterologous expression in PK15NTD (Nucleoside 140 Ward et al., 2000
Transporter Deficient) cells.
SLC29A3 hENT3AA, mutated to reach the plasma membrane in Adenosine influx pH 5.5 1860 Baldwin et al., 2005
ENT3 Xenopus laevis oocytes. Adenosine influx pH 5.5 1620 Rahman et al., 2017
ABBhENTS, deleted to reach the plasma membrane in 1800 Kang et al., 2010
Xenopus laevis oocytes.
SLC29A4 Expression in Xenopus laevis oocytes. Adenosine influx pH 5.5 780 Barnes et al., 2006
ENT4
SLC28A2 Expression in Xenopus laevis oocytes. Adenosine influx 8 Yao et al., 1996
CNT2 Adenosine influx 6 Che et al., 1995
Electrophysiology 18 Larrayoz et al., 2006
Electrophysiology 23 Lietal., 2001
SLC28A3 Expression in Xenopus laevis oocytes Adenosine influx 15 Ritzel et al., 2001
CNT3 Heterologous expression in yeast Electrophysiology 18 Gorraitz et al., 2010
Heterologous expression in Hela cells Adenosine influx 2.2 Damaraju et al., 2005
Adenosine influx 2.4 Errasti-Murugarren et al., 2008

Interaction of nucleoside transporters with adenosine has been addressed either by determining the influx of radiolabeled adenosine into cells or, for \CNTs, by monitoring
adenosine-induced Na™ currents in Xenopus laevis oocytes expressing a particular CNT subtype protein. Apparent affinity constants (Af. ct.) are all given in WM for a better
comparison among all NT subtypes. Endogenous transporters refer to kinetic determinations performed using cell lines which express hENT1 and hENTZ2 endogenously,
being the contribution of each subtype calculated by selectively inhibiting either hENTT alone or both hENTSs, as explained in the text. Adenosine uptake by hENT3 and
hENT4 can only be measured at acidic pH. Kinetic determinations using the intracellular transporter hENT3 can only be performed if the wild type protein is modified
in a way that sorting signals are blocked, thereby allowing the protein to reach the plasma membrane and determine function. Whether these relatively small structural
alterations can significantly impact on adenosine affinity is not known. hCNT1 is not included in the table because, as explained in the text, even though some adenosine
affinity constants have been reported, its translocation efficacy is extremely poor and we think it cannot be considered an adenosine transporter in a physiological context.

contribution to the remaining transport activity measured in
sodium-free medium. Indeed, both plasma membrane ENTs
(ENT1 and ENT2) can be simultaneously blocked by pM
concentrations of dipyridamole and dilazep, whereas ENT1 can
be selectively inhibited by nM concentrations of the nucleoside
analog NBMPR (Young et al., 2013; Young, 2016; Pastor-Anglada
et al, 2018). Accordingly, ENT1 activity corresponds to the
NBMPR-sensitive component whereas ENT2 contribution to
nucleoside uptake can be calculated by subtracting the ENT1
activity from the dipyridamole-sensitive component (ENT1 and
ENT2 working simultaneously). At this moment, the reader
can easily understand to what extent accurate measurements of
endogenous nucleoside transport activity can be challenging in
primary cells co-expressing all types of transporter proteins.

As introduced above, electrophysiology might be suitable
for accurate kinetic measurements taking advantage of the fact
that hCNT proteins are electrogenic when they translocate
nucleosides and sodium. The two-electrode voltage clamp
technique has been broadly used in transporter biology for
this purpose (Lostao et al, 2000; Larrayoz et al, 2004;
Smith et al,, 2004; Slugoski et al., 2008; Gorraitz et al., 2010).

The cRNA coding for a specific transporters is injected in
Xenopus laevis oocytes and, in normal conditions, transporter
function can be assessed after 2 days. Oocytes are clamped and
inward sodium currents triggered by the addition of a particular
hCNT substrate are recorded. Indeed, the intensity of the
applied current to compensate for the transient depolarization
associated with sodium influx, reflects transport activity. In
this particular set up, initial velocity conditions can be easily
achieved, endogenous activity is not interfering and currents may
be a more direct way of measuring hCNT transport function
than when using radiolabeled adenosine influx determinations.
However, the oocyte membrane might show physicochemical
properties different from mammalian plasma membranes.
To what extent the membrane environment of a particular
nucleoside transporter determines function and, eventually,
substrate specificity is not really well-known. In this regard, when
studying a novel polymorphic hCNT3 variant identified in our
laboratory several years ago (Errasti-Murugarren et al., 2008), we
observed that hCNT3 can indeed be found in different membrane
microdomains, hCNT3 proteins located in lipid rafts being more
active than the ones off rafts (Errasti-Murugarren et al., 2010).
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There are many experimental issues which are likely to
affect hCNT-related activity measurements and this may explain
published variability in substrate specificity (adenosine affinity
constants). Despite all these experimental issues, in general terms,
it seems that the transporter proteins showing the highest affinity
for adenosine are hCNTs, in particular, hCNT2 and hCNT3.
In our hands, apparent Km values for adenosine in HEK293
cells expressing hCNT3 are the lowest reported so far among
all nucleoside transporter proteins, 2.4 WM. Nevertheless, what
makes hCNT3 an excellent candidate to modulate extracellular
adenosine levels is the fact that it shows a huge capacity
to concentrate nucleosides inside cells, because of its unique
stoichiometry. Nevertheless, as will be discussed below, hCNT3
is not ubiquitously expressed, meaning that in some particular
cell types hCNT2 would be the one to do the job.

The role of hCNT1 in adenosine regulation requires a more
detailed explanation because there has been an argument in
the past about whether or not this protein is an adenosine
transporter. Apparent Km values for adenosine have been
calculated for rCNT1 when it was expressed in oocytes and
transport assays were performed using radiolabeled nucleosides
(Yao et al,, 1996). In this set up, an apparent Km of 26 uM
was reported and discussed to be similar to the one calculated
for uridine (37 pM) (Huang et al., 1994). Nevertheless, under
these conditions the Vmax for uridine was 300 fold higher
than the one calculated for adenosine (Yao et al, 1996).
The same laboratory reported very low, almost negligible,
substrate-induced Na-inward currents when using saturating
concentrations of adenosine (100 wM) in oocytes expressing
the human CNT1 ortholog (Smith et al, 2004). In our
hands currents were undetectable using the same experimental
approach (Larrdyoz et al., 2004). In summary, we believe hCNT1
cannot be considered an adenosine transporter protein. However,
we generated some evidence suggesting the possibility that
adenosine can instead bind to the transporter protein without
being translocated. Evidence for adenosine binding is quite
consistent. Most sodium-coupled transporters, among them
hCNTs, show some sodium leakage in the absence of the co-
substrate (a nucleoside in our case). Leakage can be similarly
measured as a current and is dependent upon membrane
potential. Adenosine was shown to block what are called pre-
steady state and steady state currents of the transporter protein
associated with sodium-leakage (Larrayoz et al., 2004). This can
be understood as the consequence of adenosine binding to the
transporter protein. The physiological relevance of this event is
not known.

Regarding ENT proteins, most available literature points to
ENT1 and ENT2 as major players in the regulation of adenosine
levels. Although apparent Km values are definitely higher (even
much higher for hENT2) than the ones reported for hCNT2
and hCNTS3, efficient coupling with adenosine phosphorylation
would contribute to generate a huge transmembrane adenosine
gradient which thermodynamically would favor influx via these
transporter proteins. As discussed below, ENT1 is by far the
most studied member within the SLC29 gene family and different
laboratories have provided consistent evidence supporting a role
for this particular subtype in adenosine signaling. ENT3 is mostly

localized in intracellular compartments (probably mitochondria
and lysosomes) but, in any case, its affinity for adenosine seems to
be low enough as to preclude any role for this transporter protein
in adenosine regulation (Baldwin et al., 2005; Kang et al., 2010;
Hsu et al., 2012; Rahman et al., 2017).

Similarly to CNT1, ENT4 also requires some detailed
explanations, because its role in adenosine signaling is still
on debate. ENT4 is evolutionarily distant from the other
three members of the family (Young et al., 2013) and, when
cloned and functionally expressed it was reported to show
poor affinity for nucleosides, whereas it could translocate
monoamine neurotransmitters such as dopamine and serotonin
(Engel et al, 2004). In fact the laboratory that generated
all this information claimed ENT4 to be renamed as PMAT,
from Plasma Membrane Amine Transporter. Interestingly,
ENT4/PMAT shows functional similarity with organic cation
transporters (OCTs), which means that this protein can act
as a polyspecific OCT as the SLC22 gene members encoding
for hOCT1, 2, and 3. Some common substrate structural
determinants between nucleoside transporters and OCTs can be
hypothesized. Indeed the three hOCT proteins can efficiently
translocate the antiviral nucleoside analog lamivudine. Moreover,
they can also interact with several other nucleoside-based
antiviral drugs such as zidovudine, abacavir, and others (Minuesa
et al, 2009). Nevertheless, none of the OCT proteins can
transport natural nucleosides. The possibility of ENT4 playing
a role in adenosine transport was raised by Barnes et al. (2006)
several years ago. These authors demonstrated that serotonin
transport via ENT4 was not pH-dependent, whereas adenosine
transport was. Apparent Km values for adenosine at acidic pH
(5.5) were in the high micromolar range but still were considered
to be compatible with ENT4 being an adenosine transporter
protein in physiological conditions associated with acidosis.

In summary, we have briefly dissected and discussed the
basic biochemical principles and events governing adenosine
transport into cells, by highlighting which are the best
transporter candidates to regulate extracellular adenosine levels,
and therefore, adenosine-mediated purinergic signaling.

ADENOSINE TRANSPORTERS AND
PURINERGIC SIGNALING

Once the plasma membrane transporters likely to be implicated
in the regulation of adenosine levels have been identified, we will
discuss what is the physiological evidence supporting a functional
link between a particular transporter subtype and purinergic
regulation.

Several experimental approaches have been used in this
regard. NT transporter pharmacology is still poorly developed
and no subtype-specific inhibitors are available for CNT proteins,
although this is not the case for ENTs. Indeed, high-affinity
inhibition of ENT1 by NMBPR has proven very helpful. In fact,
the determination of NMBPR-specific binding sites has been
used by different authors to quantify ENT1 expression at the
plasma membrane, even long before ENT1 was identified at the
molecular level (Pickard et al., 1973; Dahlig-Harley et al., 1981;

Frontiers in Pharmacology | www.frontiersin.org

June 2018 | Volume 9 | Article 627


https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Pastor-Anglada and Pérez-Torras

Adenosine Transporters

Marangos et al., 1982). Besides the pharmacological approach,
functional genomics is also available for ENTI, since Choi
colleagues reported the first NT-subtype knock out mouse model
(Choi et al., 2004; Oliveros et al., 2017). Probably because of
these circumstances, we can say that ENT1 is the most studied
transporter among the two families (SLC28 and SLC29), with
plenty of literature showing a link between ENT1 function and
purinergic regulation. Another experimental approach suitable
for the analysis of adenosine transporters as players in the
purinome, comes from the evidence that selected NT subtypes
(including ENT1) are under purinergic control. This means that
their function is regulated by P1 (but probably also by P2)
type receptors. In the classical set up of purinome function one
would envisage NT proteins being stimulated by adenosine acting
on PI receptors, thereby promoting extracellular adenosine
removal and ending the purinergic signaling. Moreover, changes
in the expression of particular NT subtypes in physiological
and pathophysiological conditions known to be associated with
increased adenosine levels, further support the role particular NT
proteins might play in purinergic regulation.

ENT Proteins

ENT1 expression in the rat and human brain has been mapped
by different means (i.e, NBMPR binding, mRNA in situ
hybridization and others). ENT1 shows broad cellular and
regional distribution and its role in adenosine signaling is
relatively well-understood (Parkinson et al., 2011). Adenosine is
known to be neuroprotective in various pathological conditions
such as stroke (Cunha, 2016). This is the reason why physiological
mechanisms governing adenosine extracellular levels have been
comprehensively studied. A probable dual role of ENT proteins
either as influx or efflux transporters has been reported
in the CNS. Indeed, rat cortical neurons when cultured
alone are able to release adenosine after N-methyl-D-aspartate
(NMDA) stimulation, whereas the NMDA-triggered increase
in extracellular adenosine concentration appears to be related
to nucleotide degradation when neurons are co-cultured with
astrocytes (Zamzow et al, 2008). In rat hippocampal slices
it has been shown that ATP is able to promote adenosine
release via ENT-type proteins, which in turn might activate A2A
receptors (Almeida et al., 2003). Subsequently, A2A activation
might promote adenosine uptake, as shown in hippocampal
synaptosomes (Pinto-Duarte et al,, 2005). In fact, adenosine
uptake via ENT-type transporters appears to reduce extracellular
adenosine levels in hypoxia which suggests that ENT proteins
and probably ENT1 in particular might be suitable targets for the
treatment of cerebral ischemia (Zhang et al., 2011). Interestingly,
adenosine in the brain has also been related to addictive
behaviors, among them alcohol addiction. It has been known
for a long time that ethanol increases extracellular adenosine
by inhibiting in a somehow selective manner ENT1 function
(Nagy et al., 1990). Nevertheless the most conclusive evidence
supporting this pharmacological effect comes from functional
genomics. The ENT1 knock out mouse model shows reduced
acute responses to ethanol intake and increased addiction to
alcohol (Choi et al., 2004). This animal model has also been useful
in the understanding of ENT1-related adenosine signaling in

other organs. In fact, ENT1-null mice show increased adenosine
plasma levels and are cardioprotected (Rose et al, 2010,
2011). Similarly, ENT1 appears to be implicated in adenosine-
related protection in the liver during ischemia and reperfusion
(Zimmerman et al., 2013).

Moreover, adenosine contributes to chronic kidney disease,
particularly in diabetes. Increased adenosine signaling via
A2B receptors has been reported to be involved in diabetic
glomerulopathy (Cardenas et al., 2013), and increased adenosine
levels in insulin-deficient states have been associated with down-
regulation of ENT2 transport function in podocytes (Alarcon
et al,, 2017). In a complementary manner, in proximal tubule
cells, decreased ENT1 function has also been related to fibrosis in
diabetic nephropathy (Kretschmar et al., 2016). In fact, ENT1 null
mouse shows a spontaneous tendency to develop renal fibrosis
whereas ENTI silencing in human kidney epithelial (HK) cells
results in the promotion of epithelial-to-mesenchymal transition
(EMT) (Guillén-Goémez et al., 2012). Promotion of EMT in
HK?2 cells can be mimicked by TFG-B1, whereas adenosine itself
mediates TFG-B1 release from glomeruli of diabetic rats via A2B
receptor activation (Roa et al., 2009).

The involvement of ENT proteins in the regulation
of adenosine tone endothelium has been
comprehensively studied using Human Umbilical Vein
Endothelial Cells (HUVECs) and Placenta Microvascular
Endothelial Cells (PMECs) as experimental models (review in
Sobrevia et al., 2011; Pardo et al., 2013). As in other cell types,
it has been shown that control of extracellular adenosine levels
via P1 receptors also involves hENT modulation, in particular
the hENT1 and hENT2 subtypes (Escudero et al., 2008; Pardo
et al., 2013). In some cases, opposite effects on each transporter
protein have been reported, thereby suggesting either some sort
of physiological compensation or an hENT-subtype specific
effect impacting on the ability of removing from the extracellular
milieu not only adenosine but also some of its catabolites. hENT2
is indeed a suitable hypoxanthine transporter. Interestingly, we
have recently shown that hENT1 and hENT?2 can form oligomers
hENTI1-hENT1, hENT2-hENT?2, but also hENTI1-hENT?2, with
multiple functional consequences (Grané-Boladeras et al., 2002).

Overall, it is within this framework that the pharmacological
use of ENT inhibitors such as dipyridamole and dilazep can be
understood (Figueredo et al.,, 1999). Nevertheless, at least for
cardioprotection, it has recently been argued that ENT4 could
become a better target than ENT1, because of the more restricted
tissue expression pattern of the former ENT subtype (Yang and
Leung, 2015). As discussed above, ENT4 was shown to be a
suitable cardiac adenosine transporter at acidic pH (Barnes et al.,
2006). Then, the idea these authors discuss is that most cell types
may rely upon ENT1 for nucleoside salvage purposes, thereby
making any ENT1-targeting drug more likely to present adverse
effects than newly developed molecules targeting ENT4.

CNT Proteins

As discussed above, hCNT2 and hCNT3 should be, by far,
the best candidates for efficient removal of adenosine from
the extracellular milieu. This statement is based upon their
apparent high affinity for adenosine and for its concentrative

in vascular
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capacity which is even 10 fold higher for hCNT3 than hCNT2.
Nevertheless, hCNT pharmacology is very poor, even though
some hCNT subtype specific inhibitors have been recently
proposed (Kumar Deokar et al, 2017). In this regard the
structural modeling of human CNT subtypes (Arimany-Nardi
etal., 2017; Kumar Deokar et al., 2017; Latek, 2017; Mulinta et al,,
2017) based upon the crystal structure of the Vibrio cholerae CNT
ortholog (Johnson et al., 2012) might be particularly useful for
future specific inhibitor design. This has been a major bottleneck
to study the probable impact of acute CNT pharmacological
inhibition on adenosine signaling. Nevertheless there is solid
experimental evidence showing that CNT2 and CNT3 are under
purinergic regulation, which suggests they contribute, as ENTs, to
modulate extracellular adenosine levels and P1 signaling.

In liver parenchymal cells CNT2 is expressed at the basolateral
(sinusoidal) and apical (canalicular) plasma membranes (Duflot
etal., 2002; Govindarajan et al., 2008). In rat primary hepatocytes
and hepatocarcinoma FAO cells the activity of this transporter
protein is under purinergic regulation via Al receptors (Duflot
et al,, 2004). This effect is relatively rapid (peaking between
5 and 10 min after agonist addition) and consistent with
increased transport capacity (Vmax effect). Interestingly the
magnitude of the effect (transport fold-induction) is dependent
upon glucose concentration, being lower at high glucose (10 vs.
5 mM glucose). Indeed, CNT2 up-regulation could be blocked
by inhibitors of KATP channels and mimicked by openers,
which establishes a putative link between energy metabolism
and purinergic regulation of CNT2. All the protein machinery
likely to be implicated in this phenomenon, this is the KATP
channel subunits Kir6.1, Kir6.2, SUR2A, SUR2B, as well as the
transporter itself and Al receptors were shown to co-localize in
FAO cells. The physiological impact of the reduction of adenosine
removal capacity triggered by high-glucose is not clear, although
decreased hENT1 function and expression have been reported
in HUVEC from diabetic patients and shown to be mimicked
by high glucose in the culture medium (Sobrevia et al., 2011).
It is interesting to keep in mind that extracellular adenosine has
been reported to be able to modulate the AMP-dependent kinase
AMPK, by a mechanism which depends on transporter function,
also involving CNT2 in some cell types (Aymerich et al., 2006).
Overall, CNT2 appears to be a suitable candidate to modulate
purinergic signaling in hepatocytes, particularly considering that
hCNT1 is not an adenosine transporter and hCNT3 expression
in hepatocytes appears to be negligible. Interestingly, CNT2
function has recently been identified in primary rat bile duct
epithelial cells where it is similarly found in both plasma
membrane domains, apical and basolateral of cholangiocytes
(Godoy et al., 2014). Luminal ATP, via P2Y receptors, down-
regulates apical (lumen-facing) CNT2 activity by a Ca™™-
dependent mechanism. Cholangiocytes also express CNT3 and
its apical function is similarly down-regulated by nucleotides,
such as ATP. However, A2A agonists (i.e., adenosine), acting
from the luminal side, specifically activate apical CNT3, without
modifying CNT2 function. CNT3 activation is consistent with
transporter trafficking from intracellular vesicles to the plasma
membrane. In practice this means that CNT2 and probably to
more extent CNT3 are contributing to end up the purinergic

regulation of bile flow by removing adenosine from the bile
canaliculus. It makes sense that the adenosine precursor ATP
reduces adenosine removal capacity by inhibiting both CNT2 and
CNT3, whereas the differential regulation of both transporters
by adenosine acting on A2A receptors may reflect basal (CNT2
and CNT3) and adenosine-induced (CNT3) capacity for its own
removal.

CNT?2, in parallel with ENT1, has also been mapped in the
adult rat brain by in situ hybridization (Guillén-Gémez et al,
2004). Indeed, CNT2 is broadly distributed in the CNS with
significant overlapping with ENT1. More recently, others have
identified the CNT2 protein in plasma and vesicle membranes
isolated from rat striatum (Melani et al., 2012). The possibility
of CNT2 also playing a role in adenosine signaling in the brain
is also supported by the evidence that its activity can be up-
regulated by P1 receptor activation in differentiated neural PC12
cells (most probably Al and A2A) (Medina-Pulido et al., 2013).
CNT?2 activation is relatively rapid, as in hepatocytes, peaking
15 min after P1 agonist addition. Interestingly, caffeine has been
reported to inhibit CNT2 function with an apparent Ki value of
103 M (Lang et al., 2004). Although this concentration might
significantly exceed the one found in blood after coffee ingestion,
it could still be relevant in heavy coffee drinkers (Nehlig and
Debry, 1994). Taking together these observations suggest ENT1
may not be the only player regulating adenosine signaling in
the brain, which in fact is consistent with the relatively mild
phenotype of the ENT1 null mice.

Last, but not least, several physiological and
pathophysiological observations also support a role for hCNT2
and hCNT3 as proteins relevant to purinergic signaling. The
three hCNT genes are expressed in the nephron and accurate
anatomic analysis of their distribution along it reveals a
longitudinal pattern of expression consistent with nucleoside
renal tubule reabsorption but also with adenosine-mediated
tubulo-glomerular feedback regulation (Schnermann, 2015).
Indeed, the three transporter proteins are expressed in the
proximal convoluted tubule (PCT), where most nutrient
reabsorption (glucose, amino acids) take place, but only the two
adenosine transporters (CNT2 and CNT3), not CNT1, are also
expressed in very specific distal segments of the nephron, the
cortical collecting duct (CCD) (CNT3) and the outer medullary
collecting duct (OMCD) (CNT2). This anatomical distribution
is more consistent with adenosine signaling than with nucleoside
reabsorption. Distribution of CNTs along the gastrointestinal
tract (Pastor-Anglada et al, 2018) also points to this dual
role of adenosine transporters. In fact, the CNT2 encoding
gene (SLC28A2) is, by far, the one which is down-regulated
the most (sevenfold) in inflamed ileon mucosa from Crohn’s
patients (Pérez-Torras et al., 2016). Even though the impact
of inflammation is broad and down-regulates a broad cohort
of genes, those associated with the purinome (transporters,
receptors, and ectonucleotidases) are greatly affected.

In the rat brain, CNT2 is also down-regulated in situations
known to be associated with increased adenosine concentrations.
CNT2 mRNA levels are decreased in cortical samples from
sleep-deprived rats, whereas ENT1 mRNA is not affected at
all under the same circumstances (Guillén-Gomez et al., 2004).
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CNT2-related mRNA tends to recover when animals are allowed
to sleep. On the other hand, experimental ischemia in vivo,
induced in rats by intraluminal middle cerebral arterial occlusion,
also regulates nucleoside transporter encoding genes (Medina-
Pulido et al., 2013). In this study, transcripts of both ENTs (ENT1
and ENT2) and the three CNT members were quantified in the
ipsilateral cortex (infarcted) and compared to the contralateral
cortex as its own control. Indeed, the mRNA levels of hENT1,
hCNT?2, but also hCNT3 (poorly studied in the brain), the
three transporters more likely to modulate adenosine tone, were
decreased in the infarcted tissue with no changes observed for
hCNT1 and hENT?2.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Nucleoside transport by each particular nucleoside protein
subtype cannot be measured directly, thereby resulting in some
experimental variability likely to impact on the determination
of adenosine affinity constants. Despite this limitation, we can
conclude that adenosine transport mechanisms across the plasma
membrane are well-understood with the only exception of ENT4,
for which a clear role in the regulation of adenosine tone in
some tissues (i.e., heart) still awaits clarification. Nevertheless,
in general trends, who is who in adenosine transport is well-
known.

Less clear is how each transporter subtype contributes
to modulate adenosine levels, an issue of particular interest
considering most cells show some apparent redundancy in
the expression of adenosine transporters. ENT1 is by far the
most studied adenosine transporter. This may be explained,
as discussed above, not necessarily because of its ubiquitous
expression, but because pharmacological tools and functional
genomics have provided better chances to study it than for the
other adenosine transporters. Nevertheless, the contribution of
the other subtypes, particularly CNTs (CNT2 and CNT3) should
not be ruled out and deserves further investigation.
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Caffeine and Selective Adenosine
Receptor Antagonists as New
Therapeutic Tools for the
Motivational Symptoms of
Depression

Laura Lépez-Cruz't, John D. Salamone? and Merceé Correa’2*

" Area de Psicobiologia, Universitat Jaume |, Castellén de la Plana, Spain, 2 Behavioral Neuroscience Division, University of
Connecticut, Storrs, CT, United States

Major depressive disorder is one of the most common and debilitating psychiatric
disorders. Some of the motivational symptoms of depression, such anergia (lack of
self-reported energy) and fatigue are relatively resistant to traditional treatments such as
serotonin uptake inhibitors. Thus, new pharmacological targets are being investigated.
Epidemiological data suggest that caffeine consumption can have an impact on aspects
of depressive symptomatology. Caffeine is a non-selective adenosine antagonist for
A+1/Aop receptors, and has been demonstrated to modulate behavior in classical
animal models of depression. Moreover, selective adenosine receptor antagonists are
being assessed for their antidepressant effects in animal studies. This review focuses
on how caffeine and selective adenosine antagonists can improve different aspects
of depression in humans, as well as in animal models. The effects on motivational
symptoms of depression such as anergia, fatigue, and psychomotor slowing receive
particular attention. Thus, the ability of adenosine receptor antagonists to reverse
the anergia induced by dopamine antagonism or depletion is of special interest. In
conclusion, although further studies are needed, it appears that caffeine and selective
adenosine receptor antagonists could be therapeutic agents for the treatment of
motivational dysfunction in depression.

Keywords: adenosine receptors, dopamine, caffeine, antidepressants, anergia, fatigue, anxiety

MAJOR DEPRESSION DISORDER: SYMPTOMATOLOGY AND
CURRENT TREATMENT

Major depression disorder (MDD) is one of the most debilitating disorders in the world, and
the most commonly diagnosed according to the World Health Organization. The Diagnostic and
Statistical Manual in its last edition (DMS-5) defines this disorder as a set of symptoms including:
depressed mood, decreased interest or pleasure in almost all activities nearly every day, appetite
changes (changes in body weight), sleep disturbances, feelings of worthlessness or guilt, diminished
ability to concentrate or indecisiveness, psychomotor agitation or retardation and fatigue or loss of
energy (American Psychiatric Association, 2013).
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Although depression is typically defined as an affective
disorder, it also appears that some symptoms such as
psychomotor retardation, fatigue, and loss of energy are
related to deficits in motivation, specifically in activational
aspects of motivation. Motivated behavior is directed toward
or away from particular stimuli, but it also is characterized by a
high degree of activity, effort, vigor, and persistence (Salamone
and Correa, 2002, 2012). People with depression commonly
show profound activational impairments, such as lassitude,
listlessness, fatigue, and anergia (low self-reported energy) that
affect their motivation (Tylee et al., 1999; Stahl, 2002). In fact,
among depressed people, energy loss and fatigue are the second
most commonly reported symptoms, only behind depressed
mood itself (Tylee et al., 1999), and depressed patients with
anergia are more common than patients with anxiety related
symptoms (Tylee et al., 1999; Drysdale et al., 2017). Furthermore,
in depressed patients “lack of energy” was the factor that
correlated to problems with fatigability, inability to work, and
psychomotor retardation, loading most strongly onto a second
order general depression factor (Gullion and Rush, 1998). Many
people with MDD have fundamental deficits in reward seeking,
exertion of effort, and effort-related decision making that do
not simply depend upon any problems that they may have with
experiencing pleasure (Treadway et al., 2009). Lack of energy
is the symptom most highly correlated with a lack of social
function in depressed patients, and is correlated with various
work-related impairments such as days in bed, days of lost work,
and low work productivity (Swindle et al., 2001). In addition,
this cluster of symptoms can be highly resistant to treatment
(Stahl, 2002); they are the best predictors of lack of remission
after antidepressant drug treatment (Stahl, 2002; Gorwood et al,,
2014).

PHARMACOLOGICAL TREATMENTS
FOR THE ACTIVATIONAL SYMPTOMS IN
DEPRESSION

The severity of effort-related motivational symptoms in
depression is related to problems with social function,
employment absence, and treatment outcomes (Tylee et al,
1999; Stahl, 2002). Patients with high scores in psychomotor
retardation also have longer duration of illness, an earlier
age of onset, and more depressive episodes (Calugi et al., 2011;
Gorwood et al,, 2014). These symptoms are a predictor of delayed
response to treatment with either interpersonal psychotherapy or
selective serotonin (5-HT) reuptake inhibitor pharmacotherapy
(Frank et al., 2011), often remaining as residual symptoms even
in patients in remission (Stahl, 2002; Fava et al., 2014; Gorwood
etal., 2014).

Most of the present treatment strategies for MDD focus on
drugs that block the inactivation (i.e., inhibitors of enzymatic
breakdown or uptake) of the monoamine neurotransmitters
5-HT and norepinephrine (NE). The classical antidepressants
include monoamine oxidase inhibitors (MAOQIs), which affect
one of the major catabolic enzymes for monoamines (Quitkin
et al, 1979), and drugs that inhibit uptake of one or more

monoamines (Feighner, 1999; Yildiz et al., 2002). Although 5-
HT and NE reuptake inhibitors have become the most frequently
prescribed medications for MDD, they fail to complete symptom
remission in 40-60% of all patients (Rush and Trivedi, 1995;
Fava et al, 2014), and it is widely accepted that at least
20% of all depressed patients do not respond adequately to
most antidepressant drugs (Crown et al., 2002). Many common
antidepressants, including 5-HT transport inhibitors such as
fluoxetine, are relatively ineffective at treating anergia and fatigue,
and in fact, can induce or exacerbate these symptoms (Padala
etal., 2012; Stenman and Lilja, 2013; Fava et al., 2014).

Interestingly, some clinical studies suggest that drugs that
inhibit dopamine (DA) transport, such as the catecholamine
uptake inhibitor bupropion, are relatively more effective than
5-HT uptake inhibitors for treating effort-related motivational
symptoms (Rampello et al,, 1991; Stahl, 2002; Demyttenaere
et al., 2005; Pae et al., 2007). Furthermore, individual differences
in behavioral traits can differentiate between depressed patients
that are more responsive to bupropion (i.e., motivated,
achievement-oriented, active, exercise-oriented people) vs.
fluoxetine (people with mood problems, irritability, and
rumination) (Bell et al., 2013). Stimulant drugs that are not
considered to be antidepressants in the classical sense, such as
methylphenidate and modafinil, have been shown to increase
energy and motivation in depressed patients (Zisook et al., 2006).
Thus, clinical studies, together with preclinical investigations
(e.g., Salamone et al., 2006, 2007; Salamone and Correa, 2012;
Argyropoulos and Nutt, 2013; Heath et al., 2015), have led to the
suggestion that DA systems and related circuits are particularly
involved in effort-related motivational symptoms.

ADENOSINE RECEPTORS
CO-LOCALIZATION WITH DA
RECEPTORS

In addition, another possible therapeutic target for the anergia
component of depression is adenosine receptors. Adenosine is a
neuromodulator in the central nervous system (CNS) that plays
an important role in the regulation of synaptic transmission
and neuronal excitability (Cunha, 2001; Sebastido and Ribeiro,
2009). Several subtypes of adenosine receptors are expressed in
the brain, with A; and A;s G-protein-coupled receptors being
the most abundant (Jacobson and Gao, 2006; Fredholm et al,,
2011). Ay receptors are expressed at high levels in the striatum
and olfactory bulbs and tubercle (Fredholm et al., 2011), but also
in areas such as amygdala, hippocampus or prefrontal cortex
(Cunha et al., 1994; Pandolfo et al., 2013; Simdes et al., 2016).
Adenosine Aj receptors have a higher widespread distribution in
the brain, with a somewhat higher concentration in hippocampus
(Schwarzschild et al., 2006). All these regions are involved in the
regulation of complex processes such as cognition, motivation,
and emotion (Hauber and Sommer, 2009; Salamone and Correa,
2012) that seem to be altered in MDD.

The spatial distribution of adenosine receptors within
the brain (Fredholm et al., 2011) allows a wide range
of effects, including modulation of other neurotransmitter
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systems (Cunha, 2001). Thus, adenosine Ajj receptors are
highly expressed postsynaptically in DA rich areas such as
neostriatum and accumbens (Acb) (Johansson and Fredholm,
1995; Johansson et al.,, 1997; DeMet and Chicz-DeMet, 2002;
Rebola et al., 2005). In fact, it has been demonstrated that
in these areas, there is a functional interaction between DA
D, and adenosine Ajj receptors (see Figure 1), which are
co-localized on enkephalin-containing medium spiny neurons
and converge onto the same signal transduction pathways in
an antagonistic way (Ferré et al., 1997, 2008; Fuxe et al., 2003;
Ferré, 2008; Beggiato et al., 2014). Similarly, A; and Dy receptors
antagonistically interact on substance P-containing medium
spiny neurons (Ferré et al., 1997, 2008).

The behavioral significance of this interaction has frequently
been studied in the context of neostriatal motor functions and
pathologies (Ferré et al., 1997; Correa et al., 2004; Collins et al.,
2010). Thus, selective Aa receptor antagonists are being tested
in clinical trials for pathologies involving DAergic dysfunctions
such as Parkinson disease, and positive results indicate that they
can be used as adjuvant therapies (Hung and Schwarzschild,
2014). Caffeine actions on A; and A, adenosine receptors
(Ferré, 2008), has promoted its study as an alternative preventive
or therapeutic tool for parkinsonian symptoms (Prediger, 2010).
Moreover, within the last years, the motivational significance
of DA-adenosine receptor interactions has become apparent
with regard to processes such as behavioral activation, and
effort-related decision-making impaired in depression or other
pathologies (Salamone et al., 2006; Salamone and Correa,
2009).

In the present review, we focus on studies that assessed the
effect of adenosine antagonists on different aspects of depression

FIGURE 1 | Impact of caffeine on the functional interaction between
adenosine and DA receptors. A1R and AoaR, adenosine A1 and Aga
receptors; D1, DA type 1 receptor; Do, DA type 2 receptor (adapted from
Ferré, 2008).

in humans, as well as in animal models. Special emphasis will
be placed on motivational/psychomotor symptoms induced by
DA depletions and studies related to DA-adenosine interactions
in pathological symptoms related to effort-related decision-
making.

CAFFEINE CONSUMPTION AND
DEPRESSION

Caffeine is a naturally occurring methylxanthine that acts mainly
as a non-selective A; and Aja adenosine receptor antagonist
(Fredholm etal., 1999). This methylxanthine is found in common
beverages including coffee, tea, soft drinks, and products
containing cocoa, as well as a variety of medications and dietary
sources (Barone and Roberts, 1996; Wikoff et al., 2017), ranking
as one of the most commonly consumed dietary ingredients
throughout the world (Heckman et al., 2010). Daily intake of
caffeine among consumers in United States is about 280 mg,
and higher intakes are estimated in some European countries
(Barone and Roberts, 1996). Caffeine is typically consumed in
order to increase alertness, arousal and energy (Malinauskas
et al., 2007). Its consumption has been related to changes in
cognitive performance and mood in normal population (Smith,
2013; Pasman et al., 2017). However, it enhances performance
more in fatigued than well-rested subjects (Lorist et al., 1994;
Childs and de Wit, 2008).

There are very few studies on the relation between caffeine
consumption and depression-related symptoms, and in many
cases, its use is related to self-medication patterns. Some
of these studies focus on the role of caffeine as a drug that
prevents depression, while others discuss caffeine as a possible
treatment for existing depression. Thus, secondary analyses
of large epidemiological databases with similar number of
men and women indicate that in non-clinical samples that
do not work, consumption of caffeine (around 150 mg/day
as average) was associated with a reduced risk of depression
(Smith, 2009). Also, in a longitudinal study in women free
from depressive symptoms at baseline, high levels of caffeine
consumption (>550 mg/day) was negatively correlated with
the appearance of depressive symptoms (Lucas et al., 2011).
In fact, the relative risk for depression was highest for those
women with lower caffeine consumption (<100 mg/day)
(Lucas et al, 2011). However, in women with multiple
sclerosis high doses of caffeine (>400 mg/day) increased
the prevalence of MDD (Patten et al, 2000). Moreover,
in non-clinical samples, although caffeine consumption at
moderate doses was related with decreases in suicide risk
(Kawachi et al., 1996; Tanskanen et al., 2000; Lucas et al,,
2014), excessive consumption (750 mg/day) was correlated
with a higher risk of suicide (Kawachi et al., 1996; Tanskanen,
1997; Lucas et al, 2014). Thus, from the present studies,
it seems that intermediate levels of caffeine consumption
(300-550 mg/day) produce beneficial effects in non-clinical
populations, but not in people with some neurological
pathologies. Higher doses will have negative effects, even in
non-clinical populations.
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Multiple reports have lent support to the idea that depressed
people could use caffeine as self-medication. It has been reported
that psychiatric patients show a relatively high degree of caffeine
consumption compared to the normal population (Greden et al.,
1978; Leibenluft et al., 1993; Rihs et al., 1996). This appears to
be particularly true in patients that have experienced depressive
symptoms (Leibenluft et al., 1993). Different profiles of patients
(i.e., with alcohol dependence, seasonal affective disorder, and
people with MDD) have been shown to have higher levels of
caffeine consumption after experiencing depressive symptoms (as
shown by the Hamilton Rating Scale for depression) (Hamilton,
1967; Leibenluft et al, 1993). Specially, among youth with
depression, there generally is higher caffeine consumption that
in the general population (Whalen et al, 2008). Moreover,
the degree of caffeine consumption seems to be a predictor
of improvement of somatic symptoms (fatigue among them),
and hostility in depressed patients medicated with fluoxetine
(Worthington et al., 1996), suggesting that caffeine could be an
effective co-treatment for some of the symptoms of depression.
However, it is important to note that, at high doses or in people
with susceptibility, caffeine is also known to increase anxiety and
insomnia (for a review Temple et al., 2017), two side effects that
can contribute to worsen MDD. At high doses, however, it has
been demonstrated that caffeine may not act as an adenosine
receptor antagonist, and other underlying mechanisms seem
responsible of its negative effects (for a recent review Fredholm
etal., 2017).

IMPACT OF CAFFEINE ON
ENERGY/FATIGABILITY AND
BEHAVIORAL ACTIVATION IN HUMANS

A wide range of studies demonstrate that caffeine can increase
alertness and subjective energy, and also reduce fatigue (Johnson
et al, 1990b, 1991; Yu et al, 1991; Smith et al, 1992,
1997; Lieberman, 2001), thus acting as an ergogenic substance.
Caffeine has been demonstrated to increase feelings of efficiency,
self-confidence, motivation to work (Fredholm et al., 1999), and
to improve psychomotor performance (Rees et al., 1999). The
behavioral effects of caffeine can be influenced by the baseline
arousal levels and also by the nature of the task requirements.
It has been argued that the most evident effects of caffeine
on fatigue would be expected in situations of low arousal or
high fatigue, or in tasks placing high demands on controlled
processing (Bachrach, 1966; Lieberman et al., 1987). In fact,
beneficial effects of caffeine have been observed in people in low
states of alertness, such as after benzodiazepines administration
(Johnson et al., 1990b), sleep loss (Childs and de Wit, 2008; Paech
et al., 2016), when the person has a cold (Smith et al., 1997), or
when the experiment is done in the early morning (Smith et al.,
1992). In addition, a broad range of studies have reported effects
of caffeine withdrawal on different markers of motivation using
descriptors such as fatigue, decreased energy or vigor, lethargy,
amotivation for work, etc. (for a review see Juliano and Griffiths,
2004). For example, in controlled studies, after 10 days of
high levels of caffeine consumption (1,250 mg/day), withdrawal

results in increased subjective ratings of headache, sleepiness,
laziness, and fatigue, as well as decreased alertness, activation
and vigor (Juliano et al., 2012). Abstinence from intermediate
doses in daily coffee and cola consumers (579 mg/day), increased
ratings of drowsy/sleepy, fatigue/tired, lazy/sluggy/slow-moving,
decreased ratings of active/energetic/excited and motivation to
work, and impaired performance on psychomotor tasks (Liguori
and Hughes, 1997). Even at low quantities (100 mg/day, in
a controlled study), caffeine withdrawal increased ratings of
lethargy, fatigue, tiredness, and sluggishness, and decreased
ratings of energy, motivation and urge to work (Griffiths et al.,
1990).

EFFECT OF CAFFEINE AND ADENOSINE
ANTAGONISTS ON CLASSIC ANIMAL
MODELS OF DEPRESSION

Preclinical studies have been trying to elucidate the effect of
caffeine and selective adenosine antagonists on classical animal
models of depression (El Yacoubi et al, 2001). Two of the
classic tests for the assessment of antidepressant properties of
different substances in rodents are the forced swim test (FST)
and the tail suspension test (TST). In the FST animals develop
an immobile posture in an inescapable cylinder filled with
water (Porsolt et al., 1977; Petit-Demouliere et al., 2005). The
TST is based on the observation that a mouse suspended by
the tail shows alternating periods of agitation and immobility
(Steru et al., 1985). Classical antidepressants reduce immobility
time in these paradigms, which have become the gold standard
to evaluate antidepressant effects of multiple drugs or to
show depressive symptoms induced by behavioral manipulations
(Armario and Nadal, 2013). In this regard, learned helplessness
has been considered as one of the causes for developing
depression in vulnerable individuals that suffer stressful life
events. This phenomenon is reproducible in animal models in
which the depressive-like state is induced either by chronic
uncontrollable and unpredictable stressors (CUS), typically
electrical foot-shock (Overmier and Seligman, 1967), but also
by chronic mild stress (CMS) induced by irregular exposure
to a combination of different types of stressors over a period
of weeks (Willner, 2005). In addition, animals that develop
learned helplessness show a disruption in escape performance
as well as decreases in weight gain, increased immobility in the
FST or TST, and reduced locomotion, all symptoms associated
to some degree with depression (Seligman, 1972). After the
administration of substances with antidepressant properties,
animals exposed to CUS or CMS display escape-directed
behaviors, reducing time of immobility (Porsolt et al., 1977; Steru
et al., 1985).

All these tests and manipulations have been used to study
the therapeutic properties of caffeine and selective adenosine
antagonists or genetic deletion of adenosine receptors in rodents.
In one of the seminal papers, Porsolt et al. (1977) demonstrated
that an acute dose of caffeine reduced immobility time in the
FST in Sprague-Dawley rats. In later studies, this effect has
been confirmed using other strains of rats and mice, after
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acute or repeated administration of a broad range of doses
(3.0-30.0 mg/kg) and using diverse animal tests (FST, TST)
(Kulkarni and Mehta, 1985; Kaster et al., 2004, 2015; Robles-
Molina et al., 2012; Kale and Addepalli, 2014; Minor and Hanff,
2015; Szopa et al., 2016). In accordance with the effects of caffeine,
adenosine A5 receptor antagonists have also been effective
in these tests. Thus, SCH58261 and istradefylline (KW6002)
reduced total immobility time in both the TST and the FST in
mice (El Yacoubi et al., 2001). SCH58261 also reduced immobility
time in a selectively bred ‘helpless’ mice strain in the TST (EI
Yacoubi et al., 2001). Moreover, Aya receptor knockout (A;4 KO)
mice showed reductions in immobility time compared to wild
type (WT) animals in both tests (El Yacoubi et al., 2001).

Using the learned helplessness model for inducing depressive
symptoms, it has been demonstrated that acute doses as well
as chronic administration of caffeine can reduce the impact
of CUS (Woodson et al., 1998; Hunter et al., 2003; Minor
et al., 2008; Pechlivanova et al., 2012; Kaster et al., 2015).
Thus, pharmacological or genetic blockade of A5 receptors not
only prevented but also reversed CUS-induced behavioral and
physiological signs of depression such as decreased weight gain,
increased corticosterone levels, escape behavior impairments
in a shuttle box, increased immobility time in the FST and
TST, increased anxiety, and decreased locomotion and spatial
reference memory (Kaster et al, 2015). However, caffeine
only reverted the deficits of reference memory but did not
reverse mood-related alterations (Machado et al., 2017) in
mice genetically selected to display ‘depressive’-like symptoms
(El Yacoubi et al., 2003). Consistent with these findings, mice
that received the selective A5 receptor antagonist istradefylline,
as well as the constitutive A4 KO mice, were protected from
the CUS-induced behavioral impairments in the FST, TST, and
memory tests (Kaster et al., 2004), suggesting a key role for Aya
receptors in acute and chronic stress-induced depressive effects.

Based on these results some researchers have focused on
adenosine receptor antagonists, including caffeine, as tools to
reverse behavioral impairments induced by pharmacological
manipulations of the adenosine system (Kulkarni and Mehta,
1985; Minor et al., 1994a, 2008; Woodson et al., 1998; Hunter
etal., 2003; Pechlivanova et al., 2012). Thus, high doses of acutely
administered adenosine (50.0-100.0 mg/kg, intraperitoneally IP)
(Kulkarni and Mehta, 1985), or its analoge 1-chloroadenosine
(2.0 mg/kg, IP) induce immobility in the FST in mice, and
caffeine as well as theophylline (8.0 mg/kg, IP), reversed this effect
(Kulkarni and Mehta, 1985). Theophylline, is a psychoactive
methylxanthine found in tea and other substances, and is also
a metabolite of caffeine that acts as a non-selective adenosine
antagonist for Aj;/A,s receptors as well (Gu et al, 1992).
Increases of adenosine in the central nervous system have been
also associated with escape deficits in the inescapable shock
paradigm (Kulkarni and Mehta, 1985; Minor et al, 1994b;
Woodson et al., 1998; Minor and Hanff, 2015). Thus, it has been
demonstrated that intraventricular (ICV) administration of NBTI
[S-(4-nitrobenzyl)-6-theoinosine], an equilibrative nucleoside
transporter (ENT) blocker that increases extracellular adenosine
levels blocking its reuptake (see Figure 2), impaired escape
latency in rats (Jacobson et al., 1992; Noji et al., 2004) at the

FIGURE 2 | Adenosine synthesis and metabolism. ADA, adenosine
deaminase; AK, adenosine kinase; A1R and AoaR, adenosine A4 and Agp
receptors; cNT, cytosolic endo-nucleotidase; ENT, equilibrative nucleoside
transporter; Ecto5’Ntase (CD73), 5'-ectonucleotidase; NTPDase, nucleoside
triphosphate dephosphorylase (adapted from Ruby et al., 2011).

same level that rats preexposed to 100 inescapable tail shocks,
and potentiates escape impairments produced by 50 inescapable
tail shocks (Minor et al., 2008). Moreover, ICV administration
of erytrho-9(2-hydroxy/3/nonyl adenine (ENHA), a selective
adenosine deaminase (ADA) inhibitor which blocks adenosine
metabolism, mimicked the effect of inescapable shock (Woodson
et al, 1998). This manipulation increases the concentration
of extracellular adenosine by blocking the major degradation
pathway. Low doses of caffeine reversed escape deficits induced
by EHNA (Woodson et al., 1998). The reversal effects of caffeine
appear to be specific to actions on adenosine receptors, and not
as a general stimulant psychomotor effect, since amphetamine
exacerbated the behavioral impairments induced by inescapable
shocks (Minor et al., 1994a). In addition, caffeine reversed the
escape deficit produced by a bilateral injection of glutamate into
the prefrontal cortex of rats (Hunter et al., 2003). This escape
deficit induced by glutamate in the prefrontal cortex has been
also associated with enhanced adenosine (Petty et al., 1985), since
increases in glutamate are counterbalanced by an increase in
adenosine production and release (Deckert and Gleiter, 1994;
Kerkhofs et al., 2018).

Caffeine has also been used to enhance the effect of
monoaminergic antidepressants (especially 5-HT/NE uptake
inhibitors) that are being used in clinical practice, and have
been demonstrated to reduce immobility in classical animal tests
of depression. Thus, caffeine at low doses that do not have an
effect on their own can potentiate the effects of desipramine,
imipramine, duloxetine, fluoxetine and paroxetine, in animals
tested on the FST (Robles-Molina et al., 2012; Kale and Addepalli,
2014; Szopa et al, 2016). In addition, a low dose of caffeine
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can also improve the effect of bupropion (a DA/NE uptake
inhibitor), potentiating extracellular levels of DA and NE (Kale
and Addepalli, 2014).

IMPACT OF ADENOSINE ANTAGONISTS
ON BEHAVIORAL ACTIVATION:
PRECLINICAL STUDIES

Tasks measuring behavioral activation and effort-based functions
have been suggested as potential animal models for the
motivational symptoms of depression (Salamone, 2007; Markou
et al., 2013; Salamone et al., 2016). Thus in the animal literature,
as in the human data, there are studies showing how caffeine
and selective adenosine antagonists affect the willingness to work
depending on the demands of the task. In operant tasks with
different work demands, caffeine and theophylline produced
rate-dependent effects on lever pressing to obtain palatable
food in rats (Randall et al., 2011). Moderate doses of caffeine
and theophylline (5.0-20.0 mg/kg) increased responding on
the low task with low response demands; a fixed interval
240 s (FI-240 s) schedule. However, higher doses (10-40 mg/kg)
decreased responding on a fixed ratio 20 (FR20), schedule that
typically generates high rates of responding (Randall et al,
2011). Az receptor antagonists increased lever pressing in the
low effort-demanding task (FI-240 s) but did not suppress
the high effort task (FR20) in the dose range tested. In
fact, there was a tendency for istradefylline to increase FR20
responding at a moderate dose. A; antagonists failed to increase
lever-pressing rate, but decreased FR20 responding at higher
doses. These results suggest that the work potentiating effects of
methylxanthines are mediated by their actions on adenosine Aza
receptors, while their A; receptor antagonistic action could be
mediating the suppressant effects.

Progressive ratio (PR) schedules, which require gradually
increasing work output, have been also employed to explore the
effect of caffeine on motivation to work for sucrose or food in
rats and monkeys (Buffalo et al., 1993; Brianna Sheppard et al,,
2012; Retzbach et al., 2014). Acutely and chronically moderate
doses of caffeine (5-25 mg/kg) elevated PR lever pressing for
sucrose (Brianna Sheppard et al., 2012; Retzbach et al., 2014).
Caffeine had no effect on inactive lever presses suggesting that
this increase was not due to an increase in general motor activity
(Retzbach et al., 2014). Recently, our laboratory has demonstrated
that caffeine has differential effects on PR performance depending
on baseline individual differences (SanMiguel et al, 2018).
Caffeine (5.0-10.0 mg/kg) increased responding for a solution
containing sucrose in low baseline responders, but decreased
lever pressing (10.0-20.0 mg/kg) in high responders (SanMiguel
et al, 2018). However, in rhesus monkeys intravenous (IV)
caffeine (10.0 mg/kg) decreased percent of task completed, and
breakpoint in a PR for palatable food (Buffalo et al., 1993),
possibly because this dose directly administered in the blood
stream resulted in higher levels in the brain.

Thus, from studies in rats and monkeys it seems that high
doses of caffeine have an impairing effect on performance in tasks
that evaluate willingness to work for a reinforcer if performance is

already high. Methylxanthines can help to increase work output
when the requirement of the task is low. However, selective Aya
receptor antagonists seem to be beneficial independently of the
baseline performance, as demonstrated also in goals directed
tasks (Li et al., 2016).

EFFORT BASED DECISION-MAKING
DEFICITS INDUCED BY INTERFERENCE
WITH DA FUNCTION: POTENTIAL
THERAPEUTIC ROLE OF ADENOSINE
ANTAGONISTS

Activational aspects of motivation (i.e., vigor, persistence, work
output) are highly adaptative because they enable organisms to
overcome obstacles or work-related response costs that separate
them from significant stimuli (Salamone and Correa, 2002, 2012;
van den Bos et al, 2006). An important feature of adaptive
behavior, in the face of work-related challenges, is effort-related
decision making. Regularly, organisms must make cost/benefit
analyses in which they weigh the value of a stimulus relative to
the cost of obtaining it (Salamone et al., 2007, 2016). People with
MDD show impairments in estimation, anticipation, and recall
of reinforcing stimuli (Pizzagalli, 2014), and also show a reduced
likelihood of selecting high effort activities in human tasks of
effort-related decision making (Treadway et al., 2012; Yang et al.,
2014).

Extensive animal data have demonstrated that Acb DA is a key
mediator of effort-based decision-making processes (for a review
see Salamone et al.,, 2016). Interference with DA transmission
biases behavior toward less valued rewards that involve less
effort and less activity. In these preclinical studies addressing
the effort-related decision-making process, animals are given
a choice between a more valued reinforcer that can only be
obtained by engaging in a more demanding (higher effort)
activity vs. a low effort/low value option. One such procedure is
a T-maze task that provides an effort-related challenge by having
a vertical barrier in the arm with the higher reward density (HD)
vs. an arm that contains a lower density of reward (LD) and has
no barrier (Salamone et al., 1994; Cousins and Salamone, 1996;
Cousins et al.,, 1996; Mott et al., 2009; Pardo et al., 2012). In
this procedure, rodents choose to climb the barrier to get more
reward in 90% of the trials, once they have been trained (Cousins
and Salamone, 1996; Pardo et al., 2012). In operant tasks animals
are given a choice between lever pressing for the more preferred
reward (in FR5 or PR schedules) vs. approaching and consuming
a less preferred reinforcer that is concurrently freely available in
the chamber (Salamone et al., 1991; Randall et al., 2012; Pardo
et al., 2015). When tested on the concurrent FR5/free reward
choice task, rats typically spend most time pressing the lever for
the preferred reward and less consuming freely available food
or fluids (Salamone et al., 1991; Pardo et al., 2015). In contrast,
rats tested on the PR/chow choice task show more individual
variability, and tend to disengage more readily from the PR lever
pressing component because of the increasing work requirement
(Randall et al., 2012, 2014). Research with these concurrent
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choice tasks has shown that interference with DA transmission
via DA depletions or DA receptor antagonism typically biases
rodents toward the low effort-low reward option (Salamone et al.,
1991; Salamone and Correa, 2009; Worden et al., 2009; Pardo
et al., 2012; Randall et al., 2012, 2014; Yohn et al., 2015).

Using these effort related choice procedures, it has been
demonstrated that the catecholamine depleting agent and
vesicular transport inhibitor (VMAT-2) tetrabenazine (TBZ),
reduces selection of high effort alternatives, but animals
compensate by increasing the amount of free less preferred
reinforcer consumed (Nunes et al., 2013; Randall et al.,, 2014;
Pardo et al, 2015; Yohn et al, 2015, 2017). TBZ depletes
monoamines, with its greatest impact being upon striatal DA
(Pettibone et al., 1984; Tanra et al., 1995; Nunes et al., 2013).
TBZ is used as a therapeutic drug to treat Huntington’s disease
patients, and it induces symptoms of depression in humans,
including fatigue (Frank, 2010; Guay, 2010; Rodrigues et al.,
2017). TBZ has also been used in the FST and TST rodent models
of depression (Kent et al., 1986; Wang et al., 2010). Although
the effort-related effects of TBZ are attenuated by the DA uptake
blocker bupropion (Nunes et al., 2013; Randall et al., 2014; Yohn
et al., 2015) which is been used as an antidepressant, other
classical drugs for the treatment of depression such as the 5-HT
uptake inhibitors fluoxetine and citalopram, and the NE uptake
inhibitor desipramine, failed to reverse the effects of TBZ, and
higher doses even led to further behavioral impairments (Yohn
etal, 2015, 2016b,c).

In addition to DA, adenosine also is involved in these
effort related decision-making processes (Farrar et al., 2007,
2010; Hauber and Sommer, 2009; Mott et al., 2009; Salamone
and Correa, 2009). Microinjections of adenosine A5 receptor
agonists into the Acb produced effects on instrumental behavior
and effort-related choice that resembled those produced by Acb
DA receptor antagonism or depletion (Font et al., 2008; Mingote
et al., 2008). In addition, considerable evidence indicates that DA
D, and adenosine A, receptors interact to regulate effort-related
functions (Salamone and Correa, 2009, 2012). Thus, adenosine
A, 4 receptor antagonists were able to reverse the shift in choice
toward a low effort alternative induced by administration of the
D, antagonists haloperidol and eticlopride (Farrar et al., 2007,
2010; Mott et al., 2009; Salamone et al., 2009; Worden et al., 2009;
Pardo et al.,, 2012, 2013). Moreover, A;o KO mice were resistant
to the effects of haloperidol on performance of the T-maze barrier
task (Pardo et al, 2012). Recently, it has been demonstrated
that A;a KO mice are also resistant to the anergia inducing
effects of D, antagonism in a paradigm in which animals can
choose between exercising on a much preferred running wheel
or sedentary consuming sweet food (Correa et al., 2016). In
contrast, adenosine A; antagonists were ineffective at reversing
the effort-related effects of either the D; receptor antagonist
ecopipam or the D; receptor antagonist eticlopride (Salamone
and Correa, 2009; Nunes et al., 2010; Pardo et al., 2012).

The therapeutic effect of caffeine and theophylline on
effort-related choice behavior after the administration of D,
antagonists has also been reported in rats tested on the
concurrent FR5/chow feeding choice task. Caffeine partially
attenuated the effects of haloperidol, increasing the lever pressing

and decreasing the free chow intake in haloperidol-treated rats
(Salamone et al.,, 2009) and the same pattern of results were
observed in a more recent study in which caffeine reversed the
anergia-like effect induced by TBZ in an adapted version of the
T-maze task with RW (Correa et al., 2016) increasing the time
running (effortful option) and decreasing the time spent eating
free available sweet pellets (sedentary option) (Lopez-Cruz et al.,
2018). This behavioral effect was supported by changes in an
intracellular marker of DA neurotransmission [phosphorylated
form of DARPP-32; pDARPP-32(Thr34)] in the striatum (Lopez-
Cruz et al, 2018). Similarly, theophylline reversed the effects
induced by this D, antagonist in mice tested in the T-maze
barrier task (Pardo et al., 2012). Furthermore, several papers have
reported that the adenosine Ay, receptor antagonist MSX-3 can
reverse the effort-related effects of TBZ across multiple tasks
(Nunes et al., 2013; Randall et al.,, 2014; Yohn et al., 2015).
All these findings suggest that the reversal effects induced by
methylxanthines on anergia induced by DA D; and D, receptor
antagonism could be mediated mainly by A4 receptors.

Mental fatigue associated with high attentional demands
can also be overcome by the use of psychostimulants such as
amphetamine or caffeine (Silber et al., 2006; Peeling and Dawson,
2007). For instance, caffeine restores memory performance in
sleep-deprived or aged humans, a finding replicated in rodent
animal models (Cunha and Agostinho, 2010). In cost/benefit
decision-making tasks involving the evaluation of the costs
related to high attention-demands, rats can choose between
engaging in hard trials (difficult visuospatial discrimination)
leading to more reward versus easy trials leading to less
reward (Cocker et al., 2012). Under basal conditions, animals
chose high effort/high reward trials more than low-effort/low
reward trials. However, there are substantial baseline differences.
Amphetamine increases the selection of high effort/high reward
trials in animals that usually do not choose this option, but
it decreases the selection of the high cognitive demand trials
in animals that usually choose them. A high dose of caffeine
decreased choice of high effort/high reward trials in animals that
usually choose them as did amphetamine, but it did not increase
the selection in the ones that usually did not choose them (Cocker
etal., 2012).

Aopn RECEPTOR ANTAGONISTS HAVE
THERAPEUTIC ACTIONS ON
CYTOKINE-INDUCED FATIGUE

Cytokines are signaling molecules for the immune system
mediating physiological responses to infection (Dantzer, 2001).
These molecules also mediate a set of behavioral signs that
include depressed activity and loss of interest or motivation (Kent
et al., 1992). Compared to the general population, depressed
patients have elevated levels of proinflammatory cytokines such
as tumor necrosis factor alpha (TN-alpha) interleukin-1f (IL-1p),
and IL-6 (Dowlati et al., 2010; Hiles et al., 2012). Fatigue, loss
of energy and psychomotor slowing are reported to occurred
in patients receiving treatment with IFN-a or with high levels
of IL-6 (Miller et al., 2009; Goldsmith et al., 2016b). Moreover,
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many inflammatory stimuli have been found to target reductions
in ventral striatal neural function, and decreased synthesis of
striatal DA, which is possibly related to symptoms of reduced
motivation and motor retardation (Felger and Treadway, 2017).
Studies with IL-6 indicate that this cytokine is responsive to stress,
and is implicated in the production of depression-like effects in
mice, including actions on traditional tests such as the FST, TST,
and social interaction tests (Sukoff Rizzo et al., 2012). In anergia
related studies, IL-6 and IL-1p reduced the tendency to work
for food when an alternative food source (concurrently available
chow) could be obtained through minimal effort (Nunes et al.,
2014; Yohn et al., 2016a).

Brain cytokine signaling involves adenosine signaling at
adenosine Ajp receptors (Hanff et al., 2010). These receptors
regulate IL-18 and LPS linked to pathological behavioral and
physiological responses such as anxiety (Chiu et al., 2014) or
neuroinflammation (Brothers et al., 2010; Simdes et al., 2012).
Adenosine A, receptor signaling provides inhibitory feedback
on proinflammatory cytokine signaling in peripheral immune
cells (Sitkovsky and Ohta, 2005). Thus, the effects of IL-6
and IL-1B were attenuated through co-administration of the
adenosine Ay, receptor antagonist MSX-3, as well as the major
stimulant methylphenidate, which blocks catecholamine uptake
(Nunes et al., 2014; Yohn et al., 2016¢). Though previous work
has shown that MSX-3 had no effect of FR5/chow-feeding choice
performance when administered on its own (Farrar et al., 2007),
MSX-3 produced a very robust reversal of the behavioral effects
of IL-6 and IL-1B, restoring the baseline behavioral pattern of
responding (i.e., increasing lever pressing and decreasing chow
consumption) to a normal level (Nunes et al., 2014; Yohn
et al.,, 2016¢). These results highlight the therapeutic potential
of adenosine A4 receptor antagonism for pathologies related to
neuroinflammation (Simoes et al., 2012; Cunha, 2016).

ANERGIA AND FATIGUE INFLUENCE
DECISION-MAKING IN HUMANS WITH
DEPRESSION

Translational studies in humans have implemented tasks that
evaluate the decision-making process in normal as well as
psychiatric patients. The effort expenditure for rewards task
(EEfRT; Treadway et al., 2009), is based on the operant lever
pressing choice tasks described above (Salamone et al., 1991).
In the human version of this task, subjects choose on each
trial between a high cost/high reward option (HC/HR) and low
cost/low reward option (LC/LR) to obtain different monetary
rewards. The HC/HR trials required 100 button presses with the
non-dominant pinky finger within 21 s, and subjects were eligible
to win higher amounts that varied per trial between $1.24-4.30.
In contrast, the LC/LR option only required 30 button presses
with the dominant index finger during 7 s, and subjects could win
$1.00 for each successfully completed trial.

Patients with MDD were significantly less likely to make
HC/HR choices relative to controls, and this result was not
related with depression-related differences in psychomotor speed
(Treadway et al., 2012). The effect of caffeine on this task

in depressed patients has not been explored, but it was
assessed in normal subjects. Thus, in the normal population,
caffeine (200 mg), significantly increased the speed of responses
compared to placebo (Wardle et al., 2012). However, caffeine did
not have an effect on percentage of HC/HR choices (Wardle et al.,
2012). In fact, it decreased effortful choices in high cardiovascular
responders (subjects with high arterial pressure in response to
caffeine) (Wardle et al., 2012). These results contrast with studies
showing that, during exercise, caffeine decreases the perception
of effort in humans (Doherty and Smith, 2005), improving
performance particularly for endurance testing (Doherty and
Smith, 2004). Thus, caffeine may only improve performance in
highly demanding situations.

CONCLUSION AND FURTHER
DIRECTIONS

Although many available treatments for MDD provide relief for
individuals with depressed mood, no single therapeutic modality
provides a full and permanent recovery across all the symptoms
of MDD in the majority of patients (McClintock et al., 2011).
Clinicians have come to emphasize the importance of taking
into account effort-related motivational symptoms in depression
(Tylee et al, 1999; Stahl, 2002; Demyttenaere et al., 2005;
Salamone et al., 2016). Decreased psychomotor speed, referred
to clinically as psychomotor retardation, fatigue and anergia
are cardinal symptoms of MDD that have been associated with
poor antidepressant treatment response (Goldsmith et al., 2016a).
Even among patients in remission, anergia and psychomotor
retardation are pervasive symptoms (Gorwood et al., 2014). Thus,
novel pharmacological targets are being investigated in clinical
and preclinical studies.

There are promising results shown in epidemiological studies
as well as in animal models, about the impact of caffeine and
selective adenosine receptor antagonists on these symptoms. Is
worth noting that the epidemiological studies have revealed a
relation between caffeine consumption and decreased risk for
developing depression (Lucas et al., 2011), and some reports
demonstrate the use of caffeine as a self-medication among
depressed patients (Leibenluft et al., 1993). However, it seems
clear that more controlled studies are needed to explore the effect
of caffeine across a wide variety of depressive symptoms, and it
seems necessary to test more selective drugs for A4 receptors.

Systematic studies of the effects of methylxanthines on
animal models of depression and anergia have shown efficacy at
improving parameters related with initiation and maintenance
of behavior in order to escape an aversive situation, but also in
order to pursue valued reinforcers and achieve goals (Kulkarni
and Mehta, 1985; Woodson et al., 1998; Hunter et al., 2003; Minor
et al., 2008; Randall et al., 2011; Pechlivanova et al., 2012). As
with the human data, these therapeutic actions depend upon the
dose administered, since high doses of caffeine and theophylline
not only do not improve depressive symptoms, but can in fact
promote anxiety (Correa and Font, 2008; Loépez-Cruz et al,
2014). Moreover, it is important to take into consideration that
the use of high doses of caffeine and other methylxanthiness,
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specially, among the elder, could also have severe side effects such
as tachycardia, gastric discomfort, or insomnia (Frozi etal., 2018).
All these side effects could in fact worse the symptoms of MDD.
Both in humans and in animal studies, the therapeutic actions of
methylxanthines also seem to be dependent on the basal estate;
for instance they seem to be effective when subjects are in a state
or fatigue, tiredness or sleepiness (Johnson et al., 1990a; Smith
etal., 1992; Childs and de Wit, 2008), or when the DArgic system
is compromised. Such effects are less evident when humans and
rodents are under “normal” conditions.

Several A, selective receptor antagonists have also shown to
reverse motivational impairments induced by DA antagonism or
depletion in animal models of anergia (Farrar et al., 2007; Mott
et al., 2009; Salamone et al., 2009; Pardo et al., 2012; Correa et al.,
2016). Furthermore, a recent report indicates that istradefylline
can improve fatigue-related symptoms in Parkinson’s disease
patients (Abe et al., 2016; Sako et al, 2017). Adenosine Aja
receptors might be involved in these processes through their
interaction with DA D, receptors in the Acb, region highly
involved in the activational component of motivation (for a
review see Salamone and Correa, 2012).

Consistent with these findings, it has been demonstrated that
the rank order of clinical effectiveness in depressed patients
with psychomotor retardation, paralleled the specificity of
antidepressants as DA-mimetic agents (Rampello et al., 1991).
Antidepressants such as bupropion have demonstrated to have
therapeutical effects on motivational symptoms in humans (Pae
et al, 2007) and in animal models or anergia (Nunes et al,
2013; Randall et al., 2014; Yohn et al., 2015). In animal studies,
caffeine was shown to improve the effects of antidepressants
such as bupropion, duloxetine, and desipramine (Robles-Molina
et al., 2012; Kale and Addepalli, 2014; Kale and Addepalli, 2015;
Szopa et al.,, 2016). These studies have led to the suggestion
that caffeine could be used as an enhancer of antidepressant
pharmacotherapy (for a review see Kale et al., 2010), a suggestion
that is consistent with the clinical trials for antiparkinsonian

REFERENCES

Abe, K., Fujita, M., and Yoshikawa, H. (2016). Effectiveness of istradefylline for
fatigue and quality of life in Parkinson’s disease patients’ and of their caregivers.
APD 5, 24-28. doi: 10.4236/apd.2016.52004

American Psychiatric Association (2013). Diagnostic and Statistical Manual of
Mental Disorders, 5th Edn. Washington, DC: American Psychiatric Association.
doi: 10.1176/appi.books.9780890425596

Argyropoulos, S. V., and Nutt, D. J. (2013). Anhedonia revisited: is there a role
for dopamine-targeting drugs for depression? J. Psychopharmacol. 27, 869-877.
doi: 10.1177/0269881113494104

Armario, A., and Nadal, R. (2013). Individual differences and the characterization
of animal models of psychopathology: a strong challenge and a good
opportunity. Front. Pharmacol. 4:137. doi: 10.3389/fphar.2013.00137

Bachrach, H. (1966). Note on the psychological effects of caffeine. Psychol. Rep.
18:86. doi: 10.2466/pr0.1966.18.1.86

Barone, J. J., and Roberts, H. R. (1996). Caffeine consumption. Food Chem. Toxicol.
34, 119-129. doi: 10.1016/0278-6915(95)00093-3

Beggiato, S., Antonelli, T., Tomasini, M. C., Borelli, A. C., Agnati, L. F,
Tanganelli, S., et al. (2014). Adenosine A2A-D2 receptor-receptor interactions
in putative heteromers in the regulation of the striato-pallidal gaba pathway:
possible relevance for Parkinson’s disease and its treatment. Curr. Protein Pept.
Sci. 15, 673-680. doi: 10.2174/1389203715666140901103205

effects showing that As receptor antagonists can be a good
adjuvant in the treatment of motor symptoms (Hung and
Schwarzschild, 2014).

However, determination of the predominant symptomatology
is key to therapeutic success. Recent neuroimage data from
patients with depression indicate that they can be clustered
based on four different connectivity profiles (‘biotypes’) that
are associated with differences in clinical symptoms (Drysdale
et al., 2017). Thus, reduced connectivity in anterior cingulate
and orbitofrontal areas supporting motivation was most severe
in biotypes 1 and 2, which were characterized partly by increased
anergia and fatigue (Drysdale et al., 2017). This type of objective
diagnostic can help to identify different type of patients that
could benefit from different type of antidepressant therapies. For
instance, in patients affected by anxious depression a selective
inhibitor of 5-HT reuptake appears to be more effective than
a selective inhibitor of DA reuptake (Rampello et al., 1995),
and caffeine in those type of depressed patients may worsen
the anxiety symptomatology. However, adenosine A5 receptor
antagonism may offer an alternative therapeutic strategy for
treating effort-related motivational dysfunctions in humans,
probably with lower abuse liability and fewer major stimulant
motor effects compared to DA uptake inhibitors.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This research was supported by a grant from MEC (PSI2015-
68497-R), ME- FPU (AP2010-3793) Spain, and from NIH/NIMH
(RO3MH094966-01A1), United States.

Bell, D. S., Shipman, W. M., Cleves, M. A., and Siegelman, J. (2013). Which
drug for which patient? Is there a fluoxetine responding versus a bupropion
responding personality profile? Clin. Pract. Epidemiol. Ment. Health 9, 142-147.
doi: 10.2174/1745017901309010142

Brianna Sheppard, A., Gross, S. C., Pavelka, S. A., Hall, M. J., and Palmatier,
M. 1. (2012). Caffeine increases the motivation to obtain non-drug reinforcers
in rats. Drug Alcohol Depend. 124, 216-222. doi: 10.1016/j.drugalcdep.2012.
01.008

Brothers, H. M., Marchalant, Y., and Wenk, G. L. (2010). Caffeine attenuates
lipopolysaccharide-induced neuroinflammation. Neurosci. Lett. 480, 97-100.
doi: 10.1016/j.neulet.2010.06.013

Buffalo, E. A, Gillam, M. P., Allen, R. R., and Paule, M. G. (1993). Acute effects of
caffeine on several operant behaviors in rhesus monkeys. Pharmacol. Biochem.
Behav. 46, 733-737. doi: 10.1016/0091-3057(93)90570-]

Calugi, S., Cassano, G. B,, Litta, A., Rucci, P., Benvenuti, A., Miniati, M., et al.
(2011). Does psychomotor retardation define a clinically relevant phenotype
of unipolar depression? J. Affect. Disord. 129, 296-300. doi: 10.1016/j.jad.2010.
08.004

Childs, E., and de Wit, H. (2008). Enhanced mood and psychomotor performance
by a caffeine-containing energy capsule in fatigued individuals. Exp. Clin.
Psychopharmacol. 16, 13-21. doi: 10.1037/1064-1297.16.1.13

Chiu, G. S., Darmody, P. T., Walsh, J. P, Moon, M. L., Kwakwa, K. A., Bray,
J. K., et al. (2014). Adenosine through the A5 adenosine receptor increases

Frontiers in Pharmacology | www.frontiersin.org

June 2018 | Volume 9 | Article 526


https://doi.org/10.4236/apd.2016.52004
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1177/0269881113494104
https://doi.org/10.3389/fphar.2013.00137
https://doi.org/10.2466/pr0.1966.18.1.86
https://doi.org/10.1016/0278-6915(95)00093-3
https://doi.org/10.2174/1389203715666140901103205
https://doi.org/10.2174/1745017901309010142
https://doi.org/10.1016/j.drugalcdep.2012.01.008
https://doi.org/10.1016/j.drugalcdep.2012.01.008
https://doi.org/10.1016/j.neulet.2010.06.013
https://doi.org/10.1016/0091-3057(93)90570-J
https://doi.org/10.1016/j.jad.2010.08.004
https://doi.org/10.1016/j.jad.2010.08.004
https://doi.org/10.1037/1064-1297.16.1.13
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lopez-Cruz et al.

Adenosine Receptors, Motivation and Depression

IL-1B in the brain contributing to anxiety. Brain Behav. Immun. 41, 218-231.
doi: 10.1016/.bbi.2014.05.018

Cocker, P. J., Hosking, J. G., Benoit, J., and Winstanley, C. A. (2012). Sensitivity to
cognitive effort mediates psychostimulant effects on a novel rodent cost/benefit
decision-making task. Neuropsychopharmacology 37, 1825-1837. doi: 10.1038/
npp.2012.30

Collins, L. E., Galtieri, D. J., Collins, P., Jones, S. K., Port, R. G., Paul, N. E,, et al.
(2010). Interactions between adenosine and dopamine receptor antagonists
with different selectivity profiles: effects on locomotor activity. Behav. Brain Res.
211, 148-155. doi: 10.1016/j.bbr.2010.03.003

Correa, M., and Font, L. (2008). Is there a major role for adenosine A receptors
in anxiety? Front. Biosci. 13, 4058-4070.

Correa, M., Pardo, M., Bayarri, P., Lopez-Cruz, L., San Miguel, N., Valverde, O.,
et al. (2016). Choosing voluntary exercise over sucrose consumption depends
upon dopamine transmission: effects of haloperidol in wild type and adenosine
A2AKO mice. Psychopharmacology 233, 393-404. doi: 10.1007/s00213-015-
4127-3

Correa, M., Wisniecki, A., Betz, A., Dobson, D. R., O’Neill, M. F., O’Neill, M. J.,
et al. (2004). The adenosine A4 antagonist KF17837 reverses the locomotor
suppression and tremulous jaw movements induced by haloperidol in rats:
possible relevance to parkinsonism. Behav. Brain Res. 148, 47-54. doi: 10.1016/
S0166-4328(03)00178-5

Cousins, M. S., Atherton, A., Turner, L., and Salamone, J. D. (1996). Nucleus
accumbens dopamine depletions alter relative response allocation in a T-maze
cost/benefit task. Behav. Brain Res. 74, 189-197. doi: 10.1016/0166-4328(95)
00151-4

Cousins, M. S., and Salamone, J. D. (1996). Skilled motor deficits in rats induced
by ventrolateral striatal dopamine depletions: behavioral and pharmacological
characterization. Brain Res. 732, 186-194. doi: 10.1016/0006-8993(96)00519-7

Crown, W. H., Finkelstein, S., Berndt, E. R, Ling, D., Poret, A. W., Rush, A.]., et al.
(2002). The impact of treatment-resistant depression on health care utilization
and costs. J. Clin. Psychiatry 63, 963-971. doi: 10.4088/JCP.v63n1102

Cunha, R. A. (2001). Adenosine as a neuromodulator and as a homeostatic
regulator in the nervous system: different roles, different sources and different
receptors. Neurochem. Int. 38, 107-125. doi: 10.1016/S0197-0186(00)00034- 6

Cunha, R. A. (2016). How does adenosine control neuronal dysfunction and
neurodegeneration? J. Neurochem. 139, 1019-1055. doi: 10.1111/jnc.13724

Cunha, R. A, and Agostinho, P. M. (2010). Chronic caffeine consumption
prevents memory disturbance in different animal models of memory decline.
J. Alzheimers Dis. 20(Suppl. 1), S95-S116. doi: 10.3233/JAD-2010-1408

Cunha, R. A, Johansson, B., van der Ploeg, I., Sebastido, A. M., Ribeiro, J. A,
and Fredholm, B. B. (1994). Evidence for functionally important adenosine Ay,
receptors in the rat hippocampus. Brain Res. 649, 208-216. doi: 10.1016/0006-
8993(94)91066-9

Dantzer, R. (2001). Cytokine-induced sickness behavior: mechanisms and
implications. Ann. N. Y. Acad. Sci. 933,222-234. doi: 10.1111/j.1749-6632.2001.
tb05827.x

Deckert, J., and Gleiter, C. H. (1994). Adenosine-an endogenous neuroprotective
metabolite and neuromodulator. J. Neural Transm. Suppl. 43, 23-31.

DeMet, E. M., and Chicz-DeMet, A. (2002). Localization of adenosine Aja-
receptors in rat brain with [3H]ZM-241385. Naunyn Schmiedebergs Arch.
Pharmacol. 366, 478-481. doi: 10.1007/s00210-002-0613-3

Demyttenaere, K., De Fruyt, J., and Stahl, S. M. (2005). The many faces of
fatigue in major depressive disorder. Int. J. Neuropsychopharmacol. 8, 93-105.
doi: 10.1017/S1461145704004729

Doherty, M., and Smith, P. M. (2004). Effects of caffeine ingestion on exercise
testing: a meta-analysis. Int. . Sport Nutr. Exerc. Metab. 14, 626-646.
doi: 10.1123/ijsnem.14.6.626

Doherty, M., and Smith, P. M. (2005). Effects of caffeine ingestion on rating of
perceived exertion during and after exercise: a meta-analysis. Scand. J. Med. Sci.
Sports 15, 69-78. doi: 10.1111/j.1600-0838.2005.00445.x

Dowlati, Y., Herrmann, N., Swardfager, W., Liu, H., Sham, L., Reim, E. K,, et al.
(2010). A meta-analysis of cytokines in major depression. Biol. Psychiatry 67,
446-457. doi: 10.1016/j.biopsych.2009.09.033

Drysdale, A. T., Grosenick, L., Downar, J., Dunlop, K., Mansouri, F., Meng, Y.,
et al. (2017). Resting-state connectivity biomarkers define neurophysiological
subtypes of depression. Nat. Med. 23, 28-38. doi: 10.1038/nm.
4246

El Yacoubi, M., Bouali, S., Popa, D., Naudon, L., Leroux-Nicollet, I,
Hamon, M., et al. (2003). Behavioral, neurochemical, and electrophysiological
characterization of a genetic mouse model of depression. Proc. Natl. Acad. Sci.
U.S.A. 100, 6227-6232. doi: 10.1073/pnas.1034823100

El Yacoubi, M., Ledent, C., Parmentier, M., Bertorelli, R., Ongini, E., Costentin, J.,
etal. (2001). Adenosine A4 receptor antagonists are potential antidepressants:
evidence based on pharmacology and Aja receptor knockout mice. Br. J.
Pharmacol. 134, 68-77. doi: 10.1038/sj.bjp.0704240

Farrar, A. M., Pereira, M., Velasco, F., Hockemeyer, J., Miiller, C. E., and
Salamone, J. D. (2007). Adenosine Aja receptor antagonism reverses the
effects of dopamine receptor antagonism on instrumental output and effort-
related choice in the rat: implications for studies of psychomotor slowing.
Psychopharmacology 191, 579-586. doi: 10.1007/s00213-006-0554-5

Farrar, A. M., Segovia, K. N., Randall, P. A., Nunes, E. J., Collins, L. E., Stopper,
C. M, et al. (2010). Nucleus accumbens and effort-related functions: behavioral
and neural markers of the interactions between adenosine A4 and dopamine
D, receptors. Neuroscience 166, 1056-1067. doi: 10.1016/j.neuroscience.2009.
12.056

Fava, M., Ball, S., Nelson, J. C., Sparks, J., Konechnik, T., Classi, P., et al. (2014).
Clinical relevance of fatigue as a residual symptom in major depressive disorder.
Depress. Anxiety 31, 250-257. doi: 10.1002/da.22199

Feighner, J. P. (1999). Mechanism of action of antidepressant medications. J. Clin.
Psychiatry 60(Suppl. 4), 4-11; discussion 12.

Felger, J. C., and Treadway, M. T. (2017). Inflammation effects on motivation
and motor activity: role of dopamine. Neuropsychopharmacology 42, 216-241.
doi: 10.1038/npp.2016.143

Ferré, S. (2008). An update on the mechanisms of the psychostimulant effects of
caffeine. J. Neurochem. 105, 1067-1079. doi: 10.1111/j.1471-4159.2007.05196.x

Ferré, S., Fredholm, B. B., Morelli, M., Popoli, P., and Fuxe, K. (1997). Adenosine-
dopamine receptor-receptor interactions as an integrative mechanism in the
basal ganglia. Trends Neurosci. 20, 482-487. doi: 10.1016/S0166-2236(97)
01096-5

Ferré, S., Quiroz, C., Woods, A. S., Cunha, R., Popoli, P., Ciruela, F., et al. (2008).
An update on adenosine A;5-dopamine D; receptor interactions: implications
for the function of G protein-coupled receptors. Curr. Pharm. Des. 14,
1468-1474. doi: 10.2174/138161208784480108

Font, L., Mingote, S., Farrar, A. M., Pereira, M., Worden, L., Stopper, C., et al.
(2008). Intra-accumbens injections of the adenosine Aa agonist CGS 21680
affect effort-related choice behavior in rats. Psychopharmacology 199, 515-526.
doi: 10.1007/s00213-008-1174-z

Frank, E., Cassano, G. B., Rucci, P., Thompson, W. K., Kraemer, H. C., Fagiolini, A.,
et al. (2011). Predictors and moderators of time to remission of major
depression with interpersonal psychotherapy and SSRI pharmacotherapy.
Psychol. Med. 41, 151-162. doi: 10.1017/S0033291710000553

Frank, S. (2010). Tetrabenazine: the first approved drug for the treatment of chorea
in US patients with Huntington disease. Neuropsychiatr. Dis. Treat. 6, 657-665.
doi: 10.2147/NDT.S6430

Fredholm, B. B., Bittig, K., Holmén, J., Nehlig, A., and Zvartau, E. E. (1999).
Actions of caffeine in the brain with special reference to factors that contribute
to its widespread use. Pharmacol. Rev. 51, 83-133.

Fredholm, B. B, Jzerman, A. P., Jacobson, K. A., Linden, J., and Miiller, C. E. (2011).
International union of basic and clinical pharmacology. LXXXI. Nomenclature
and classification of adenosine receptors—an update. Pharmacol. Rev. 63, 1-34.
doi: 10.1124/pr.110.003285

Fredholm, B. B, Yang, J., and Wang, Y. (2017). Low, but not high, dose caffeine
is a readily available probe for adenosine actions. Mol. Aspects Med. 55, 20-25.
doi: 10.1016/j.mam.2016.11.011

Frozi, J., de Carvalho, H. W., Ottoni, G. L., Cunha, R. A, and Lara, D. R.
(2018). Distinct sensitivity to caffeine-induced insomnia related to age.
J. Psychopharmacol. 32, 89-95. doi: 10.1177/0269881117722997

Fuxe, K., Agnati, L. F., Jacobsen, K., Hillion, J., Canals, M., Torvinen, M.,
et al. (2003). Receptor heteromerization in adenosine A receptor signaling:
relevance for striatal function and Parkinson’s disease. Neurology 61, S19-S23.
doi: 10.1212/01.WNL.0000095206.44418.5C

Goldsmith, D. R., Haroon, E., Woolwine, B. J., Jung, M. Y., Wommack, E. C,,
Harvey, P. D., et al. (2016a). Inflammatory markers are associated with
decreased psychomotor speed in patients with major depressive disorder. Brain
Behav. Immun. 56, 281-288. doi: 10.1016/j.bbi.2016.03.025

Frontiers in Pharmacology | www.frontiersin.org

June 2018 | Volume 9 | Article 526


https://doi.org/10.1016/j.bbi.2014.05.018
https://doi.org/10.1038/npp.2012.30
https://doi.org/10.1038/npp.2012.30
https://doi.org/10.1016/j.bbr.2010.03.003
https://doi.org/10.1007/s00213-015-4127-3
https://doi.org/10.1007/s00213-015-4127-3
https://doi.org/10.1016/S0166-4328(03)00178-5
https://doi.org/10.1016/S0166-4328(03)00178-5
https://doi.org/10.1016/0166-4328(95)00151-4
https://doi.org/10.1016/0166-4328(95)00151-4
https://doi.org/10.1016/0006-8993(96)00519-7
https://doi.org/10.4088/JCP.v63n1102
https://doi.org/10.1016/S0197-0186(00)00034-6
https://doi.org/10.1111/jnc.13724
https://doi.org/10.3233/JAD-2010-1408
https://doi.org/10.1016/0006-8993(94)91066-9
https://doi.org/10.1016/0006-8993(94)91066-9
https://doi.org/10.1111/j.1749-6632.2001.tb05827.x
https://doi.org/10.1111/j.1749-6632.2001.tb05827.x
https://doi.org/10.1007/s00210-002-0613-3
https://doi.org/10.1017/S1461145704004729
https://doi.org/10.1123/ijsnem.14.6.626
https://doi.org/10.1111/j.1600-0838.2005.00445.x
https://doi.org/10.1016/j.biopsych.2009.09.033
https://doi.org/10.1038/nm.4246
https://doi.org/10.1038/nm.4246
https://doi.org/10.1073/pnas.1034823100
https://doi.org/10.1038/sj.bjp.0704240
https://doi.org/10.1007/s00213-006-0554-5
https://doi.org/10.1016/j.neuroscience.2009.12.056
https://doi.org/10.1016/j.neuroscience.2009.12.056
https://doi.org/10.1002/da.22199
https://doi.org/10.1038/npp.2016.143
https://doi.org/10.1111/j.1471-4159.2007.05196.x
https://doi.org/10.1016/S0166-2236(97)01096-5
https://doi.org/10.1016/S0166-2236(97)01096-5
https://doi.org/10.2174/138161208784480108
https://doi.org/10.1007/s00213-008-1174-z
https://doi.org/10.1017/S0033291710000553
https://doi.org/10.2147/NDT.S6430
https://doi.org/10.1124/pr.110.003285
https://doi.org/10.1016/j.mam.2016.11.011
https://doi.org/10.1177/0269881117722997
https://doi.org/10.1212/01.WNL.0000095206.44418.5C
https://doi.org/10.1016/j.bbi.2016.03.025
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lopez-Cruz et al.

Adenosine Receptors, Motivation and Depression

Goldsmith, D. R., Rapaport, M. H., and Miller, B. J. (2016b). A meta-analysis
of blood cytokine network alterations in psychiatric patients: comparisons
between schizophrenia, bipolar disorder and depression. Mol. Psychiatry 21,
1696-1709. doi: 10.1038/mp.2016.3

Gorwood, P., Richard-Devantoy, S., Baylé, F., and Cléry-Melin, M. L. (2014).
Psychomotor retardation is a scar of past depressive episodes, revealed
by simple cognitive tests. Eur. Neuropsychopharmacol. 24, 1630-1640.
doi: 10.1016/j.euroneuro.2014.07.013

Greden, J. F.,, Fontaine, P., Lubetsky, M., and Chamberlin, K. (1978). Anxiety
and depression associated with caffeinism among psychiatric inpatients. Am.
J. Psychiatry 135, 963-966. doi: 10.1176/ajp.135.8.963

Griffiths, R. R., Evans, S. M., Heishman, S. J., Preston, K. L., Sannerud, C. A,
Wolf, B, et al. (1990). Low-dose caffeine physical dependence in humans.
J. Pharmacol. Exp. Ther. 255, 1123-1132.

Gu, L., Gonzalez, F. J., Kalow, W., and Tang, B. K. (1992). Biotransformation
of caffeine, paraxanthine, theobromine and theophylline by cDNA-expressed
human CYP1A2 and CYP2El. Pharmacogenetics 2, 73-77. doi: 10.1097/
00008571-199204000-00004

Guay, D. R. (2010). Tetrabenazine, a monoamine-depleting drug used in the
treatment of hyperkinetic movement disorders. Am. J. Geriatr. Pharmacother.
8, 331-373. doi: 10.1016/j.amjopharm.2010.08.006

Gullion, C. M., and Rush, A. J. (1998). Toward a generalizable model of symptoms
in major depressive disorder. Biol. Psychiatry 44, 959-972. doi: 10.1016/S0006-
3223(98)00235-2

Hamilton, M. (1967). Development of a rating scale for primary depressive illness.
Br. J. Soc. Clin. Psychol. 6, 278-296. doi: 10.1111/j.2044-8260.1967.tb00530.x

Hanff, T. C., Furst, S. J., and Minor, T. R. (2010). Biochemical and anatomical
substrates of depression and sickness behavior. Isr. J. Psychiatry Relat. Sci. 47,
64-71.

Hauber, W., and Sommer, S. (2009). Prefrontostriatal circuitry regulates effort-
related decision making. Cereb. Cortex 19, 2240-2247. doi: 10.1093/cercor/
bhn241

Heath, C. J., Bussey, T. J., and Saksida, L. M. (2015). Motivational assessment
of mice using the touchscreen operant testing system: effects of dopaminergic
drugs. Psychopharmacology 232, 4043-4057. doi: 10.1007/s00213-015-4009-8

Heckman, M. A., Weil, J., and Gonzalez de Mejia, E. (2010). Caffeine (I,
3, 7-trimethylxanthine) in foods: a comprehensive review on consumption,
functionality, safety, and regulatory matters. J. Food Sci. 75, R77-R87.
doi: 10.1111/j.1750-3841.2010.01561.x

Hiles, S. A., Baker, A. L., de Malmanche, T., and Attia, J. (2012). A meta-analysis
of differences in IL-6 and IL-10 between people with and without depression:
exploring the causes of heterogeneity. Brain Behav. Immun. 26, 1180-1188.
doi: 10.1016/j.bbi.2012.06.001

Hung, A. Y., and Schwarzschild, M. A. (2014). Treatment of Parkinson’s
disease: what’s in the non-dopaminergic pipeline? Neurotherapeutics 11, 34-46.
doi: 10.1007/s13311-013-0239-9

Hunter, A. M., Balleine, B. W., and Minor, T. R. (2003). Helplessness and escape
performance: glutamate-adenosine interactions in the frontal cortex. Behav.
Neurosci. 117, 123-135. doi: 10.1037/0735-7044.117.1.123

Jacobson, K. A., and Gao, Z.-G. (2006). Adenosine receptors as therapeutic targets.
Nat. Rev. Drug Discov. 5, 247-264. doi: 10.1038/nrd1983

Jacobson, K. A., van Galen, P. J., and Williams, M. (1992). Adenosine receptors:
pharmacology, structure-activity relationships, and therapeutic potential.
J. Med. Chem. 35, 407-422. doi: 10.1021/jm00081a001

Johansson, B., and Fredholm, B. B. (1995). Further characterization of the
binding of the adenosine receptor agonist [3H]CGS 21680 to rat brain using
autoradiography. Neuropharmacology 34, 393-403. doi: 10.1016/0028-3908(95)
00009-U

Johansson, B., Georgiev, V., and Fredholm, B. B. (1997). Distribution and postnatal
ontogeny of adenosine A4 receptors in rat brain: comparison with dopamine
receptors. Neuroscience 80, 1187-1207. doi: 10.1016/S0306-4522(97)00143-7

Johnson, L. C., Freeman, C. R., Spinweber, C. L., and Gomez, S. A. (1991).
Subjective and objective measures of sleepiness: effect of benzodiazepine and
caffeine on their relationship. Psychophysiology 28, 65-71. doi: 10.1111/j.1469-
8986.1991.tb03388.x

Johnson, L. C., Spinweber, C. L., and Gomez, S. A. (1990a). Benzodiazepines
and caffeine: effect on daytime sleepiness, performance, and mood.
Psychopharmacology 101, 160-167.

Johnson, L. C., Spinweber, C. L., Gomez, S. A., and Matteson, L. T. (1990b).
Daytime sleepiness, performance, mood, nocturnal sleep: the effect of
benzodiazepine and caffeine on their relationship. Sleep 13, 121-135.

Juliano, L. M., and Griffiths, R. R. (2004). A critical review of caffeine withdrawal:
empirical validation of symptoms and signs, incidence, severity, and associated
features. Psychopharmacology 176, 1-29. doi: 10.1007/s00213-004-2000-x

Juliano, L. M., Huntley, E. D., Harrell, P. T., and Westerman, A. T. (2012).
Development of the caffeine withdrawal symptom questionnaire: caffeine
withdrawal symptoms cluster into 7 factors. Drug Alcohol Depend. 124,
229-234. doi: 10.1016/j.drugalcdep.2012.01.009

Kale, P. P., and Addepalli, V. (2014). Augmentation of antidepressant effects of
duloxetine and bupropion by caffeine in mice. Pharmacol. Biochem. Behav. 124,
238-244. doi: 10.1016/j.pbb.2014.06.005

Kale, P. P., and Addepalli, V. (2015). Enhancement of nootropic effect of
duloxetine and bupropion by caffeine in mice. Indian J. Pharmacol. 47, 199-201.
doi: 10.4103/0253-7613.153430

Kale, P. P., Addepalli, V., Bafna, P. A, and Prabhavalkar, K. S. (2010). Caffeine-
induced augmentation of antidepressant therapy. J. Exp. Clin. Med. 2, 282-286.
doi: 10.1016/j.jecm.2010.09.001

Kaster, M. P., Machado, N. J., Silva, H. B., Nunes, A., Ardais, A. P., Santana, M.,
etal. (2015). Caffeine acts through neuronal adenosine A4 receptors to prevent
mood and memory dysfunction triggered by chronic stress. Proc. Natl. Acad.
Sci. U.S.A. 112, 7833-7838. doi: 10.1073/pnas.1423088112

Kaster, M. P., Rosa, A. O., Rosso, M. M., Goulart, E. C., Santos, A. R,, and
Rodrigues, A. L. (2004). Adenosine administration produces an antidepressant-
like effect in mice: evidence for the involvement of A; and A,a receptors.
Neurosci. Lett. 355, 21-24. doi: 10.1016/j.neulet.2003.10.040

Kawachi, I, Willett, W. C., Colditz, G. A., Stampfer, M. J., and Speizer, F. E. (1996).
A prospective study of coffee drinking and suicide in women. Arch. Intern. Med.
156, 521-525. doi: 10.1001/archinte.1996.00440050067008

Kent, S., Bluthe, R. M., Dantzer, R., Hardwick, A. J., Kelley, K. W., Rothwell,
N.J, et al. (1992). Different receptor mechanisms mediate the pyrogenic and
behavioral effects of interleukin 1. Proc. Natl. Acad. Sci. U.S.A. 89, 9117-9120.
doi: 10.1073/pnas.89.19.9117

Kent, T. A., Preskorn, S. H., Glotzbach, R. K., and Irwin, G. H. (1986).
Amitriptyline normalizes tetrabenazine-induced changes in cerebral
microcirculation. Biol. Psychiatry 21, 483-491. doi: 10.1016/0006-3223(86)
90190-3

Kerkhofs, A., Xavier, A. C,, da Silva, B. S., Canas, P. M., Idema, S., Baayen,
J. C., et al. (2018). Caffeine controls glutamatergic synaptic transmission and
pyramidal neuron excitability in human neocortex. Front. Pharmacol. 8:899.
doi: 10.3389/fphar.2017.00899

Kulkarni, S. K., and Mehta, A. K. (1985). Purine nucleoside-mediated immobility
in mice: reversal by antidepressants. Psychopharmacology 85, 460-463.
doi: 10.1007/BF00429665

Leibenluft, E., Fiero, P. L., Bartko, J. J.,, Moul, D. E., and Rosenthal, N. E.
(1993). Depressive symptoms and the self-reported use of alcohol, caffeine, and
carbohydrates in normal volunteers and four groups of psychiatric outpatients.
Am. ]. Psychiatry 150, 294-301. doi: 10.1176/ajp.150.2.294

Li, Y., He, Y., Chen, M., Pu, Z., Chen, L., Li, P., et al. (2016). Optogenetic activation
of adenosine A4 receptor signaling in the dorsomedial striatopallidal neurons
suppresses goal-directed behavior. Neuropsychopharmacology 41, 1003-1013.
doi: 10.1038/npp.2015.227

Lieberman, H. R. (2001). The effects of ginseng, ephedrine, and caffeine on
cognitive performance, mood and energy. Nutr. Rev. 59, 91-102. doi: 10.1111/j.
1753-4887.2001.tb06995.x

Lieberman, H. R, Wurtman, R. J., Emde, G. G., and Coviella, I. L. (1987).
The effects of caffeine and aspirin on mood and performance. J. Clin.
Psychopharmacol. 7, 315-320. doi: 10.1097/00004714-198710000-00004

Liguori, A., and Hughes, J. R. (1997). Caffeine self-administration in humans:
2. A within-subjects comparison of coffee and cola vehicles. Exp. Clin.
Psychopharmacol. 5, 295-303. doi: 10.1037/1064-1297.5.3.295

Lépez-Cruz, L., Pardo, M., Salamone, J. D., and Correa, M. (2014). Differences
between the nonselective adenosine receptor antagonists caffeine and
theophylline in motor and mood effects: studies using medium to high doses in
animal models. Behav. Brain Res. 270, 213-222. doi: 10.1016/j.bbr.2014.05.020

Loépez-Cruz, L., SanMiguel, N., Carratala-Ros, C., Monferrer, L., Salamone, J. D.,
and Correa, M. (2018). Dopamine depletion shifts behavior from activity based

Frontiers in Pharmacology | www.frontiersin.org

June 2018 | Volume 9 | Article 526


https://doi.org/10.1038/mp.2016.3
https://doi.org/10.1016/j.euroneuro.2014.07.013
https://doi.org/10.1176/ajp.135.8.963
https://doi.org/10.1097/00008571-199204000-00004
https://doi.org/10.1097/00008571-199204000-00004
https://doi.org/10.1016/j.amjopharm.2010.08.006
https://doi.org/10.1016/S0006-3223(98)00235-2
https://doi.org/10.1016/S0006-3223(98)00235-2
https://doi.org/10.1111/j.2044-8260.1967.tb00530.x
https://doi.org/10.1093/cercor/bhn241
https://doi.org/10.1093/cercor/bhn241
https://doi.org/10.1007/s00213-015-4009-8
https://doi.org/10.1111/j.1750-3841.2010.01561.x
https://doi.org/10.1016/j.bbi.2012.06.001
https://doi.org/10.1007/s13311-013-0239-9
https://doi.org/10.1037/0735-7044.117.1.123
https://doi.org/10.1038/nrd1983
https://doi.org/10.1021/jm00081a001
https://doi.org/10.1016/0028-3908(95)00009-U
https://doi.org/10.1016/0028-3908(95)00009-U
https://doi.org/10.1016/S0306-4522(97)00143-7
https://doi.org/10.1111/j.1469-8986.1991.tb03388.x
https://doi.org/10.1111/j.1469-8986.1991.tb03388.x
https://doi.org/10.1007/s00213-004-2000-x
https://doi.org/10.1016/j.drugalcdep.2012.01.009
https://doi.org/10.1016/j.pbb.2014.06.005
https://doi.org/10.4103/0253-7613.153430
https://doi.org/10.1016/j.jecm.2010.09.001
https://doi.org/10.1073/pnas.1423088112
https://doi.org/10.1016/j.neulet.2003.10.040
https://doi.org/10.1001/archinte.1996.00440050067008
https://doi.org/10.1073/pnas.89.19.9117
https://doi.org/10.1016/0006-3223(86)90190-3
https://doi.org/10.1016/0006-3223(86)90190-3
https://doi.org/10.3389/fphar.2017.00899
https://doi.org/10.1007/BF00429665
https://doi.org/10.1176/ajp.150.2.294
https://doi.org/10.1038/npp.2015.227
https://doi.org/10.1111/j.1753-4887.2001.tb06995.x
https://doi.org/10.1111/j.1753-4887.2001.tb06995.x
https://doi.org/10.1097/00004714-198710000-00004
https://doi.org/10.1037/1064-1297.5.3.295
https://doi.org/10.1016/j.bbr.2014.05.020
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lopez-Cruz et al.

Adenosine Receptors, Motivation and Depression

reinforcers to more sedentary ones and adenosine receptor antagonism reverses
that shift: relation to ventral striatum DARPP32 phosphorylation patterns.
Neuropharmacology doi: 10.1016/j.neuropharm.2018.01.034 [Epub ahead of
print].

Lorist, M. M., Snel, J., Kok, A., and Mulder, G. (1994). Influence of caffeine on
selective attention in well-rested and fatigued subjects. Psychophysiology 31,
525-534. doi: 10.1111/.1469-8986.1994.tb02345 x

Lucas, M., Mirzaei, F., Pan, A., Okereke, O. I, Willett, W. C., O’Reilly, E. J., et al.
(2011). Coffee, caffeine, and risk of depression among women. Arch. Intern.
Med. 171, 1571-1578. doi: 10.1001/archinternmed.2011.393

Lucas, M., O'Reilly, E. J., Pan, A., Mirzaei, F., Willett, W. C., Okereke, O. I,
et al. (2014). Coffee, caffeine, and risk of completed suicide: results from three
prospective cohorts of American adults. World J. Biol. Psychiatry 15, 377-386.
doi: 10.3109/15622975.2013.795243

Machado, N. J., Simées, A. P., Silva, H. B., Ardais, A. P., Kaster, M. P., Gar¢do, P.,
et al. (2017). Caffeine reverts memory but not mood impairment in a
depression-prone mouse strain with up-regulated adenosine A4 receptor in
hippocampal glutamate synapses. Mol. Neurobiol. 54, 1552-1563. doi: 10.1007/
$12035-016-9774-9

Malinauskas, B. M., Aeby, V. G., Overton, R. F., Carpenter-Aeby, T., and Barber-
Heidal, K. (2007). A survey of energy drink consumption patterns among
college students. Nutr. J. 6:35. doi: 10.1186/1475-2891-6-35

Markou, A., Salamone, J. D., Bussey, T. J., Mar, A. C., Brunner, D., Gilmour, G.,
et al. (2013). Measuring reinforcement learning and motivation constructs in
experimental animals: relevance to the negative symptoms of schizophrenia.
Neurosci. Biobehav. Rev. 37, 2149-2165. doi: 10.1016/j.neubiorev.2013.08.007

McClintock, S. M., Husain, M. M., Wisniewski, S. R., Nierenberg, A. A., Stewart,
J. W., Trivedi, M. H., et al. (2011). Residual symptoms in depressed outpatients
who respond by 50% but do not remit to antidepressant medication. J. Clin.
Psychopharmacol. 31, 180-186. doi: 10.1097/JCP.0b013e31820ebd2c

Miller, A. H., Maletic, V., and Raison, C. L. (2009). Inflammation and its
discontents: the role of cytokines in the pathophysiology of major depression.
Biol. Psychiatry 65, 732-741. doi: 10.1016/j.biopsych.2008.11.029

Mingote, S., Font, L., Farrar, A. M., Vontell, R., Worden, L. T., Stopper, C. M., et al.
(2008). Nucleus accumbens adenosine A4 receptors regulate exertion of effort
by acting on the ventral striatopallidal pathway. J. Neurosci. 28, 9037-9046.
doi: 10.1523/JNEUROSCI.1525-08.2008

Minor, T. R,, Chang, W. C., and Winslow, J. L. (1994a). Stress and adenosine: I.
Effect of methylxanthine and amphetamine stimulants on learned helplessness
in rats. Behav. Neurosci. 108, 254-264.

Minor, T. R, and Hanff, T. C. (2015). Adenosine signaling in reserpine-induced
depression in rats. Behav. Brain Res. 286, 184-191. doi: 10.1016/j.bbr.2015.
02.032

Minor, T. R., Rowe, M., Cullen, P. K, and Furst, S. (2008). Enhancing
brain adenosine signaling with the nucleoside transport blocker NBTI
(S-(4-nitrobenzyl)-6-theoinosine) mimics the effects of inescapable shock on
later shuttle-escape performance in rats. Behav. Neurosci. 122, 1236-1247.
doi: 10.1037/a0013143

Minor, T. R., Winslow, J. L., and Chang, W. C. (1994b). Stress and adenosine:
II. Adenosine analogs mimic the effect of inescapable shock on shuttle-escape
performance in rats. Behav. Neurosci. 108, 265-276.

Mott, A. M., Nunes, E. J., Collins, L. E., Port, R. G, Sink, K. S., Hockemeyer, J.,
et al. (2009). The adenosine Aja antagonist MSX-3 reverses the effects
of the dopamine antagonist haloperidol on effort-related decision making
in a T-maze cost/benefit procedure. Psychopharmacology 204, 103-112.
doi: 10.1007/s00213-008-1441-z

Noji, T., Karasawa, A., and Kusaka, H. (2004). Adenosine uptake inhibitors. Eur. J.
Pharmacol. 495, 1-16. doi: 10.1016/j.¢jphar.2004.05.003

Nunes, E. J., Randall, P. A., Estrada, A., Epling, B., Hart, E. E., Lee, C. A,, et al.
(2014). Effort-related motivational effects of the pro-inflammatory cytokine
interleukin 1-beta: studies with the concurrent fixed ratio 5/ chow feeding
choice task. Psychopharmacology 231, 727-736. doi: 10.1007/s00213-013-
3285-4

Nunes, E. J., Randall, P. A, Hart, E. E., Freeland, C., Yohn, S. E., Baqi, Y.,
et al. (2013). Effort-related motivational effects of the VMAT-2 inhibitor
tetrabenazine: implications for animal models of the motivational symptoms
of depression. J. Neurosci. 33, 19120-19130. doi: 10.1523/J]NEUROSCI.2730-
13.2013

Nunes, E. J., Randall, P. A,, Santerre, J. L., Given, A. B., Sager, T. N., Correa, M.,
et al. (2010). Differential effects of selective adenosine antagonists on the
effort-related impairments induced by dopamine D1 and D2 antagonism.
Neuroscience 170, 268-280. doi: 10.1016/j.neuroscience.2010.05.068

Overmier, J. B., and Seligman, M. E. (1967). Effects of inescapable shock upon
subsequent escape and avoidance responding. J. Comp. Physiol. Psychol. 63,
28-33. doi: 10.1037/h0024166

Padala, P. R, Padala, K. P., Monga, V., Ramirez, D. A., and Sullivan, D. H. (2012).
Reversal of SSRI-associated apathy syndrome by discontinuation of therapy.
Ann. Pharmacother. 46:e8. doi: 10.1345/aph.1Q656

Pae, C. U, Lim, H.-K,, Han, C., Patkar, A. A., Steffens, D. C., Masand, P. S.,
et al. (2007). Fatigue as a core symptom in major depressive disorder: overview
and the role of bupropion. Expert Rev. Neurother. 7, 1251-1263. doi: 10.1586/
14737175.7.10.1251

Paech, G. M., Banks, S., Pajcin, M., Grant, C., Johnson, K., Kamimori, G. H., et al.
(2016). Caffeine administration at night during extended wakefulness effectively
mitigates performance impairment but not subjective assessments of fatigue
and sleepiness. Pharmacol. Biochem. Behav. 145,27-32. doi: 10.1016/j.pbb.2016.
03.011

Pandolfo, P., Machado, N. J., Kofalvi, A., Takahashi, R. N., and Cunha, R. A.
(2013). Caffeine regulates frontocorticostriatal dopamine transporter density
and improves attention and cognitive deficits in an animal model of attention
deficit hyperactivity disorder. Eur. Neuropsychopharmacol. 23, 317-328.
doi: 10.1016/j.euroneuro.2012.04.011

Pardo, M., Lopez-Cruz, L., San Miguel, N., Salamone, J. D., and Correa, M.
(2015). Selection of sucrose concentration depends on the effort required to
obtain it: studies using tetrabenazine, D1, D2, and D3 receptor antagonists.
Psychopharmacology 232, 2377-2391. doi: 10.1007/s00213-015-3872-7

Pardo, M., Lopez-Cruz, L., Valverde, O., Ledent, C., Baqi, Y., Miiller, C. E,, et al.
(2012). Adenosine A5 receptor antagonism and genetic deletion attenuate
the effects of dopamine D, antagonism on effort-based decision making
in mice. Neuropharmacology 62, 2068-2077. doi: 10.1016/j.neuropharm.2011.
12.033

Pardo, M., Lopez-Cruz, L., Valverde, O., Ledent, C., Baqi, Y., Miiller, C. E,, et al.
(2013). Effect of subtype-selective adenosine receptor antagonists on basal or
haloperidol-regulated striatal function: studies of exploratory locomotion and
c-Fos immunoreactivity in outbred and A4 R KO mice. Behav. Brain Res. 247,
217-226. doi: 10.1016/j.bbr.2013.03.035

Pasman, W. J., Boessen, R., Donner, Y., Clabbers, N., and Boorsma, A. (2017).
Effect of caffeine on attention and alertness measured in a home-setting, using
web-based cognition tests. JMIR Res. Protoc. 6:e169. doi: 10.2196/resprot.6727

Patten, S. B., Metz, L. M., and Reimer, M. A. (2000). Biopsychosocial correlates
of lifetime major depression in a multiple sclerosis population. Mult. Scler. 6,
115-120. doi: 10.1177/135245850000600210

Pechlivanova, D. M., Tchekalarova, J. D., Alova, L. H., Petkov, V. V., Nikolov,
R. P., and Yakimova, K. S. (2012). Effect of long-term caffeine administration on
depressive-like behavior in rats exposed to chronic unpredictable stress. Behav.
Pharmacol. 23, 339-347. doi: 10.1097/FBP.0b013e3283564dd9

Peeling, P, and Dawson, B. (2007). Influence of caffeine ingestion on
perceived mood states, concentration, and arousal levels during a 75-min
university lecture. Adv. Physiol. Educ. 31, 332-335. doi: 10.1152/advan.00003.
2007

Petit-Demouliere, B., Chenu, F., and Bourin, M. (2005). Forced swimming test in
mice: a review of antidepressant activity. Psychopharmacology 177, 245-255.
doi: 10.1007/s00213-004-2048-7

Pettibone, D. J., Totaro, J. A., and Pflueger, A. B. (1984). Tetrabenazine-induced
depletion of brain monoamines: characterization and interaction with selected
antidepressants. Eur. J. Pharmacol. 102, 425-430. doi: 10.1016/0014-2999(84)
90562-4

Petty, F., McChesney, C., and Kramer, G. (1985). Intracortical glutamate injection
produces helpless-like behavior in the rat. Pharmacol. Biochem. Behav. 22,
531-533. doi: 10.1016/0091-3057(85)90270-9

Pizzagalli, D. A. (2014). Depression, stress, and anhedonia: toward a synthesis and
integrated model. Annu. Rev. Clin. Psychol. 10, 393-423. doi: 10.1146/annurev-
clinpsy-050212- 185606

Porsolt, R. D., Le Pichon, M., and Jalfre, M. (1977). Depression: a new animal
model sensitive to antidepressant treatments. Nature 266, 730-732. doi: 10.
1038/266730a0

Frontiers in Pharmacology | www.frontiersin.org

June 2018 | Volume 9 | Article 526


https://doi.org/10.1016/j.neuropharm.2018.01.034
https://doi.org/10.1111/j.1469-8986.1994.tb02345.x
https://doi.org/10.1001/archinternmed.2011.393
https://doi.org/10.3109/15622975.2013.795243
https://doi.org/10.1007/s12035-016-9774-9
https://doi.org/10.1007/s12035-016-9774-9
https://doi.org/10.1186/1475-2891-6-35
https://doi.org/10.1016/j.neubiorev.2013.08.007
https://doi.org/10.1097/JCP.0b013e31820ebd2c
https://doi.org/10.1016/j.biopsych.2008.11.029
https://doi.org/10.1523/JNEUROSCI.1525-08.2008
https://doi.org/10.1016/j.bbr.2015.02.032
https://doi.org/10.1016/j.bbr.2015.02.032
https://doi.org/10.1037/a0013143
https://doi.org/10.1007/s00213-008-1441-z
https://doi.org/10.1016/j.ejphar.2004.05.003
https://doi.org/10.1007/s00213-013-3285-4
https://doi.org/10.1007/s00213-013-3285-4
https://doi.org/10.1523/JNEUROSCI.2730-13.2013
https://doi.org/10.1523/JNEUROSCI.2730-13.2013
https://doi.org/10.1016/j.neuroscience.2010.05.068
https://doi.org/10.1037/h0024166
https://doi.org/10.1345/aph.1Q656
https://doi.org/10.1586/14737175.7.10.1251
https://doi.org/10.1586/14737175.7.10.1251
https://doi.org/10.1016/j.pbb.2016.03.011
https://doi.org/10.1016/j.pbb.2016.03.011
https://doi.org/10.1016/j.euroneuro.2012.04.011
https://doi.org/10.1007/s00213-015-3872-7
https://doi.org/10.1016/j.neuropharm.2011.12.033
https://doi.org/10.1016/j.neuropharm.2011.12.033
https://doi.org/10.1016/j.bbr.2013.03.035
https://doi.org/10.2196/resprot.6727
https://doi.org/10.1177/135245850000600210
https://doi.org/10.1097/FBP.0b013e3283564dd9
https://doi.org/10.1152/advan.00003.2007
https://doi.org/10.1152/advan.00003.2007
https://doi.org/10.1007/s00213-004-2048-7
https://doi.org/10.1016/0014-2999(84)90562-4
https://doi.org/10.1016/0014-2999(84)90562-4
https://doi.org/10.1016/0091-3057(85)90270-9
https://doi.org/10.1146/annurev-clinpsy-050212-185606
https://doi.org/10.1146/annurev-clinpsy-050212-185606
https://doi.org/10.1038/266730a0
https://doi.org/10.1038/266730a0
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lopez-Cruz et al.

Adenosine Receptors, Motivation and Depression

Prediger, R. D. (2010). Effects of caffeine in Parkinson’s disease: from
neuroprotection to the management of motor and non-motor symptoms.
J. Alzheimers Dis. 20(Suppl. 1), S205-S220. doi: 10.3233/JAD-2010-091459

Quitkin, F., Rifkin, A., and Klein, D. F. (1979). Monoamine oxidase inhibitors.
A review of antidepressant effectiveness. Arch. Gen. Psychiatry 36, 749-760.
doi: 10.1001/archpsyc.1979.01780070027003

Rampello, L., Nicoletti, G., and Raffaele, R. (1991). Dopaminergic hypothesis for
retarded depression: a symptom profile for predicting therapeutical responses.
Acta Psychiatr. Scand. 84, 552-554. doi: 10.1111/j.1600-0447.1991.tb03193 x

Rampello, L., Nicoletti, G., Raffaele, R., and Drago, F. (1995). Comparative effects
of amitriptyline and amineptine in patients affected by anxious depression.
Neuropsychobiology 31, 130-134. doi: 10.1159/000119183

Randall, P. A,, Lee, C. A., Podurgiel, S. J., Hart, E., Yohn, S. E., Jones, M., et al.
(2014). Bupropion increases selection of high effort activity in rats tested on a
progressive ratio/chow feeding choice procedure: implications for treatment of
effort-related motivational symptoms. Int. J. Neuropsychopharmacol. 18:yu017.
doi: 10.1093/ijnp/pyu017

Randall, P. A, Nunes, E. ], Janniere, S. L., Stopper, C. M., Farrar, A. M., Sager, T.N,,
et al. (2011). Stimulant effects of adenosine antagonists on operant behavior:
differential actions of selective A5 and A; antagonists. Psychopharmacology
216, 173-186. doi: 10.1007/s00213-011-2198-3

Randall, P. A., Pardo, M., Nunes, E. J., Lépez Cruz, L., Vemuri, V. K,
Makriyannis, A., et al. (2012). Dopaminergic modulation of effort-related
choice behavior as assessed by a progressive ratio chow feeding choice task:
pharmacological studies and the role of individual differences. PLoS One
7:€47934. doi: 10.1371/journal.pone.0047934

Rebola, N., Canas, P. M., Oliveira, C. R., and Cunha, R. A. (2005). Different synaptic
and subsynaptic localization of adenosine A5 receptors in the hippocampus
and striatum of the rat. Neuroscience 132, 893-903. doi: 10.1016/j.neuroscience.
2005.01.014

Rees, K., Allen, D., and Lader, M. (1999). The influences of age and caffeine
on psychomotor and cognitive function. Psychopharmacology 145, 181-188.
doi: 10.1007/s002130051047

Retzbach, E. P., Dholakia, P. H., and Duncan-Vaidya, E. A. (2014). The effect of
daily caffeine exposure on lever-pressing for sucrose and c-Fos expression in the
nucleus accumbens in the rat. Physiol. Behav. 135, 1-6. doi: 10.1016/j.physbeh.
2014.05.038

Rihs, M., Muller, C., and Baumann, P. (1996). Caffeine consumption in hospitalized
psychiatric patients. Eur. Arch. Psychiatry Clin. Neurosci. 246, 83-92.
doi: 10.1007/BF02274898

Robles-Molina, E., Millin, D., Hong, E., Huang, F., and Villafafia, S. (2012).
Increased antidepressant-like effect of desipramine combined with central
stimulants (caffeine and amphetamine) in mice. Open Life Sci. 7, 391-396.
doi: 10.2478/s11535-012-0028-1

Rodrigues, F. B., Duarte, G. S., Costa, J., Ferreira, J. J., and Wild, E. J. (2017).
Tetrabenazine versus deutetrabenazine for Huntington’s disease: twins or
distant cousins? Mov. Disord. Clin. Pract. 4, 582-585. doi: 10.1002/mdc3.
12483

Ruby, L., Adams, C. A., Mrazeck, A. D., and Choi, D. S. (2011). “Adenosine
signaling in anxiety,” in Anxiety Disorders, ed. V. Kalinin (Rijeka: InTech).
doi: 10.5772/19423

Rush, A. J., and Trivedi, M. H. (1995). Treating depression to remission. Psychiatr.
Ann. 64(Suppl. 15), 7-12. doi: 10.3928/0048-5713-19951201-03

Sako, W., Murakami, N., Motohama, K., Izumi, Y., and Kaji, R. (2017). The
effect of istradefylline for Parkinson’s disease: a meta-analysis. Sci. Rep. 7:18018.
doi: 10.1038/s41598-017-18339-1

Salamone, J., Correa, M., Mingote, S., Weber, S., and Farrar, A. (2006). Nucleus
accumbens dopamine and the forebrain circuitry involved in behavioral
activation and effort-related decision making: implications for understanding
anergia and psychomotor slowing in depression. Curr. Psychiatry Rev. 2,
267-280. doi: 10.2174/157340006776875914

Salamone, J. D. (2007). Functions of mesolimbic dopamine: changing concepts
and shifting paradigms. Psychopharmacology 191:389. doi: 10.1007/s00213-
006-0623-9

Salamone, J. D., and Correa, M. (2002). Motivational views of reinforcement:
implications for understanding the behavioral functions of nucleus accumbens
dopamine. Behav. Brain Res. 137, 3-25. doi: 10.1016/S0166-4328(02)
00282-6

Salamone, J. D., and Correa, M. (2009). Dopamine/adenosine interactions involved
in effort-related aspects of food motivation. Appetite 53, 422-425. doi: 10.1016/
j.appet.2009.07.018

Salamone, J. D., and Correa, M. (2012). The mysterious motivational functions of
mesolimbic dopamine. Neuron 76, 470-485. doi: 10.1016/j.neuron.2012.10.021

Salamone, J. D., Correa, M., Farrar, A., and Mingote, S. M. (2007). Effort-
related functions of nucleus accumbens dopamine and associated forebrain
circuits. Psychopharmacology 191, 461-482. doi: 10.1007/s00213-006-
0668-9

Salamone, J. D., Correa, M., Yohn, S., Lopez Cruz, L., San Miguel, N., and
Alatorre, L. (2016). The pharmacology of effort-related choice behavior:
dopamine, depression, and individual differences. Behav. Process. 127, 3-17.
doi: 10.1016/j.beproc.2016.02.008

Salamone, J. D., Cousins, M. S., and Bucher, S. (1994). Anhedonia or anergia?
Effects of haloperidol and nucleus accumbens dopamine depletion on
instrumental response selection in a T-maze cost/benefit procedure. Behav.
Brain Res. 65, 221-229. doi: 10.1016/0166-4328(94)90108-2

Salamone, J. D., Farrar, A. M., Font, L., Patel, V., Schlar, D. E., Nunes, E. J., et al.
(2009). Differential actions of adenosine A; and A4 antagonists on the effort-
related effects of dopamine D, antagonism. Behav. Brain Res. 201, 216-222.
doi: 10.1016/j.bbr.2009.02.021

Salamone, J. D., Steinpreis, R. E., McCullough, L. D., Smith, P., Grebel, D., and
Mahan, K. (1991). Haloperidol and nucleus accumbens dopamine depletion
suppress lever pressing for food but increase free food consumption in a
novel food choice procedure. Psychopharmacology 104, 515-521. doi: 10.1007/
BF02245659

SanMiguel, N., Pardo, M., Carratald-Ros, C., Lépez-Cruz, L., Salamone, J. D., and
Correa, M. (2018). Individual differences in the energizing effects of caffeine
on effort-based decision-making tests in rats. Pharmacol. Biochem. Behav. 169,
27-34. doi: 10.1016/j.pbb.2018.04.004

Schwarzschild, M. A., Agnati, L., Fuxe, K., Chen, J. F., and Morelli, M. (2006).
Targeting adenosine Ay, receptors in Parkinson’s disease. Trends Neurosci. 29,
647-654. doi: 10.1016/j.tins.2006.09.004

Sebastido, A. M., and Ribeiro, J. A. (2009). Tuning and fine-tuning of
synapses with adenosine. Curr. Neuropharmacol. 7, 180-194. doi: 10.2174/
157015909789152128

Seligman, M. E. (1972). Learned helplessness. Annu. Rev. Med. 23, 407-412.
doi: 10.1146/annurev.me.23.020172.002203

Silber, B. Y., Croft, R. J., Papafotiou, K., and Stough, C. (2006). The acute effects
of d-amphetamine and methamphetamine on attention and psychomotor
performance. Psychopharmacology 187, 154-169. doi: 10.1007/s00213-006-
0410-7

Simdes, A. P., Duarte, J. A., Agasse, F., Canas, P. M., Tomé, A. R., Agostinho, P.,
et al. (2012). Blockade of adenosine Ajp receptors prevents interleukin-
1B-induced exacerbation of neuronal toxicity through a p38 mitogen-activated
protein kinase pathway. J. Neuroinflammation 9:204. doi: 10.1186/1742-2094-
9-204

Simoes, A. P., Machado, N. J., Gongalves, N., Kaster, M. P., Simdes, A. T.,
Nunes, A., et al. (2016). Adenosine A5 receptors in the amygdala control
synaptic plasticity and contextual fear memory. Neuropsychopharmacology 41,
2862-2871. doi: 10.1038/npp.2016.98

Sitkovsky, M. V., and Ohta, A. (2005). The “danger” sensors that STOP the
immune response: the A2 adenosine receptors? Trends Immunol. 26, 299-304.
doi: 10.1016/}.it.2005.04.004

Smith, A., Thomas, M., Perry, K, and Whitney, H. (1997). Caffeine and
the common cold. J. Psychopharmacol. 11, 319-324. doi: 10.1177/
026988119701100406

Smith, A. P. (2009). Caffeine, cognitive failures and health in a non-working
community sample. Hum. Psychopharmacol. 24, 29-34. doi: 10.1002/hup.991

Smith, A. P. (2013). Caffeine, extraversion and working memory.
J. Psychopharmacol. 27, 71-76. doi: 10.1177/0269881112460111

Smith, A. P., Kendrick, A. M., and Maben, A. L. (1992). Effects of breakfast
and caffeine on performance and mood in the late morning and after lunch.
Neuropsychobiology 26, 198-204. doi: 10.1159/000118920

Stahl, S. M. (2002). The psychopharmacology of energy and fatigue. J. Clin.
Psychiatry 63, 7-8. doi: 10.4088/JCP.v63n0102

Stenman, E., and Lilja, A. (2013). Increased monoaminergic neurotransmission
improves compliance with physical activity recommendations in depressed

Frontiers in Pharmacology | www.frontiersin.org

June 2018 | Volume 9 | Article 526


https://doi.org/10.3233/JAD-2010-091459
https://doi.org/10.1001/archpsyc.1979.01780070027003
https://doi.org/10.1111/j.1600-0447.1991.tb03193.x
https://doi.org/10.1159/000119183
https://doi.org/10.1093/ijnp/pyu017
https://doi.org/10.1007/s00213-011-2198-3
https://doi.org/10.1371/journal.pone.0047934
https://doi.org/10.1016/j.neuroscience.2005.01.014
https://doi.org/10.1016/j.neuroscience.2005.01.014
https://doi.org/10.1007/s002130051047
https://doi.org/10.1016/j.physbeh.2014.05.038
https://doi.org/10.1016/j.physbeh.2014.05.038
https://doi.org/10.1007/BF02274898
https://doi.org/10.2478/s11535-012-0028-1
https://doi.org/10.1002/mdc3.12483
https://doi.org/10.1002/mdc3.12483
https://doi.org/10.5772/19423
https://doi.org/10.3928/0048-5713-19951201-03
https://doi.org/10.1038/s41598-017-18339-1
https://doi.org/10.2174/157340006776875914
https://doi.org/10.1007/s00213-006-0623-9
https://doi.org/10.1007/s00213-006-0623-9
https://doi.org/10.1016/S0166-4328(02)00282-6
https://doi.org/10.1016/S0166-4328(02)00282-6
https://doi.org/10.1016/j.appet.2009.07.018
https://doi.org/10.1016/j.appet.2009.07.018
https://doi.org/10.1016/j.neuron.2012.10.021
https://doi.org/10.1007/s00213-006-0668-9
https://doi.org/10.1007/s00213-006-0668-9
https://doi.org/10.1016/j.beproc.2016.02.008
https://doi.org/10.1016/0166-4328(94)90108-2
https://doi.org/10.1016/j.bbr.2009.02.021
https://doi.org/10.1007/BF02245659
https://doi.org/10.1007/BF02245659
https://doi.org/10.1016/j.pbb.2018.04.004
https://doi.org/10.1016/j.tins.2006.09.004
https://doi.org/10.2174/157015909789152128
https://doi.org/10.2174/157015909789152128
https://doi.org/10.1146/annurev.me.23.020172.002203
https://doi.org/10.1007/s00213-006-0410-7
https://doi.org/10.1007/s00213-006-0410-7
https://doi.org/10.1186/1742-2094-9-204
https://doi.org/10.1186/1742-2094-9-204
https://doi.org/10.1038/npp.2016.98
https://doi.org/10.1016/j.it.2005.04.004
https://doi.org/10.1177/026988119701100406
https://doi.org/10.1177/026988119701100406
https://doi.org/10.1002/hup.991
https://doi.org/10.1177/0269881112460111
https://doi.org/10.1159/000118920
https://doi.org/10.4088/JCP.v63n0102
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lopez-Cruz et al.

Adenosine Receptors, Motivation and Depression

patients with fatigue. Med. Hypotheses 80, 47-49. doi: 10.1016/j.mehy.2012.
10.007

Steru, L., Chermat, R., Thierry, B., and Simon, P. (1985). The tail suspension test:
a new method for screening antidepressants in mice. Psychopharmacology 85,
367-370. doi: 10.1007/BF00428203

Sukoff Rizzo, S. J., Neal, S. J., Hughes, Z. A., Beyna, M., Rosenzweig-Lipson, S.,
Moss, S. J., et al. (2012). Evidence for sustained elevation of IL-6 in the CNS
as a key contributor of depressive-like phenotypes. Transl. Psychiatry 2:e199.
doi: 10.1038/tp.2012.120

Swindle, R, Kroenke, K., and Braun, L. A. (2001). “Energy and improved
workplace productivity in depression,” in Investing in Health: The Social and
Economic Benefits of Health Care Innovation: Research in Human Capital and
Development, Vol. 14, eds I. Farquhar, K. Summers, and A. Sorkin (Bingley:
Emerald Group Publishing Limited), 323-341.

Szopa, A., Poleszak, E., Wyska, E., Serefko, A., Wosko, S., Wlaz, A,, et al. (2016).
Caffeine enhances the antidepressant-like activity of common antidepressant
drugs in the forced swim test in mice. Naunyn Schmiedebergs Arch. Pharmacol.
389, 211-221. doi: 10.1007/s00210-015-1189-z

Tanra, A. J., Kagaya, A., Okamoto, Y., Muraoka, M., Motohashi, N., and
Yamawaki, S. (1995). TJS-010, a new prescription of oriental medicine,
antagonizes tetrabenazine-induced suppression of spontaneous locomotor
activity in rats. Prog. Neuropsychopharmacol. Biol. Psychiatry 19, 963-971.

Tanskanen, A. (1997). Coffee, caffeine and mental health. Duodecim 113, 191-196.

Tanskanen, A., Tuomilehto, J., Viinamaiki, H., Vartiainen, E., Lehtonen, J., and
Puska, P. (2000). Heavy coffee drinking and the risk of suicide. Eur. J. Epidemiol.
16, 789-791. doi: 10.1023/A:1007614714579

Temple, J. L., Bernard, C., Lipshultz, S. E., Czachor, J. D., Westphal, J. A., and
Mestre, M. A. (2017). The safety of ingested caffeine: a comprehensive review.
Front. Psychiatry 8:80. doi: 10.3389/fpsyt.2017.00080

Treadway, M. T., Buckholtz, J. W., Cowan, R. L., Woodward, N. D, Li, R., Ansari,
M. S, et al. (2012). Dopaminergic mechanisms of individual differences in
human effort-based decision-making. J. Neurosci. 32, 6170-6176. doi: 10.1523/
JNEUROSCI.6459-11.2012

Treadway, M. T., Buckholtz, J. W., Schwartzman, A. N., Lambert, W. E., and
Zald, D. H. (2009). Worth the “EEfRT”? The effort expenditure for rewards
task as an objective measure of motivation and anhedonia. PLoS One 4:¢6598.
doi: 10.1371/journal.pone.0006598

Tylee, A., Gastpar, M., Lépine, J. P., and Mendlewicz, J. (1999). DEPRES II
(Depression research in European society II): a patient survey of the symptoms,
disability and current management of depression in the community. DEPRES
steering committee. Int. Clin. Psychopharmacol. 14, 139-151. doi: 10.1097/
00004850-199905030-00001

van den Bos, R., van der Harst, J., Jonkman, S., Schilders, M., and Spruijt, B. (2006).
Rats assess costs and benefits according to an internal standard. Behav. Brain
Res. 171, 350-354. doi: 10.1016/j.bbr.2006.03.035

Wang, H., Chen, X, Li, Y., Tang, T.-S., and Bezprozvanny, I. (2010). Tetrabenazine
is neuroprotective in Huntington’s disease mice. Mol. Neurodegener. 5:18. doi:
10.1186/1750-1326-5-18

Wardle, M. C., Treadway, M. T., and de Wit, H. (2012). Caffeine increases
psychomotor performance on the effort expenditure for rewards task.
Pharmacol. Biochem. Behav. 102, 526-531. doi: 10.1016/j.pbb.2012.06.016

Whalen, D. J,, Silk, J. S., Semel, M., Forbes, E. E., Ryan, N. D., Axelson, D. A, et al.
(2008). Caffeine consumption, sleep, and affect in the natural environments
of depressed youth and healthy controls. J. Pediatr. Psychol. 33, 358-367.
doi: 10.1093/jpepsy/jsm086

Wikoff, D., Welsh, B. T., Henderson, R., Brorby, G. P., Britt, J., Myers, E,,
et al. (2017). Systematic review of the potential adverse effects of caffeine
consumption in healthy adults, pregnant women, adolescents, and
children. Food Chem. Toxicol. 109(Pt 1), 585-648. doi: 10.1016/j.fct.2017.
04.002

Willner, P. (2005). mild (CMS) consistency
and behavioural-neurobiological concordance in the effects of CMS.
Neuropsychobiology 52, 90-110. doi: 10.1159/000087097

Woodson, J. C., Minor, T. R., and Job, R. F. (1998). Inhibition of adenosine
deaminase by erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) mimics the

Chronic stress revisited:

effect of inescapable shock on escape learning in rats. Behav. Neurosci. 112,
399-409. doi: 10.1037/0735-7044.112.2.399

Worden, L. T., Shahriari, M., Farrar, A. M., Sink, K. S., Hockemeyer, J., Miiller, C. E.,
et al. (2009). The adenosine A5 antagonist MSX-3 reverses the effort-related
effects of dopamine blockade: differential interaction with Dy and D, family
antagonists. Psychopharmacology 203, 489-499. doi: 10.1007/s00213-008-
1396-0

Worthington, J., Fava, M., Agustin, C., Alpert, J., Nierenberg, A. A,, Pava, J. A,
et al. (1996). Consumption of alcohol, nicotine, and caffeine among depressed
outpatients. Relationship with response to treatment. Psychosomatics 37,
518-522. doi: 10.1016/S0033-3182(96)71515-3

Yang, X.-H., Huang, J., Zhu, C.-Y., Wang, Y.-F.,, Cheung, E. F. C,, Chan, R. C,,
etal. (2014). Motivational deficits in effort-based decision making in individuals
with subsyndromal depression, first-episode and remitted depression patients.
Psychiatry Res. 220, 874-882. doi: 10.1016/j.psychres.2014.08.056

Yildiz, A., Géniil, A. S., and Tamam, L. (2002). Mechanism of actions of
antidepressants: beyond the receptors. Bull. Clin. Psychopharmacol. 12,
194-200.

Yohn, S. E., Arif, Y., Haley, A, Tripodi, G., Baqi, Y., Miller, C. E,
et al. (2016a). Effort-related motivational effects of the pro-inflammatory
cytokine interleukin-6: pharmacological and neurochemical characterization.
Psychopharmacology 233, 3575-3586. doi: 10.1007/s00213-016-4392-9

Yohn, S. E,, Errante, E. E., Rosenbloom-Snow, A., Somerville, M., Rowland, M.,
Tokarski, K., et al. (2016b). Blockade of uptake for dopamine, but not
norepinephrine or 5-HT, increases selection of high effort instrumental
activity:  implications  for
symptoms in  psychopathology. Neuropharmacology
doi: 10.1016/j.neuropharm.2016.06.018

Yohn, S. E., Lopez-Cruz, L., Hutson, P. H., Correa, M., and Salamone, J. D. (2016c).
Effects of lisdexamfetamine and s-citalopram, alone and in combination, on
effort-related choice behavior in the rat. Psychopharmacology 233, 949-960.
doi: 10.1007/s00213-015-4176-7

Yohn, S. E., Gorka, D., Mistry, A., Collins, S., Qian, E., Correa, M., et al.
(2017). Oral ingestion and intraventricular injection of curcumin attenuates
the effort-related effects of the VMAT-2 inhibitor tetrabenazine: implications
for motivational symptoms of depression. J. Nat. Prod. 80, 2839-2844.
doi: 10.1021/acs.jnatprod.7b00425

Yohn, S. E., Thompson, C., Randall, P. A., Lee, C. A, Miiller, C. E., Baqi, Y.,
et al. (2015). The VMAT-2 inhibitor tetrabenazine alters effort-related decision
making as measured by the T-maze barrier choice task: reversal with the
adenosine Ajj antagonist MSX-3 and the catecholamine uptake blocker
bupropion. Psychopharmacology 232, 1313-1323. doi: 10.1007/s00213-014-
3766-0

Yu, G., Maskray, V., Jackson, S. H., Swift, C. G., and Tiplady, B. (1991).
A comparison of the central nervous system effects of caffeine and theophylline
in elderly subjects. Br. J. Clin. Pharmacol. 32, 341-345. doi: 10.1111/j.1365-
2125.1991.tb03909.x

Zisook, S., Rush, A. J., Haight, B. R, Clines, D. C., and Rockett, C. B. (2006). Use of
bupropion in combination with serotonin reuptake inhibitors. Biol. Psychiatry
59, 203-210. doi: 10.1016/j.biopsych.2005.06.027

effort-related motivational
109, 270-280.

treatment  of

Conflict of Interest Statement: JS has received grants from Merck-Serrono, Pfizer,
Roche, Shire, and Prexa. MC has received a grant from Servier.

The other author declares that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict
of interest.

Copyright © 2018 Lopez-Cruz, Salamone and Correa. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pharmacology | www.frontiersin.org

June 2018 | Volume 9 | Article 526


https://doi.org/10.1016/j.mehy.2012.10.007
https://doi.org/10.1016/j.mehy.2012.10.007
https://doi.org/10.1007/BF00428203
https://doi.org/10.1038/tp.2012.120
https://doi.org/10.1007/s00210-015-1189-z
https://doi.org/10.1023/A:1007614714579
https://doi.org/10.3389/fpsyt.2017.00080
https://doi.org/10.1523/JNEUROSCI.6459-11.2012
https://doi.org/10.1523/JNEUROSCI.6459-11.2012
https://doi.org/10.1371/journal.pone.0006598
https://doi.org/10.1097/00004850-199905030-00001
https://doi.org/10.1097/00004850-199905030-00001
https://doi.org/10.1016/j.bbr.2006.03.035
https://doi.org/10.1186/1750-1326-5-18
https://doi.org/10.1186/1750-1326-5-18
https://doi.org/10.1016/j.pbb.2012.06.016
https://doi.org/10.1093/jpepsy/jsm086
https://doi.org/10.1016/j.fct.2017.04.002
https://doi.org/10.1016/j.fct.2017.04.002
https://doi.org/10.1159/000087097
https://doi.org/10.1037/0735-7044.112.2.399
https://doi.org/10.1007/s00213-008-1396-0
https://doi.org/10.1007/s00213-008-1396-0
https://doi.org/10.1016/S0033-3182(96)71515-3
https://doi.org/10.1016/j.psychres.2014.08.056
https://doi.org/10.1007/s00213-016-4392-9
https://doi.org/10.1016/j.neuropharm.2016.06.018
https://doi.org/10.1007/s00213-015-4176-7
https://doi.org/10.1021/acs.jnatprod.7b00425
https://doi.org/10.1007/s00213-014-3766-0
https://doi.org/10.1007/s00213-014-3766-0
https://doi.org/10.1111/j.1365-2125.1991.tb03909.x
https://doi.org/10.1111/j.1365-2125.1991.tb03909.x
https://doi.org/10.1016/j.biopsych.2005.06.027
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

',\' frontiers

in Pharmacology

ORIGINAL RESEARCH
published: 03 May 2018
doi: 10.3389/fphar.2018.00418

OPEN ACCESS

Edited by:
Francisco Ciruela,
Universitat de Barcelona, Spain

Reviewed by:

Alexander A. Mongin,

Albany Medical College, United States
Dmitry Lim,

Universita degli Studi del Piemonte
Orientale, Italy

*Correspondence:
Gldria Queiroz
gloria@ff.up.pt

Specialty section:

This article was submitted to
Experimental Pharmacology
and Drug Discovery,

a section of the journal
Frontiers in Pharmacology

Received: 17 November 2017
Accepted: 10 April 2018
Published: 03 May 2018

Citation:

Quintas C, Vale N, Gongalves J and
Queiroz G (2018) Microglia P2Y13
Receptors Prevent Astrocyte
Proliferation Mediated by P2Y7
Receptors. Front. Pharmacol. 9:418.
doi: 10.3389/fohar.2018.00418

®

Check for
updates

Microglia P2Y 13 Receptors Prevent
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Cerebral inflammation is a common feature of several neurodegenerative diseases
that requires a fine interplay between astrocytes and microglia to acquire appropriate
phenotypes for an efficient response to neuronal damage. During brain inflammation,
ATP is massively released into the extracellular medium and converted into ADP. Both
nucleotides acting on P2 receptors, modulate astrogliosis through mechanisms involving
microglia-astrocytes communication. In previous studies, primary cultures of astrocytes
and co-cultures of astrocytes and microglia were used to investigate the influence of
microglia on astroglial proliferation induced by ADPBS, a stable ADP analog. In astrocyte
cultures, ADPBS increased cell proliferation through activation of P2Yy and P2Y4»
receptors, an effect abolished in co-cultures (of astrocytes with ~12.5% microglia). The
possibility that the loss of the ADPBS-mediated effect could have been caused by a
microglia-induced degradation of ADPBS or by a preferential microglial localization of
P2Y1 or P2Y o receptors was excluded. Since ADPBS also activates P2Y43 receptors,
the contribution of microglial P2Y 13 receptors to prevent the proliferative effect of ADPBS
in co-cultures was investigated. The results obtained indicate that P2Y43 receptors
are low expressed in astrocytes and mainly expressed in microglia. Furthermore, in
co-cultures, ADPBS induced astroglial proliferation in the presence of the selective
P2Y 13 antagonist MRS 2211 (3 wM) and of the selective P2Y4» antagonist AR-C66096
(0.1 wM), suggesting that activation of microglial P2Y1o and P2Yq3 receptors may
induce the release of messengers that inhibit astroglial proliferation mediated by P2Y+ 12
receptors. In this microglia-astrocyte paracrine communication, P2Y4» receptors exert
opposite effects in astroglial proliferation as a result of its cellular localization: cooperating
in astrocytes with P2Y4 receptors to directly stimulate proliferation and in microglia
with P2Y13 receptors to prevent proliferation. IL-1p also attenuated the proliferative
effect of ADPBS in astrocyte cultures. However, in co-cultures, the anti-IL-1p antibody
was unable to recover the ADPBS-proliferative effect, an effect that was achieved
by the anti-IL-1a and anti-TNF-a antibodies. It is concluded that microglia control
the P2Y4 1o receptor-mediated astroglial proliferation through a P2Yq2 13 receptor-
mediated mechanism alternative to the IL-1B suppressive pathway that may involve the
contribution of the cytokines IL-1a and TNF-a.

Keywords: P2Y3 receptors, P2Y; receptors, microglia, cell proliferation, astrocyte-microglia communication,
IL-18, anti-IL-1c, anti-TNF-«
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INTRODUCTION

Astrocytes and microglia respond to all types of central nervous
system (CNS) insults, undergoing through several morphological
and functional changes to adapt to the requirements of
the surrounding inflammatory response. Microglia initiate a
response that starts with their activation and with a rapid
mobilization to the site of injury, to phagocyte death cells and to
remove cell debris (Hanisch and Kettenmann, 2007). Astrocytes
also become reactive, coursing with glial fibrillary acidic protein
up-regulation, hypertrophy and, in some cases, proliferation, to
form a glial scar that limits the damaged area and prevents
widespread inflammation (Sofroniew, 2014).

Pro-inflammatory  cytokines attain high extracellular
concentrations at the early stages of the inflammatory
response and trigger, or modulate, the course of astrogliosis
(Buffo et al., 2010). Since microglia are the main source of
inflammatory mediators, these cells are regarded as active
players in orchestrating the progression of astrogliosis. Microglia
activation, and an increase in microglia-derived mediators, are
primary events that occur in the inflammatory response, even
before the astrocytes response (Zhang et al., 2010), supporting the
relevance of a continuous communication between microglia and
astrocytes during inflammatory insults, to control astrogliosis.

Purinergic signaling plays a central role in the microglia-
astrocyte communication during the CNS inflammatory
response. Nucleotides, leaked from dying or damaged cells, act
as damage-associated molecular patterns, signaling the damage
and triggering different actions through activation of ionotropic
P2X or metabotropic P2Y receptors, expressed in astrocytes
and microglia (Di Virgilio et al., 2009). For example, ATP and
its metabolite ADP, activate microglia P2Y;, P2Y;, and P2Xy
receptors (Ohsawa et al., 2007; De Simone et al., 2010) that act
as sensors to guide microglia to the site where the inflammatory
response is occurring (Davalos et al, 2005). In astrocytes,
activation of P2Y; and P2Y; receptors causes hypertrophy and
stimulates proliferation, to create the glial scar that confines the
lesion site, restraining the secondary neuronal damage (Franke
et al., 2004; Quintas et al., 2011a).

It is also known that inflammatory mediators, released by
microglia, modulate the expression and function of G protein-
coupled receptors that induce an increase in [Ca2t]; in astrocytes
(Hamby et al., 2012). P2Y; receptors are metabotropic receptors
which, in astrocytes, mediate an increase in [Ca?™]; (Fischer
et al,, 2009) and trigger astroglial proliferation, an hallmark of
astrogliosis (Franke et al., 2004). Therefore, it is expectable that
microglia inflammatory mediators may modulate P2Y, receptors
activity and consequently, influence astrogliosis progression.

We have previously confirmed that astroglial proliferation
may be induced not only by activation of astrocyte P2Y;
receptors, but also by P2Y;, receptors (Quintas et al., 2011a).
It was further demonstrated that P2Y; ;; receptor-mediated
astroglial proliferation is inhibited in co-cultures of astrocytes
and microglia, when microglia P2Y receptors are also activated
(Quintas et al., 2011b). In those studies, it was excluded the
possibility that the loss of the ADPBS-mediated effect could
have been caused by a microglia-induced metabolisation of the

compound or by a preferential microglial localization of P2Y; or
P2Y; receptors, but it was evident that microglial P2Y receptors
induced the release of diffusible paracrine mediator(s) to prevent
ADPpPS-mediated astroglial proliferation. Since ADPBS also
activates P2Y;3 receptors, this subtype arise as a promising
candidate to mediate this microglia-astrocytes communication.

Expression of P2Y;3 receptors was previously detected in
microglia from the whole brain of mice (Crain et al., 2009), but
also in astrocytes of several brain regions (Fumagalli et al., 2004;
Carrasquero et al.,, 2005; Fischer et al., 2009), and functional
studies support the relevance of these receptor subtypes in both
types of cells. P2Y;3 receptors activation was shown to elicit
[Ca2T]; increase in microglia (Zeng et al., 2014) and astrocytes
(Carrasquero et al., 2009; Fischer et al., 2009) and to mediate the
release of several pro-inflammatory cytokines by microglia, such
as IL-1B, IL-6 and TNF-a (Liu et al., 2017).

In the previous studies, P2Y receptor-mediated astrocyte
proliferation was induced by ADPS, a stable ADP analog
selective for P2Y;, P2Y;; and P2Y;3 receptors (Quintas et al,
2011a). However, the mechanisms behind this P2Y receptor-
mediated communication between microglia and astrocytes are
still largely unknown, namely the subtype of receptors involved
and the identity of such mediator(s). Therefore, the aim of the
present study was to clarify the role of each of these P2Y receptor
subtypes in the microglia modulation of astroglial proliferation.

It is concluded that microglial P2Y;; and P2Y;3 are the
receptor subtypes involved in preventing astroglial proliferation
mediated by ADPBS in co-cultures of astrocytes and microglia.
As far as putative mediator(s) are concerned, the present study
further shows that, in spite of all indications that microglia-
derived IL-1B could be a strong candidate to prevent ADPBS-
induced astroglial proliferation, the microglial P2Y receptor
inhibition of astrocyte proliferation occurs through a IL-1f
independent mechanism, which involves the release of IL-1a and
TNEF-a.

MATERIALS AND METHODS
Drugs and Antibodies

The following antibodies and drugs were used: goat anti-mouse
IgG conjugated to Alexa Fluor 488 from Invitrogen (Barcelona,
Spain); rabbit polyclonal anti-P2Y;3 from Alomone Laboratories
(Jerusalem, Israel); mouse monoclonal anti-CD11b, and goat
anti-rabbit IgG conjugated to horseradish peroxidase from
Santa Cruz Biotechnology (Santa Cruz, CA, United States);
5-bromo-20-deoxyuridine (BrdU), rabbit polyclonal anti-BrdU,
rabbit polyclonal anti-a tubulin, goat anti-rabbit IgG conjugated
to Alexa Fluor 594 from Abcam (Cambridge, United Kingdom);
rabbit and mouse anti-glial fibrillary acidic protein (anti-GFAP),
recombinant rat interleukin-1f, rabbit polyclonal anti-
interleukin-1p antibody, adenosine 5’-O-(3-thio)-diphosphate
tetralithium (ADPS), 2’-(4-hydroxyphenyl)-5-(4-methyl-1-
piperazinyl)-2,5'-bi-1H-benzimidazole trihydrochloride hydrate
(Hoechst  33258), penicillin and streptomycin  from
Sigma-Aldrich (Sintra, Portugal); 2-(propylthio)adenosine-5'-O-
(B,y-difluoromethylene)triphosphate tetrasodium (AR-C66096),
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2-[(2-chloro-5-nitrophenyl) azo]-5-hydroxy-6-methyl-3-[(phos-
phonooxy)methyl]-4-pyridinecarboxaldehyde disodium (MRS
2211) and (1R*,258*)-4-[2-Iodo-6-(methylamino)-9H-purin-9-
yl]-2-(phosphonooxy)bicyclo[3.1.0]hexane-1-methanol dihydro-
gen phosphate ester tetraammonium (MRS 2500) from Tocris
(Bristol, United Kingdom); methyl-[3H]-thymidine (specific
activity 80-86 Ci.mmol~!) and enhanced chemiluminescence
(ECL) Western blotting system from Amersham Biosciences
(Lisbon, Portugal); goat polyclonal IL-la antibody, mouse
polyclonal TNF-a antibody from ThermoFisher Scientific
(Lisbon, Portugal). Stock solutions of drugs were prepared
with distilled water and kept at —20°C. Solutions of drugs
were prepared from stock solutions diluted in culture medium
immediately before use.

Cell Cultures

Animal handling and experiments were conducted according
to the guidelines of the Directive 2010/63/EU of the European
Parliament and the Council of the European Union and the
Organismo Responsavel pelo Bem-Estar Animal (ORBEA) from
ICBAS-UP. Primary cortical astroglial cultures were prepared
from offspring of Wistar rats (Charles River, Barcelona, Spain)
as previously described (McCarthy and de Vellis, 1980). Briefly,
the brains were placed in ice-cold Dulbecco’s phosphate buffered
calcium-free saline solution (DPBS) containing 0.2% glucose. The
meninges and blood vessels were removed from hemispheres and
after washing twice with ice-cold DPBS, they were cut into small
pieces in culture medium, i.e., Dulbecco’s modified Eagle medium
containing 3.7 g/L NaHCOs3, 1.0 g/L D-glucose and stable
glutamine, supplemented with 50 U/ml penicillin, 50 pg/ml
streptomycin. Tissue from two hemispheres was dissociated
by triturating in 10 ml culture medium. The cell suspension
obtained was passed through a 40-pm pore nylon mesh and then
centrifuged at 200 x g for 5 min and the supernatant discharged.
Centrifugation followed by cell suspension was repeated twice
and the pellet obtained was suspended in culture medium
supplemented with 10% foetal bovine serum (FBS), and seeded at
a density of 2 x 10°cells/ml. Cultures were incubated at 37°C in a
humidified atmosphere of 95% air, 5% CO; and the medium was
replaced 1 day after preparation and subsequently twice a week.
Confluent co-cultures of astrocytes and microglia were obtained
at DIV14-18.

To prepare highly enriched astroglial cultures, that were
named astrocytes cultures, confluent co-cultures were shaken
overnight at 200 rpm to detach microglia sitting on the top of
the astroglial monolayer and then trypsinized and subcultured to
remove microglia trapped within the astroglial monolayer (Saura,
2007).

The suppernant obtained from confluent co-cultures after
shaken overnight, which was enriched in microglia, was
not discharged being used to prepared microglia cultures as
previously described (Ni and Aschner, 2010; Deierborg, 2013).
Briefly, the suppernant of shaken co-cultures was collect in 50 ml
tubes previously cooled to 4°C and centrifuged at 1000 rpm for
10 min at 4°C. The supernant was discarded, the pellet obtained
was resuspended in complete medium and cells were seeded at
a density of 10° cells/ml. The surface of the supports used for

culturing micoglia were previously coated with poly-L-lysine for
better cell adhesion. To promote selective adhesion of microglia,
culture medium was changed 1 h after seeding and replaced
by complete medium containing 5 ng/ml M-CSF to promote
microglial growth.

Co-cultures were used in experiments at DIV23. Highly
enriched astrocyte cultures and microglia cultures were used at
DIV6 after purification. All types of cultures were synchronized
to a quiescent phase of the cell cycle, by shifting serum
concentration to 0.1% FBS for 48 h before performing the
experiments.

DNA Synthesis

At DIV23, cultures grown in 24-well plates, were incubated
with ADPBS, IL-1B, or solvent for 48 h and methyl-[*H]-
thymidine was added to the medium in the last 24 h, at a
concentration of 1 nCi/ml. When present, antagonists were
added to the medium 1 h before ADPBS. IL-1f and the
anti-ILs antibodies tested were added at the same time as
ADPRS. At the end of the 48 h period of incubation, cells
were rinsed with PBS, fixed with 10% of trichloroacetic acid
for 30 min at 4°C, washed with ice-cold 5% trichloroacetic
acid and rinsed again with PBS. Protein content and methyl-
[*H]-thymidine incorporation were evaluated after cell lysis
with 0.2 M NaOH. The effect of drugs in cell proliferation
was determined by methyl-[*H]-thymidine incorporation,
quantified by liquid scintillation spectrometry (Beckman LS
6500, Beckman Instruments, Fullerton, CA, United States) and
normalized by the protein content determined by the Bradford
method.

Immunocytochemistry

Cell cultures grown on 13 mm round coverslips were fixed in
4% paraformaldehyde and 4% sucrose in phosphate buffered
saline (PBS; 100 mM NaH,;POy, 50 mM NaCl, pH adjusted
to 7.3) and then incubated with 10% FBS, 1% bovine serum
albumin, 0.1% Triton X, 0.05% NaN3 in PBS for 1 h. For
double labeling astrocytes and microglia, and for P2Y;3 receptors
localization, cultures were incubated overnight at 4°C with
the following primary antibodies, diluted in 5% FBS, 1%
bovine serum albumin, 0.1% Triton X, 0.05% NaN3 in PBS:
rabbit or mouse anti-glial fibrillary acidic protein (anti-GFAP,
1:600), mouse anti-CD11b (1:50) and rabbit anti-P2Y;3 (1:200).
Visualization of GFAP, CD11b and P2Y;3 receptors positive cells
was accomplished upon 1 h incubation, at room temperature,
with the secondary antibodies anti-rabbit IgG conjugated to
Alexa Fluor 594 and anti-mouse IgG conjugated to Alexa
Fluor 488 (both at 1:400). In negative controls, the primary
antibody was omitted. Cell nuclei were labeled with Hoechst
33258 (5 pg/ml) for 1 min at room temperature. To evaluate
the percentage of microglia, the two types of cultures were
processed in parallel and about 200 cells were counted in each
culture. The number of CD11b positive cells was expressed as
percentage of the total number of cells counted. Images were
captured with Lionheart™ FX Automated Microscope (Biotek,
United Kingdom).
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BrdU Staining

In astrocyte cultures, proliferation of astrocytes or contaminating
microglia was identified through double labeling of GFAP or
CD11b and 5-bromo-20-deoxyuridine (BrdU) positive cells.
Astrocytes cultures grown on 13 mm round coverslips were
incubated with ADPBS 300 pM for 48 h. BrdU (100 pnM)
was added to the medium for the last 24 h, after which time
the cells were incubated with mouse anti-CD11b (1:50) for
30 min at 37°C and then fixed with in 4% paraformaldehyde
and 4% sucrose in PBS for 15 min at room temperature.
Coverslips were washed with PBS and then incubated for
20 min with methanol to permeabilize the membranes. The
BrdU epitope was exposed by incubating the cells in 2 M
hydrochloric acid for 1 h at 37°C followed by neutralization
with 0.1 M sodium borate, pH 8.5 for 20 min. Cell cultures
were blocked with 3% FBS and then incubated with mouse
anti-GFAP (1:600) and rabbit anti-BrdU (1:300) for 1 h,
at room temperature. Visualization of GFAP or CD11b and
BrdU positive cells was accomplished upon 1 h incubation,
at room temperature, with the secondary antibodies anti-
rabbit IgG conjugated to Alexa Fluor 594 and anti-mouse IgG
conjugated to Alexa Fluor 488 (both at 1:400). In negative
controls, the primary antibody was omitted. Images were
captured with Lionheart™ FX Automated Microscope (Biotek,
United Kingdom).

Real Time RT-qPCR Analysis
RNA was extracted from astrocyte and microglia cultures with
the RNeasy Mini Kit (QIAGEN), according to manufacturer’s
instructions. RNA purity and concentration was confirmed using
a Synergy HT spectrophotometer (Biotek, United Kingdom).
Nine hundred ng of RNA (astrocytes) or 70 ng of RNA
(microglia) were used as a template for reverse-transcriptase
reactions using the NZY First-Strand cDNA Synthesis kit
(NZYTech). The primer sequences, listed in Table 1, were
designed and evaluated with Beacon Designer™ Software 7
(PREMIER Biosoft). Primer specificity was assessed through
NCBI BLAST analysis prior to use and, for each sample following
PCR, it was verified that the dissociation curve had a single
peak with an observed Tm consistent with the amplicon length.
Standard dilutions of the cDNA were used to check the relative
efficiency and quality of primers. Negative controls (no template
c¢DNA) were included in all gPCR.

qPCR amplifications were performed in duplicate, using
0.125 pM of each primer,10 pl of 2X iTaqTM Universal
SYBR Green Supermix (Bio-Rad) and 1 pl of template cDNA.
qPCRs were carried out on a CFX96 Touch™ Real-Time PCR

Detection System (Bio-Rad) and conditions were as follows:
95°C for 3 min followed by 40 cycles of denaturation at
95°C for 10 s, 60°C annealing temperature for 30 s. Melting
curves of the PCR amplicons were then generated with
temperatures ranging from 55°C to 95°C, with increments of
0.5°C at a rate of 10 s/step. The melting curve data were
analyzed with the CFX Manager™ (ver. 2.0, Bio-Rad). The
data obtained were analyzed using the method described by
Pfaffl (2001). Ct values from duplicate measurements were
averaged, and relative expression levels were determined by
the 274¢T method. While PCRs were run to 40 cycles, all
detected genes had Ct values below 31 in all of the samples
examined. For each analysis GAPDH and B-actin were used for
normalization.

Western Blot Analysis

Cell cultures were rinsed with ice-cold PBS and total cell
protein extracted in lysis buffer with protease inhibitors (1 mM
NazVOy4, 1 mM NaFE 1 mM PMSE 2 pg/ml aprotinin and
2 pg/ml leupeptin). Ceramic beads with 1.4 mm were added
to the samples, which were disrupted with two cycles of
15 s at 5800 rpm in the Precellys Evolution homogenizer
(Bertin Instruments, France). The lysate was incubated on
ice for 1 h and then centrifuged at 20,000 x g for 45 min
at 4°C. The protein concentration was determined in the
supernatant and equal amounts of protein (50 pg) were boiled
at 70°C for 10 min in 6x sample buffer (0.35 M Tris-
HCI at pH 6.8, 10% SDS, 30% glycerol, 9.3% dithiothreitol,
0.01% bromphenol blue, 5% mercaptoethanol) and subjected
to 12% SDS-PAGE (SDS-polyacrylamide gel electrophoresis).
Proteins were electrotransferred onto nitrocellulose membranes
overnight at 40 V in transfer buffer. Membranes were
blocked at room temperature for 2 h with 5% of bovine
serum albumin in PBS, and then probed for 2 h at room
temperature with primary polyclonal antibody rabbit anti-
P2Y;3 (1:200) followed by the secondary antibody goat anti-
rabbit IgG conjugated to horseradish peroxidase (1:10,000).
Immunoblots were then stripped by incubation in stripping
buffer (62.5 mM Tris-HCl, 100 mM 2-mercaptoethanol and
2% SDS, pH adjusted to 6.8) for 15 min at 50°C and
blocked overnight with 5% of bovine serum albumin in
PBS. Subsequently, membranes were re-probed with the
primary polyclonal antibody rabbit anti-atubulin (1:1000)
for 1 h at room temperature, followed by the secondary
antibody. Immunocomplexes were detected using Novex ECL
Chemiluminescent kit (Life Technologies) and ChemiDoc MP
Imaging System (Bio-Rad, Portugal).

TABLE 1 | Primer sequence table.

Gene Forward primer Reverse primer

P2Y4 5 -CTGATCTTGGGCTGTTATGG-3' 5-GCTGTTGAGACTTGCTAGAC-3
P2Y1o 5 -TGTTCCTGCTGTCACTGCCTAA-3' 5-CTCGTGCCAGACCAGACCAA-3
P2Y+3 5-TGCACTTTCTCATCCGTGGT-3 5-GGCAGGGAGATGAGGAACAT-3'
B-actin 5-CTGTGCTATGTTGCCCTA-3' 5'-CCGATAGTGATGACCTGAC-3
GAPDH 5'-TTCAACGGCACAGTCAAG-3' 5-TACTCAGCACCAGCATCA-3'
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Statistical Analysis

Data are expressed as means * standard errors of the mean
(S.E.-M.) from n independent cell cultures tested in triplicated,
or duplicated in qRT-PCR experiments. Statistical analysis was
carried out using the unpaired Students f-test or one-way
analysis of variance (ANOVA) followed by Dunnetts multiple
comparison test. Statistical analysis performed on 2~ AT data was
carried out using one-way ANOVA followed by Bonferroni’s post
hoc comparisons tests. P-values lower than 0.05 were considered
to indicate significant differences.

RESULTS

Characterization of Glial Cultures

Two types of cell cultures were prepared, astrocytes being the
predominant cell type. When no treatment was applied, cultures
could be described as a monolayer of astrocytes containing a
significant percentage of microglia 12.5 &= 0.2% (n = 4). Cultures
obtained under these conditions were named astrocyte-microglia
co-cultures or, more briefly, co-cultures. Confluent astrocyte-
microglia co-cultures were treated to eliminate microglia (see
section “Materials and Methods”), resulting in cell cultures
of astrocytes with much less microglia (1.6 & 0.1%; n = 4).
Cultures obtained under these conditions were named astrocyte
cultures. Both types of cultures, co-cultures and astrocyte
cultures, were used in the experiments to identify microglia
P2Y receptor subtype(s) and to explore potential paracrine
mechanisms involved in the control of the ADPPS-induced
astroglial proliferation.

Glial P2Y Receptor Subtype(s) Involved
in the Modulation of ADPBS-Induced

Astroglial Proliferation

The proliferative effect of ADPBS was compared in astrocyte
cultures and in co-cultures to clarify the influence of microglia
in the astrocyte proliferation elicited by this more stable ADP
analog, selective for P2Y;, P2Y, and P2Y;3 receptors.

In astrocyte cultures, ADPBS (1-300 M), increased astroglial
proliferation in a concentration-dependent manner, up to
201 £ 10% (n = 4; Figure 1). Although astroglial cultures had
about 2% of contaminating microglia (see above), proliferation
of astrocytes and microglia was differentiated through a double
labeling of GFAP or CDI1b with 5-bromo-20-deoxyuridine
(BrdU), to identify the type of BrdU positive cells. The results
indicate that the main proliferating cells, the BrdU positive cells,
were astrocytes (Figure 2).

The proliferative effect caused by ADPBS (300 pM) was
antagonized by MRS 2500 (1 wM), a selective antagonist of P2Y;
receptor, by AR-C66096 (0.1 wM), a selective antagonist of P2Y
receptor, but not by MRS 2211 (3 pM), a selective antagonist
of P2Y;3 receptor (Figure 2A). No additive antagonism was
observed when both MRS 2500 (1 M) and AR-C66096 (0.1 wM)
were tested simultaneously (Figure 3A).

In co-cultures, ADPBS failed to cause astroglial proliferation.
However, the ADPBS-induced astroglial proliferation was almost

—O— Astrocyte cultures
—&— Astrocyte-microglia co-cultures
220

*x

200 H

180

160

140

Cell proliferation (% control)

120

100

104

ADPBS (M)

FIGURE 1 | Astroglial proliferation in astrocyte cultures and
astrocyte-microglia co-cultures induced by ADPBS. Cultures were incubated
with ADPBS or solvent for 48 h and methy/-[*H]-thymidine (1 .Ci/ml) was
added in the last 24 h. Cell proliferation was estimated by
methyl-[?H]-thymidine incorporation and expressed in percentage of control.
Values are means + SEM from 4 different cultures. *P < 0.05 and **P < 0.01,
significant differences from control (solvent). *+P < 0.01, significant
differences from the ADPBS in astrocyte cultures.

restored in the presence of MRS 2211 (3 pM), reaching
proliferation levels similar to those observed in astrocyte cultures,
and only partially restored by AR-C66096 (0.1 pM). When
P2Y,; and P2Y 3 receptors were blocked simultaneously, ADPBS
proliferative effect was similar to that observed in the presence of
the P2Y;3 antagonist alone (Figure 3B).

Expression and Cellular Localization of
P2Y,3 in Glial Cultures

P2Y; and P2Y;, receptor subtypes are known to be expressed
both in astrocytes (Fumagalli et al., 2003; Franke et al., 2004;
Amadio et al., 2010) and microglia (Bianco et al., 2005; Ohsawa
et al., 2007; De Simone et al,, 2010) and expression levels of
these receptor subtypes was found to be similar in both types of
cultures, without any predominant cell-type localization (Quintas
et al, 2011b). Therefore, considering these observations, and
the results from the pharmacological approach, it remains to
be explored a putative role for P2Y;3 receptor as candidate to
mediate the loss of ADPBS-induced astroglial proliferation in
co-cultures. Therefore, the expression of P2Y;3 receptors was
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FIGURE 2 | BrdU staining and its cellular localization in astrocyte cultures. Astrocyte cultures were incubated with solvent (A,D), ADPBS (B,E) or 10% FBS, a
positive control for cell proliferation (C,F), for 48 h. BrdU (100 wM) was added to the medium for the last 24 h and then stained with rabbit anti-BrdU (Alexa Fluor
594, red) to visualize BrdU incorporation. Microglia were then co-labeled with mouse anti-Cd11b (A-C; Alexa Fluor 488, green) and astrocytes, with mouse
anti-GFAP (D-F; Alexa Fluor 488, green). BrdU positive nuclei co-localize mainly with astrocytes, showing they are the main proliferating cells within the astrocyte
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FIGURE 3 | Pharmacological characterization of P2Y receptors involved in the modulation of ADPBS-mediated astroglial proliferation. (A) Astrocyte cultures and (B)
astrocyte-microglia co-cultures were incubated with ADPBS or solvent for 48 h and methyl-[2H]-thymidine (1 nCi/mL) was added in the last 24 h. The P2Y
antagonists: MRS 2500 (anti-P2Y1R), AR-C66096 (anti-P2Y12R) and MRS 2211 (anti-P2Y43R) were added to the medium 1 h before ADPBS. Cell proliferation was
estimated by methyl-[>H]-thymidine incorporation and expressed in percentage of control. Values are means + SEM from 6 to 10 different cultures. *P < 0.05,
significant differences from control (solvent).™P < 0.05, significant differences from ADPBS alone.

B Astrocyte-microglia co-cultures

[ ADPBS (300 uM)
ZZ2 + AR-CE6096 (0.1 uM)
E=3 + MRS 2211 (3uM)

250 9 g% + AR-C66096 + MRS 2211

200 oy

150

100

Cell proliferation (% control)

50 H

0_

further analyzed in both types of cultures and their cellular
localization was characterized in co-cultures.

In western blot assays, P2Y;3 receptors expression was
evidenced by two immunoreactive bands of 32 and 52 kDa that
reacted with the anti-P2Y;3 antibody. These bands were absent

in the presence of the P2Y;3 neutralizing peptide, indicating
they represent specific epitopes for the anti-P2Y;3 receptor
antibody (Figure 4A, see also Supplementary Material). qRT-
PCR experiments confirm the expression of the three receptor
subtypes in astrocyte cultures, despite the significant lower
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FIGURE 4 | Expression of P2Y1, P2Y1, and P2Y+3 receptors. (A) Representative Western blots of P2Y+, P2Y1, and P2Y43 receptors (P2Y+1R, P2Y12R and P2Y13R)
expression in astrocyte-microglia co-cultures (CC) and astrocyte cultures (AC). P2Y1R, P2Y12R and p-actin (43 kDa) expression data previously published by Quintas
et al. (2011a,b). P2Y13 receptors (P2Y13R) and a-tubulin (55 kDa) expression were obtained from whole cell lysates. Two immunoreactive bands of 32 and 52 kDa
specifically reacted with rabbit anti-P2Y 13 antibody. These bands were absent in the presence of the respective neutralising peptide (np). mRNA expression of P2YR
in (B) astrocyte cultures and (C) microglia cultures. mMRNA P2YR expression were determined using gRT-PCR and normalized to GAPDH (astrocytes cultures) or
B-actin (microglial). Values are means + SEM from 3 different cultures. *P < 0.05, significant differences from P2Y1R expression.
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expression of P2Y;; and P2Y3 receptors, when compared to that
of P2Y receptors (Figure 4B). In contrast, the expression of these
receptor subtypes was similar in microglia cultures (Figure 4C).
The results obtained indicate that, even though at low expression
levels, P2Y;3 receptors are present in co-cultures and astrocyte
cultures and that both cell types, astrocytes and microglia, express
the receptor.

Immunocytochemistry analysis of co-cultures, revealed
low immunoreactivity for P2Y;3 receptors in astrocytes
(Figures 5A-C), and a preferentially localization in microglial
cells (P2Y;3 receptor subtype in red and the CDI11b integrin
in green; Figures 5D-F). Although astrocytes express P2Y;3
receptors, it is clear that P2Y 3 receptors are mostly localized in
microglia, and thus, may have a more relevant role in controlling
the ADPPS-induced astroglial proliferation through P2Y; i,
receptors.

On the Microglia Paracrine Mediator
That Prevents the ADPS-Induced

Astroglial Proliferation

Previous studies have shown that, in co-cultures, ADPS activates
microglia P2Y receptors, inducing release of non-identified
diffusible messenger(s) that attenuated its proliferative effect
in astrocytes (Quintas et al.,, 2011b). Interleukins are potential
candidates, since recently it was demonstrated that activation of
microglia P2Y; 13 receptors induces the release of IL-1p, TNF-a
and IL-6 (Liu et al., 2017). Furthermore, IL-18 has been shown
to decrease the activity of P2Y; receptors (Scemes, 2008). In
preliminary experiments, the presence of IL-1p was detected by
ELISA in the supernatant of co-cultures treated with ADPPS

(not shown). Therefore, it was hypothesized that activation of
microglial P2Y; 13 receptors by ADPPBS may induce release of
IL-1B from microglia, which in turn interacts with P2Y receptors
expressed in astrocytes, to prevent the ADPBS-induced astroglial
proliferation.

In agreement with this hypothesis, in astrocyte cultures,
IL-1B attenuated ADP@S-induced astroglial proliferation, and
this effect was prevented by the anti-IL-1f antibody (Figure 6A),
supporting the view that IL-1p has conditions to exert such role.
Additionally, when tested alone, the anti-IL-1p antibody had
no effect, suggesting that there is no significant tonic release of
IL-1B by astrocytes or by the small percentage of contaminating
microglia.

Considering the hypothesis that IL-1f could be the soluble
messenger produced by microglia, responsible for preventing
ADPpS-induced astroglial proliferation, the anti-IL-1f antibody
was tested in co-cultures to investigate whether, after IL-1f
neutralization, ADPBS was able to induce astroglial proliferation.
In co-cultures, when tested alone, the anti-IL-1f antibody
induced cell proliferation up to 142 + 4 (n = 5; P < 0.05),
suggesting the occurrence of a basal release of IL-18 by microglia
exerting a tonic inhibition of astroglial proliferation. However,
the anti-IL-18 antibody was unable to restore the ADPSS
proliferative effect (Figure 6B), indicating that there is no
additional significant release of IL-1B, when ADPBS activates
microglial P2Y receptors (not shown).

Following the same hypothesis, and considering the
contribution of activated microglia to the release of other
interleukins, such as IL-1o. and TNF-a (Liu et al., 2017; Liddelow
et al, 2017), that have been shown to change de reactivity
of astrocytes (Liddelow et al, 2017), the interaction between
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FIGURE 5 | Cellular distribution and localization of P2Y13 receptors in astrocyte-microglia co-cultures. Astrocytes were double labeled with (A) mouse anti-GFAP
(Alexa Fluor 488, green) and with (B) rabbit anti-P2Y13 receptor (Alexa Fluor 594, red). Microglia were double labeled with (D) mouse anti-CD11b (Alexa Fluor 488,
green) and with (E) rabbit anti-P2Y3 receptor (Alexa Fluor 594, red). Nuclei were labeled with Hoechst 33258 (blue). P2Y 13 receptors (red) co-localize with
astrocytes (C) but mainly with microglia (F). Scale bar: 100 wm.
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FIGURE 6 | Effect of IL-1p and anti-IL-1p antibody on proliferation induced by ADPBS in astrocyte cultures (A) and effect of antibodies anti-IL-18, anti-IL-1a, and
anti-TNF-a in proliferation induced by ADPBS on astrocyte-microglia co-cultures (B). (A) Astrocyte cultures were incubated with ADPBS alone or in combination with
IL-1B or IL-1p plus anti-IL-1p antibody for 48 h. (B) Astrocyte-microglia co-cultures were incubated with ADPBS or with anti-ILs antibodies alone or with ADPBS plus
anti-ILs antibodies for 48 h. Anti-ILs antibodies, when present were added at the same time as ADPBS or solvent. Methyl-[3H]-thymidine (1 .Ci/mL) was added in
the last 24 h and cell proliferation was estimated by methy/-[3H]-thymidine incorporation and expressed in percentage of control. Values are means + SEM from 4 to
5 different cultures. *P < 0.05, significant differences from the respective control; *P < 0.05, significant differences from ADPBS alone and #P < 0.05, significant
differences from ADPBS plus the anti-IL-11p antibody.

ADPBS and the antibodies anti-IL-la and anti-TNF-a was close to those observed in astrocyte cultures (Figure 6B). These
tested in co-cultures. Unlike the anti-IL-1p antibody, both the results suggest that activation of microglia P2Y; 13 receptors by
anti-IL-1a and the anti-TNF-a antibodies had no effect when =~ ADPPS may induce the release of IL-1a and TNF-a that control
tested alone, but restored the ADPBS-proliferative effect to levels  astroglial proliferation.
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DISCUSSION

Nucleotides, such as ATP and ADP are massively present in
the extracellular medium during brain lesion, and were shown
to activate P2Y receptors, modulating astroglial proliferation
through mechanisms that involve communication between
microglia and astrocytes (Quintas et al., 2011b). ADPBS is
a stable ADP analog, selective for P2Y;, P2Y;,, and P2Y;3
receptor subtypes, and was shown to cause cell proliferation
in astrocyte cultures, an effect mediated by P2Y; and P2Y;,
receptors (Quintas et al., 2011a). The ADPPS-induced astroglial
proliferation was abolished when the percentage of microglia
cells increased to about 10-13% microglia (Quintas et al.,
2011b). In these previous studies, it was excluded the possibility
that a lower expression of P2Y; and/or P2Y, receptors, or a
preferential microglial localization of these P2Y receptor subtypes
could explain the absence of ADPBS-induced proliferative effect
observed in co-cultures. It was also demonstrated that the
presence of microglia did not influence metabolic degradation
of ADPBS. Therefore, an activation of microglia P2Y receptors
by ADPBS, was seen as the more solid explanation for the
lack of ADPBS proliferative effect observed in co-cultures.
However, the microglial P2Y receptor subtype(s) involved
in the modulation of astroglial proliferation remained to be
identified.

In the present study, it was confirmed that, in astrocyte
cultures, ADPPS induces cell proliferation. Despite the minor
contamination of astrocyte cultures with microglia, we have
demonstrated, by BrdU incorporation, that astrocytes are the
main proliferating cells. ADPBS proliferative effect in these
cultures is triggered through activation of P2Y; and P2Y;,
receptor subtypes. The ADPBS proliferative effect was attenuated
by the selective P2Y; receptor antagonist, MRS 2500 (1 wM;
Houston et al, 2006) and by the selective P2Y;, receptor
antagonist, AR-C66096 (0.1 pwM; Humphries et al, 1994).
Interestingly, no additive effect was observed when both
antagonists were tested simultaneously. A possible explanation
is that, although they are coupled to different transduction
mechanisms, they may convey in a common pathway. In fact,
P2Y; receptors, are coupled to G(q) proteins and mediate
astroglial proliferation through activation of phospholipase
(PLC)-protein kinase C (PKC)-extracellular signal-regulated
kinase 1/2 (ERK1/2) pathway (Neary et al., 2003; Quintas et al.,
2011a), whereas P2Y;, receptor activation may lead to G(i)
By-dependent PLC-PKC-ERK1/2 pathway, as seen in 132IN1
human astrocytoma cells (Mamedova et al., 2006) or to a
PLC-independent activation of PKC, as seems to occur in
glioma C6 cells (Grobben et al., 2001; Van Kolen and Slegers,
2006). Therefore, P2Y; and P2Y;, receptors subtypes, despite
being coupled to different G proteins, may activate converging
pathways, leading to ERK1/2 activation and cell proliferation.
The results obtained in astrocyte cultures further demonstrate
that P2Y3 receptors are not involved in astroglial proliferation,
because the antagonist of P2Y;3 receptor MRS 2211 (3 pwM;
Kim et al.,, 2005) did not change the ADPBS-induced astroglial
proliferation.

In co-cultures, the results obtained with ADPBS on
proliferation contrast with those observed in astrocyte cultures.
In co-cultures, ADPBS failed to induce astroglial proliferation.
However, the proliferative effect of ADPPS was restored, to levels
similar to those observed in astrocyte cultures, when P2Y;3
receptors were blocked with MRS 2211, and partially recovered
when P2Y; receptors were blocked with AR-C66096.

P2Y;, receptors have been shown to be expressed either by
microglia (Haynes et al., 2006; Ohsawa et al., 2007; De Simone
et al., 2010) or by astrocytes (Fumagalli et al., 2003, 2004;
Carrasquero et al,, 2005; Amadio et al., 2010). Additionally,
our previous studies demonstrated, by western blot and by
immunocytochemical assays, that P2Y, receptors are expressed
in both astrocytes cultures and co-cultures, by astrocytes and by
microglial cells, with no preferential cellular localization (Quintas
et al, 2011b). In this study, P2Y;, receptors expression in
astrocytes and microglia was further supported by quantification
of P2Y}, transcripts.

Concerning to the P2Y,3 receptors, they were expressed at
low levels either in astrocyte cultures or co-cultures, which is
in agreement with its lower mRNA expression in astrocytes.
P2Y ;3 receptors have been shown to be expressed in astrocytes
of several brain regions, inducing [Ca?T]; increase (Fumagalli
et al., 2004; Carrasquero et al., 2009; Fischer et al., 2009),
which suggest a possible role for this receptor subtype in
the modulation of astrogliosis. In the present work, P2Y)3
receptors were shown to be residually expressed by astrocytes,
but do not directly modulate of astroglial proliferation. Results
obtained by immunocytochemistry showed that they were
preferentially expressed by microglia, an observation in line
with previous studies that demonstrated the expression of
P2Y;3 receptors in microglia from the whole brain (Crain
et al, 2009) and spinal cord, where they elicit [Ca’T];
increase (Zeng et al., 2014) and the release of several pro-
inflammatory cytokines, such as IL-1@, IL-6 and TNF-a (Liu et al.,
2017).

From the pharmacological and molecular biology results, it
may be concluded that astrocyte P2Y;3 receptors do not directly
mediate astroglial proliferation, but rather act indirectly, through
microglia, to regulate P2Y-mediated astroglial proliferation. The
P2Y,, receptors seem to cooperate with P2Y;3 receptors to
restrain astroglial proliferation in co-cultures.

In co-cultures, P2Y;, and P2Y;3 receptors also do not cause
additive effects in preventing the ADPPS-induced astroglial
proliferation. Likely, because P2Y;, and P2Y,3 share the same
transduction pathways. Both receptor subtypes are coupled to
G(i) proteins (Marteau et al., 2003) and/or to an increase
in [Ca’T];, as described in microglial cells (Bianco et al.,
2005).

We have previously shown that conditioned medium of
microglia treated with ADPBS prevented the proliferative effect
mediated by P2Y; 1, receptors in astrocyte cultures, supporting
the view that, in co-cultures, activation of microglia P2Y
receptors induced the release of diffusible paracrine mediator(s)
responsible for the inhibitory influence in the ADPBS-induced
astroglial proliferation (Quintas et al., 2011b).

Frontiers in Pharmacology | www.frontiersin.org

May 2018 | Volume 9 | Article 418


https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Quintas et al.

Microglia P2Y13R Prevent Astrocyte Proliferation

A recent report has shown that microglial cytokines,
such as IL-1B, TNF-a and IL-6, transform astrocytes into a
neuroprotective phenotype, involving downregulation of P2Y;
receptors (Shinozaki et al., 2017). We have also shown that,
the presence of microglia was associated with a loss of P2Y;
receptor function, but without changing the expression levels
(Quintas et al., 2011b). In line with our observations, it
was seen a correlation between the presence of the pro-
inflammatory IL-1p and the loss of P2Y; receptors function
in astrocytes, without modifying its expression levels, possibly
due to protein-protein interactions (Scemes, 2008). Thus, it was
considered the hypothesis that microglial P2Y;, 13 receptors
could induce the release of IL-18 which, acting on astrocytes,
would prevent the P2Y ;;-mediated proliferation. According to
this hypothesis, IL-1f inhibited ADPBS-induced proliferation
in astrocytes cultures, an effect prevented by the anti-IL-1P
antibody. In co-cultures, but not in astrocyte cultures, the anti-
IL-1B antibody, induced astroglial proliferation, suggesting that
there is a microglial basal release of IL-1f that tonically inhibits
astroglial proliferation. However, ADPBS was still unable to
induce astroglial proliferation in the presence of anti-IL-1f
antibody, excluding any significant contribution of IL-1f to the
microglial P2Y1 13 receptor-mediated inhibition of astroglial
proliferation.

Another recent study, indicated that activated microglia
release IL-1a, TNF-a and the complement factor Cql, which
are involved in phenotypical changes in astrocytes that may
lead to a less proliferative and more aggressive profile to
neurons (Liddelow et al.,, 2017). In line with this study it was
hypothesized that in co-cultures, ADPBS-activated microglia
could release IL-1a, TNF-a, and that these interleukins could
be paracrine mediators involved in the inhibition of ADPBS-
mediated astroglial proliferation. In co-cultures, both anti-IL-
la and anti-TNF-a antibodies restored, almost completely, the
ADPRS proliferative effect, without causing significant effects
on basal proliferation, supporting the conclusion that activation
of microglia P2Yj, 13 receptors by ADPBS may induce the
release of IL-la and TNF-a that control P2Y) ;, astroglial
proliferation.

Taken together, the present results evidence the existence of
two distinct pair of receptors controlling astroglial proliferation
induced by extracellular purine nucleotides: P2Y; and P2Y;,
receptors, present in astrocytes and causing proliferation, and
P2Y;; and P2Y;3 receptors, present in microglia, causing a
suppression of astroglial proliferation due to the release of soluble
messenger(s), on a paracrine mode of communication that is
independent of IL-1f, but seems to involve the release of IL-1a
and TNF-a.

This purinergic interaction between microglia and astrocytes
may be relevant under physiopathological conditions, during
the initial phase of the inflammatory response, when there is
cell death and inflammation, recruitment of microglia and other
inflammatory and immune cells to remove cell debris (Burda and
Sofroniew, 2014). Nucleotides are released to the lesion core at
these early stages of CNS insult and may coordinate multicellular
responses, activating purinergic receptors in astrocytes, microglia
and surrounding cells (Buffo et al., 2010). Adenine nucleotides

have been shown to induce astroglial proliferation mediated by
P2Y, 1, receptors (Franke et al., 2004; Quintas et al., 2011a)
and would also act as chemotactic signals through activation
of P2Y;, receptors, causing microglia mobilization to reach
the damaged site and to modulate the inflammatory response
(Davalos et al., 2005). Here, we demonstrate that activation of
microglial P2Y, 13 receptors control P2Y; 1, receptor-mediated
astroglial proliferation. With the arrival of microglia to the
lesion core, microglial P2Y}; ;3 receptors would silence P2Y; 1,
receptor-mediated astroglial proliferation, by the release of
paracrine mediators, delaying the formation of the astrocytic
scar and, therefore, keeping open the path for more immune
cells infiltration. As inflammation is resolved, microglia will
change their phenotype, releasing astrocytes from the P2Y; 13
proliferative brake, and pave the way for a full remodeling and
repair.
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The balance and smooth shift between flexible, goal-directed behaviors and repetitive,
habitual actions are critical to optimal performance of behavioral tasks. The striatum
plays an essential role in control of goal-directed versus habitual behaviors through
a rich interplay of the numerous neurotransmitters and neuromodulators to modify
the input, processing and output functions of the striatum. The adenosine receptors
(namely AoaR and A¢R), with their high expression pattern in the striatum and abilities
to interact and integrate dopamine, glutamate and cannabinoid signals in the striatum,
may represent novel therapeutic targets for modulating instrumental behavior. In this
study, we examined the effects of pharmacological blockade of the AoaRs and A¢Rs
on goal-directed versus habitual behaviors in different information processing phases
of instrumental learning using a satiety-based instrumental behavior procedure. We
found that AoaR antagonist acts at the coding, consolidation and expression phases
of instrumental learning to modulate animals’ sensitivity to goal-directed valuation
without modifying action-outcome contingency. However, pharmacological blockade
and genetic knockout of A1Rs did not affect acquisition or sensitivity to goal-valuation of
instrumental behavior. These findings provide pharmacological evidence for a potential
therapeutic strategy to control abnormal instrumental behaviors associated with drug
addiction and obsessive-compulsive disorder by targeting the AoaR.

Keywords: adenosine Azp receptor, adenosine Aq receptor, goal-directed behavior, habit, instrumental behavior

INTRODUCTION

Goal-directed and habitual behaviors are crucial adaptive behaviors for our daily life. Goal-directed
behavior evaluates actions prospectively and can flexibly adjust action depending on environmental
changes, but this comes at the cost of more cognitive resource. By contrast, habitual behavior
is usually developed after repeated overtraining for days and represents automatic responses
elicited by external or internal triggers during the performance of routine procedures with
less cognitive loads (Dolan and Dayan, 2013). These two behavioral processes can develop in
parallel or sequentially and can also reciprocally compete with each other for behavioral control
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(Yin and Knowlton, 2006; Balleine and O’Doherty, 2010; Kim
and Hikosaka, 2015). The balance between flexible goal-directed
actions and repetitive habitual behaviors has an essential role in
achieving optimal performance of behavioral task. Dysregulation
of goal-directed versus habitual behaviors is considered to be a
potential mechanism underlying the relapse of drug addiction
(Ostlund and Balleine, 2008), obsessive compulsive disorder
(Gillan et al., 2011; Robbins et al., 2012; Burguiere et al., 2015),
and may contribute to the executive dysfunction in Parkinson’s
(Redgrave et al., 2010; de Wit et al, 2011) and Huntington’s
disease patients (Lawrence et al., 1998).

The striatum plays an essential role in control of goal-directed
versus habitual behaviors (Yin and Knowlton, 2006; Graybiel
and Grafton, 2015; Kim and Hikosaka, 2015). The dorsal medial
striatum (DMS)-connecting orbitofrontal cortex (OFC) is critical
for goal-directed valuation (Gremel and Costa, 2013), while
the dorsal lateral striatum (DLS) and its connecting infralimbic
cortex act as dual operators for habitual behavioral control (Smith
and Graybiel, 2013a,b). Additionally, the accumbens nucleus
(NAc)-ventral Pallidum (VP) pathway is necessary for goal-
directed valuation as inactivation of NAc-VP pathway impairs
the predictive learning (Leung and Balleine, 2013). Furthermore,
the nigro-striatal dopamine signaling acts as a prediction error
and motivational signal to drive instrumental learning (Glimcher,
2011; Rossi et al., 2013; Steinberg et al., 2013). Thus, the striatum
acts as a key locus in integrating the cortico-striatal glutamate
and the substantia nigra-striatal dopamine signals to control
goal-directed and habitual behaviors.

The striatal control of instrumental behaviors is accomplished
through a rich interplay of the numerous neurotransmitters
and neuromodulators to modify the input, processing and
output functions of the striatum (Lovinger, 2010). Several studies
have documented the involvement of the D, receptor (Kwak
et al., 2014), cannabinoid receptor type 1 (CB;R) (Hilario
et al, 2007) and 5-hydroxytryptamine 6 (5-HTg) receptor
(Eskenazi et al., 2015) in control of instrumental behavior.
However, pharmacological control of instrumental behaviors
is under-explored and the effective pharmacological strategies
for the control of goal-directed versus habitual behaviors are
lacking. Adenosine A; and Aja receptors are highly expressed
in the striatum and are increasingly recognized as important
pharmacological targets for controlling cognition under normal
and disease conditions (Chen et al., 2013; Chen, 2014). The
Gs-coupled facilitating Aya receptor (AzaR) and Gi-coupled
inhibitory A; receptor (A;R) both integrate dopamine (Shen
W. et al, 2008), glutamate (Kreitzer and Malenka, 2007),
and BNDF (Tebano et al., 2008; Wei et al, 2014) signaling
to modulate synaptic plasticity and control cognition. For
example, using our newly developed chimeric rhodopsin-AsR
proteins (optoAzaR), we recently demonstrated that transient
activation of AzaR by light in a time-locked manner with
reward delivery is sufficient to impair goal-directed behavior
whereas focal knockdown of Aj;pR in the striatum enhances
goal-directed behaviors (Yu et al, 2009; Li et al., 2016).
Similarly, pharmacological blockade of A;sR promoted goal-
directed seeking for ethanol in ENT1 knockout mice (Nam et al.,
2013b) and restored goal-directed sensitivity to negative feedback

in the methamphetamine (METH)-paired context (Furlong
et al.,, 2017). These pharmacological, genetic, and optogenetic
demonstrations of the cognitive “brake” mechanism of AR
activation led us to propose that pharmacological blockade of the
AsAR represents a promising therapeutic target for controlling
goal-directed behaviors.

As the first step in developing an adenosine receptor-
based pharmacological approach to control the goal-directed
versus habitual behaviors, we coupled the A;sR antagonist
(KW6002) and A;R antagonist (DPCPX) with the satiety-
based instrumental learning paradigm to address the effect
of pharmacological blockade of the ApaR and A;R on three
aspects of instrumental learning processes: (i) behavioral
elements of instrumental behaviors (i.e., acquisition of action-
outcome contingency versus goal-evaluation) by acquisition of
instrumental behavior, the devaluation test and the omission
test; (ii) the instrumental learning processes by administering the
AAR antagonist either prior to the training (learning/encoding)
or post-training (consolidation) during the random interval (RI)
schedule, or immediately before the devaluation and omission
tests (expression/retrieval of instrumental behaviors); (iii) the
potential role of the A; receptor in control of instrumental
learning.

MATERIALS AND METHODS

Animals

Animals were handled in accordance with the protocols approved
by the Institutional Ethics Committee for Animal Use in Research
and Education at Wenzhou Medical University, China. C57BL/6
male mice at least 8 weeks old (23-27 g each) were used in the
experiments. The A;R knockout mice (A;R™/~=*/%) and wild-
type littermate controls (A;RC=C) have been well characterized
previously (Johansson et al., 2001) and confirmed by PCR
analysis of gene identification before the experiment. Mice were
housed in an ambient temperature of 22 £ 0.5°C and a relative
humidity of 60 £ 2% with a 12 h light/dark cycle. Mice were
single-housed and underwent experiments in the light cycle.

Satiety-Based Instrumental Training and
Testing

All instrumental learning experiments were performed in
standard operant chambers (Med Associates). Each chamber was
equipped with a retractable lever on either side of a pump with
a syringe that delivered liquid reward (20% sucrose solution,
20 pl/reinforce which can be suspended from the syringe) and
a house light (3 W, 24 V) mounted on the opposite side of
the chamber. Training and testing procedures were performed
following Rossi et al (Rossi and Yin, 2012) and illustrated in
Figure 1A. In brief, mice were first given one 30-min magazine
training session during which the sucrose solution was delivered
on a random time 60 s schedule with the lever removed.
Three days of continuous reinforcement (CRF) training sessions
were followed to sufficiently establish the initial association
between lever press and reward. At the start of the session, the
house light was illuminated, and one lever was inserted into
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FIGURE 1 | Pharmacological blockade of AoaRs promoted goal-directed
valuation. (A) Satiety-based instrumental behavior design schematic. Mice
underwent Magazine-CRF-RI/RR-Devaluation procedure sequentially. CRF,
continuous reinforcement; RI, random interval; RR, random ratio. (B) KW6002
and vehicle were injected intraperitoneally 5 min before daily RI training
session at different doses (1 and 5 mg/kg), meanwhile vehicle was
administrated 5 min before daily RR training session as another control group
to form goal-directed behavior (C). All mice gradually increased their lever
presses in the RI/RR training sessions (training main effect: p < 0.001). There
was the interaction effect of training sessions X drug administration groups

(o = 0.006) and between subject effect of different drug administration groups
(p = 0.022). The statistical significance was only observed between
RI+KW6002 5 mg/kg and RR + Vehicle groups (post hoc by Bonferroni test,
p =0.035). (D) In the devaluation test, mice trained with Rl and RR procedures
performed habitual (o = 0.755) and goal-directed (p = 0.002, **p < 0.01)
behaviors, respectively, as designed. Mice received 1 mg/kg KW6002 tended
to decrease their lever presses in the devalued condition but with no statistical
significance (o = 0.141), while mice of 5 mg/kg group displayed markedly
goal-directed performance in the devaluation test (p = 0.030, *p < 0.05). All
data was analyzed by two-way ANOVA for repeated measurement, followed
by post hoc comparison with Bonferroni test [RI group, n = 8; RI+KW6002

(1 mg/kg) group, n = 7; RI+KW6002 (5 mg/kg) group, n = 8; RR group, n = 9.

the chamber. The house light remained illuminated and the
lever remained inserted and active during the entire session.

During CRF session, each lever press resulted in the delivery
of one drop of 20 pl 20% sucrose solution. Sessions ended
after 60 min or when 50 rewards had been earned, whichever
came first. After CRE, mice underwent RI schedule which was
critical for habitual learning. They were trained 2 days on RI
30 s, with a 0.1 probability of reward availability every 3 s
contingent upon lever pressing, followed by 4 days on the 60 s
interval schedules (0.1 probability of reward availability every
6 s contingent upon lever pressing). Just as CRF training, RI
sessions ended after 60 min or when 50 rewards had been
earned, whichever came first. To further confirm goal-directed
behavioral pattern, we also employed random ratio (RR) training
paradigm as control which contributed to goal-directed behavior.
Progressively leaner schedules of reinforcement were used: CRF
for 3 days, then RR 5 for 2 days (RR5; each response was rewarded
at a probability of 0.2 on average), RR10 for 2 days and finally
RR20 for 2 days. In the training sessions, home chows were
given 1.5-2g daily to maintain 80-85% of their free-feeding
weight.

Following the RI/RR training sessions, a 2-day devaluation
test was conducted. A specific satiety procedure was applied
to alter the current value of a specific reward. On each day
the mice were allowed to have free access to home chows,
which were used for maintaining their weights in the training
sessions or sucrose solution which was earned by their lever
pressing for at least an hour to achieve sensory-specific satiety.
Immediately after the unlimited pre-feeding session, mice were
given a 5-min extinction test during which the lever was inserted
and pressing times were recorded without reward delivery. The
order of the valued and devalued condition tests (day 1 or
day 2) was counterbalanced across animals. Mice sensitive to
manipulation of outcome value would significantly reduce their
lever presses on the devalued condition compared with the
valued condition. Then after two supplementary RI60 training
sessions, mice were further evaluated by a 30-min omission
test in which action-outcome contingency was altered. In the
omission test, mice had to control their lever-press impulsion
formed by previous training sessions for 20 s to obtain the
reward. Any lever press would reset the time counter and mice
would hold another 20 s not to press the lever for reward
delivery.

Drug Administration

The following drugs were used in the present study: KW-6002
((E)-1,3-diethyl-8-(3,4-dimethoxystyryl)-7-methyl-3,7-dihydro-
1H-purine-2,6-dione, a selective adenosine A;pR antagonist)
and DPCPX (8-cyclopentyl-1,3-dipropylxanthine, a selective
adenosine AR antagonist). KW-6002 (1 mg/kg, 5 mg/kg,
Sundia, United States) was suspended in dimethyl sulfoxide
(DMSO, sigma), ethoxylated castor oil (Sigma) and water with
a proportion of 15%:15%:70%. DPCPX (6 mg/kg, Abcam) was
dissolved in 0.9% NaCl with 5% DMSO. The control mice were
treated with corresponding vehicles. All the solutions were
prepared immediately before administration. The administered
doses of KW-6002 and DPCPX referred to previous researches
(Chen et al., 2001; Prediger et al., 2004; Nguyen et al., 2014).
Drugs were injected intraperitoneally (i.p.) routinely in a volume
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of 0.1 ml/10 g of body weight. The specific drug administration (6 mg/kg, i.p.) administration, the striata of mice were collected
time course depended on experimental designs: prior to (30 min  and homogenized. 0.1 ml of collected homogenate was added
before) and post (10 min after) everyday RI training for to a 1.5 ml centrifuge tube and followed by the addition of
learning and consolidation periods of instrumental learning, 0.01 ml methanol and 0.3ml of acetonitrile. The tubes were
respectively (Figure 2A), while treated 30 min before devaluation ~ vortex mixed for 0.5 min. After centrifugation at 13,000 rpm
test/omission test, but not available in the RI training sessions for ~ for 10 min, 100 pl of supernatant was transferred to an auto-

expression of instrumental behavior (Figure 3A). sampler vial. Next, 2 pl of the mixture was injected into the
. . LC-MS/MS system for analysis. DCPCX concentrations were
DPCPX Concentration Detection determined by ultrahigh performance liquid chromatography

Considering the critical role of the striatum in control of with mass spectrometry method (UHPLC-MS/MS). UHPLC-
instrumental behavior, we measured the concentration of DPCPX ~ MS/MS analyses were performed by an Agilent UHPLC unit
in the striatum of mice after intraperitoneal injection to verify = (Agilent Corporation, MA, United States) with a ZORBAX
the effective concentration of DPCPX. 30 min after DPCPX Eclipse Plus C18 column (1.8 pm, 2.1 x 50 mm, I.D. Agilent
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B C D E
Acquisition Devaluation 1 Devaluation 2 Omission
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FIGURE 2 | Pharmacological blockade of ApaRs prior to and post daily training session promoted goal-directed seeking but not acquisition of instrumental
conditioning. (A) Experimental design schematic with KW6002 injected intraperitoneally prior to and post-training. (B) There was no significant difference in
acquisition of instrumental learning among these groups for lack of between groups effect (p = 0.593) and training X drug administration groups interaction effect

(o = 0.108). (C) In the first devaluation test, mice with KW6002 injected prior to training showed sensitive to outcome devaluation (p = 0.021, *p < 0.05), compared
to vehicle (p = 0.223) and that with KW6002 treated post-training (o = 0.539). (D) Then after two additional days of RI6O0 training, whatever KW6002 administered
prior to (p = 0.034, *p < 0.05) or post (p = 0.008, **p < 0.01) training, mice displayed sensitive to outcome devaluation in the second devaluation test compared to
the vehicle group (p = 0.482). (E) All mice decreased their lever presses indistinctively in the omission test in which the action-outcome contingency was reversed,
showing neither testing time X drug administration groups interaction effect (p = 0.359) nor between-subject effect of drug administered groups (p = 0.836). All data
was analyzed by two-way ANOVA for repeated measurement, followed by post hoc comparison with Bonferroni test (n = 8/group).
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FIGURE 3 | Pharmacological blockade of AoaRs specifically in the expression phase of instrumental conditioning selectively promote goal-directed valuation but not
action-outcome contingency. (A) Experimental design schematic with KW6002 injected intraperitoneally in the expression phase (i.e., devaluation and omission test)
of instrumental behavior but not available in the training sessions. (B) Mice established instrumental conditioning indistinctively in the acquisition phase without
between pre-manipulation groups effect (p = 0.541) and interaction effect of training sessions X pre-manipulation groups (o = 0.608). (C) KW6002 5 mg/kg or
vehicle was administered 30 min before reward/home chow condition (i.e., devalued/valued condition). After 1-h exposure to devalued/valued condition at liberty, the
devaluation test was proceeded in which reward delivery was absent and lever presses was recorded. Mice with KW6002 injected performed more goal-directed

(p =0.017, *p < 0.05), compared to that injected with vehicle (p = 0.710). (D) After 2-day extended RIB0 training sessions, KW6002 5 mg/kg or vehicle was injected
30 min before omission test. Mice of both groups significant decreased their lever presses (time main effect, p = 0.020). But there was neither between-subject effect
of drug treatments (p = 0.089) nor drug treatments X testing time interaction effect (o = 0.728). All data was analyzed by two-way ANOVA for repeated
measurement, followed by post hoc comparison with Bonferroni test (vehicle group, n = 8; KW6002 group, n = 7).
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Corporation, MA, United States) thermostated at 25°C. The
mobile phase was composed of 0.1% formic acid (A) and
acetonitrile (B) with gradient as follows: 0.0 min at 50% B, 0.0-
2.0 min linear increase to 98% B, and 2.0-3.5 min at 50% B and
the flow rate was 0.4 ml/min. The total run time was 3.5 min.
The electrospray interface was maintained at 500°C. Nitrogen
nebulization was performed with a nitrogen flow of 800 1/h.
Argon was used as the collision gas. DPCPX was detected in
multiple reaction monitoring (MRM) scan mode with positive
ion detection. The precursor-product ion pairs used for the MRM
detection were m/z 305.4 — 178.1 for DCPCX.

Quantitative PCR of AR mRNA

Striatal tissues from A;R KO mice and their WT littermates
were analyzed by the quantitative real-time polymerase
chain reaction (qPCR) procedure as we have described
previously (Zhang et al., 2015) using the following forward
and reverse primers for A;jR mRNA: primers: forward,
5'-CATCCTGGCTC  TGCTTGCTATT-3';  reverse  and
5-TTGGCTATCCAGGCTTGTTCC-3'.

Statistical Analysis

All data presented as mean = SEM and were processed with
SPSS 17.0. Two-way ANOVA for repeated measurements was
used with training/testing sessions as within-subject effect and
different drug administrations/genotypes as between-subject
effect, followed by post hoc comparison by Bonferroni test, and
with p < 0.05 as statistical significance.

RESULTS

Pharmacological Blockade of AspRs

Promoted Goal-Directed Valuation

To perform flexible, goal-directed actions, animals must
acquire the ability to encode both the contingency between
a specific action and its outcome, and the current value of
the outcome during instrumental conditioning (Balleine and
Dickinson, 1998). We administered KW6002 (i.p. at 1 mg/kg
or 5 mg/kg or vehicle) 5 min prior to everyday RI training
session which was critical for establishment of habitual action
(Figure 1B) to investigate the modulatory effect of A;sR
blockade on the acquisition of instrumental behaviors. To
better identify goal-directed behavioral pattern, we have also
included another group of mice that were trained in parallel
with RR paradigm which led to goal-directed behavior as control
(Figure 1B). All mice gradually increased their lever presses and
reached a platform eventually, indicating the successful training
paradigm (Figure 1C). Mice treated with KW6002 at 5 mg/kg
significantly elevated lever presses rate (interaction effect of
training sessions X drug administration groups: Fs 1490 = 2.659,
p = 0.006; between-subject effect of drug administration groups:
F3 28 = 3.740, p = 0.022): the statistical significance was observed
between the RI + KW6002 5 mg/kg and the RR + Vehicle
groups (Bonferroni post hoc test, p = 0.035) but absent in
any other comparison pairs including RI+KW6002 5 mg/kg

versus RI + Vehicle groups (post hoc by Bonferroni test,
p=0.116).

The outcome devaluation procedure was used to demonstrate
the importance of the evaluative components of goal-directed
actions by AjsR blockade. In the devaluation test, lever
presses rates between the valued and devalued conditions were
compared (Figure 1D). Mice in the RI + Vehicle training
group did not decrease lever presses in the devalued condition,
showing no devaluation effect and indicating a habitual behavior
(F1,7 = 0.105, p = 0.755), while the RR + Vehicle training
group significantly decreased their lever presses (Fy g = 20.865,
p = 0.002), demonstrating goal-directed behavior. Notably,
KWe6002 at 1 mg/kg tended to decrease lever pressing rate in
devalued condition compared to valued condition (F ¢ = 2.867,
p = 0.141), whereas KW6002 at 5 mg/kg group showed
markedly sensitive to outcome devaluation with decreased level
pressing rate (Fy 7 = 7.418, p = 0.030). Thus, pharmacological
blockade of AysR promoted goal-directed valuation. Whether
the A;AR antagonist influence the acquisition of the instrumental
learning need further clarification since the increased lever
presses rate by KW6002 in the acquisition phase might be
attributed to the improvement in instrumental learning or
enhanced general motor activity effect of the A;pR antagonist
given the drug administration immediately (~5 min) prior
to behavioral training. Additional studies with the AzaR
antagonist administration 30 min prior to or post training
might better dissociate the learning from motor effect of Aj4R
antagonist.

Pharmacological Blockade of A>AR at

the Coding, Consolidation and

Expression Phases of Instrumental
Behavior Exerted Its Enhanced Effect on
Goal-Directed Valuation but Not on
Action-Outcome Contingency

To further determine the modulatory effect of AR
on the distinct processes of instrumental behavior (ie.,
learning/coding, consolidation and expression phases), we
administered KW6002 at specific time course of instrumental
learning processes. Based on our previous study showing the
effective biological (i.e., motor) effect of KW6002 5 mg/kg
maintained for 150-170 min (Shen H.Y. et al, 2008; Yu
et al., 2008), we selected the specific three time points
for KW6002/vehicle administration (Figures 2A, 3A): (a)
prior to training (30 min before RI training) or (b) post
training (10 min after RI training) or (c) prior to behavioral
testing (30 min before devaluation/omission test but not
available in the RI training sessions) to determine the
modulatory effects of KW6002 on coding and consolidation
phases as well as the expression of instrumental behavior,
respectively.

Figure 2B shows that KW6002 treatment either at the
prior to-training phase or post-training phase did not affect
the performance of mice during the RI sessions (main effect
between drug administration groups, F2 21 = 0.536, p = 0.593
and training sessions X drug administration groups interaction
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effect, Fi4,147 = 2.480, p = 0.108). In the first devaluation
test (Figure 2C), mice with vehicle injection formed a stable
habitual behavior (F;; = 1.787, p = 0.223) as expected.
Importantly, mice injected with KW6002 prior to everyday
RI training session, which is the coding period, decreased
their lever presses rate remarkably in the devalued condition
(F1,7 =8.779, p = 0.021), indicating blockade of A;sR enhanced
goal-directed coding. However, since KW6002 post-training
group did show some trend in decreasing lever pressing rate in
the devaluation test, albeit not reaching statistical significance
(F1,7 = 0417, p = 0.539), we further explore the goal-
directness promoting effect by KW6002 in the consolidation
phase, by proceeding a 2-day complementary RI60 training
sessions after the first devaluation test. Then we performed
second devaluation test as illustrated in Figure 2A. After 2
additional days of RI training, both prior to-training and
post-training groups significantly reduced lever presses in the
devalued condition (prior to-training group, Fi; = 6.931,
p = 0.034; post-training group, Fi; = 13.413, p = 0.008),
i.e,, goal-directed behavior, while control group (i.e., injected
with vehicle) showed the characteristics of habitual behavior
(Fi,7 = 0552, p = 0.482) (Figure 2D). Thus, KW6002
treatment in the consolidation phase of instrumental behavior
promoted goal-directed behavior as well. Lastly, we performed
the omission test during which the established lever press-
reward association was reversed, so reward delivery depended on
withholding the lever press action. As illustrated in Figure 2E,
all mice decreased lever presses rate indistinctively in the
omission test. Neither interaction effect of testing time X drug
administration groups (Fig,105 = 1.124, p = 0.359) nor main
effect between drug administration groups (F221 = 0.997,
p = 0.836) were detected. Thus, blockade of Ay4Rs at the coding
or consolidation phases of instrumental behavior enhanced
goal-directed valuation but did not affect action-outcome
association.

We then sought to investigate whether A;4R exerted its effect
by acting on expression phase of instrumental behavior. In this
experiment, KW6002 was administered 30 min before behavioral
tests (devaluation and omission tests), but unavailable in all of
the RI training sessions (Figure 3A). As expected, both pre-
manipulation groups gradually increased lever presses rate and
reached the platform and didn’t show any difference between
each other (between groups effect, F1 13 = 0.395, p = 0.541;
interaction effect of training sessions X pre-manipulation groups,
Fs5.65 = 0.554, p = 0.608) (Figure 3B). As Figure 3C shows,
mice with KW6002 treatment at the expression phase displayed
markedly sensitivity to outcome devaluation (F;¢ = 10.857,
p = 0.017) compared with the controls (F; 7 = 0.150, p = 0.710)
in the devaluation test. Thus, blockade of A;sR facilitated
expression of goal-directed behavior. In the omission test
(Figure 3D), both groups decreased their lever presses gradually
over testing time (testing time main effect: F5¢5 = 4.226,
p = 0.020), indicating the timing effectiveness of the omission
test. But the tendencies of lever-press decrease rate for the two
groups were parallel as indicated by the absent of the drug
treatments X testing time interaction effect (Fs¢5 = 0.365,
p = 0.728), though mice injected with KW6002 apparently

pressed more than that of the vehicle-treated mice (between-
subject effect of drug treatments, F; 13 = 3.369, p = 0.089).
The increased lever presses rate by KW6002 in the omission test
might attribute to general motor but not learning effect of A;4R
antagonist, for drug administration was 30 min before the test.
Therefore, the action-outcome contingency may not be affected
by AaR antagonist.

Pharmacological Blockade and Genetic
Knockout of A1Rs Did Not Affect
Acquisition or Goal-Evaluation of

Instrumental Behavior

Adenosine acts on facilitating AaAR and inhibitory AjR to
integrate dopamine, glutamate, and BNDF signaling to modulate
synaptic plasticity. We next investigated the possible involvement
of A;Rs in the modulation of instrumental behavior. To ensure
the effective DPCPX drug concentration in the striatum after
our A;R pharmacological treatment paradigm, we determined
the pharmacokinetic characteristic of DPCPX (Figure 4A) and
showed the effective concentration of DPCPX in accordance
with its biological effect as described previously (Baumgold
et al., 1992). The A;R antagonist DPCPX (6 mg/kg) did not
affect lever pressing performance during instrumental training
sessions (Figure 4B, main effect between drug administration
groups, Fy 14 = 0.293, p = 0.597; interaction effect of drug
administration groups X training sessions, F579 = 0.371,
p = 0.867). The devaluation test proceeded in drug-free
condition (Figure 4C) revealed that mice with or without
DPCPX treatment responded insensitively to satiety devaluation
(DPCPX group, Fi7; = 2922, p = 0.131; vehicle group,
Fi7 = 0916, p = 0.370). In addition, both groups of
mice reduced lever presses indistinguishably in the omission
test (Figure 4D, main effect between drug administration
groups, Fii4 = 0.129, p = 0.724; interaction effect of
drug administration groups X testing time, F579 = 0.610,
p = 0.580).

To further confirm this finding by pharmacological blockade
of A Rs, we determined the effect of genetic knockout of the AR
on acquisition and goal-evaluation using A;R knockout mice
and their wild-type littermates. The nearly complete deletion of
AyRs was verified by qPCR (Figure 4E). All mice, regardless
of genotypes, increased their rate of lever pressing during the
training sessions (Figure 4F) with no significant difference
between genotypes (Fi,13 = 1.669, p = 0.219) or interaction
between training sessions and genotypes (F5¢; = 1.105,
p = 0.355). During the devaluation test (Figure 4G), both AR
KO and WT mice similarly showed insensitive to outcome
devaluation (A;jR KO group, Fi ¢ = 1.802, p = 0.228; WT
group, F1 7 = 1.483, p = 0.263), indicating that their responding
was habitual. The omission test (Figure 4H) further confirmed
the results of pharmacological blockade of AR by genetic
knockout approach: there was neither main (genotypes) effect
(F1,13 = 1.521, p = 0.239) nor the interaction of genotypes X
testing time (F565 = 0.260, p = 0.817). This finding suggested
that AjR exerted limited effect on the control of instrumental
behavior.
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FIGURE 4 | Pharmacological blockade and genetic knockout of A Rs did not affect action-outcome association or goal-evaluation of instrumental behavior.

(A) The concentration of DPCPX was detected in the striatum of mice 30 min after drug administration (n = 3/group), demonstrating the effectiveness of drug level
we used. (B) Mice with and without DPCPX manipulation performed analogical learning curves in the acquisition of instrumental conditioning (between-subject
effect, p = 0.597; drug administration X training interaction effect, p = 0.867). (C) Both DPCPX (p = 0.131) and vehicle (o = 0.370) groups displayed insensitive to
outcome devaluation. (D) There didn’t show any difference between DPCPX and vehicle groups in the omission test (between-subject effect, p = 0.724; drug
administration X testing time interaction effect, p = 0.580). (E) The knockout efficiency of AR KO mice was confirmed by gPCR. (F) A1R knockout did not affect
acquisition of instrumental behavior since there lack of main effect of genotypes (p = 0.219) and training sessions X genotypes interaction effect (o = 0.355).

(G) A¢R knockout mice and their littermates did not significantly decrease lever presses rate in the devalued condition (A1R KO group, p = 0.228; WT group,

p =0.263). (H) Both groups decreased their lever presses indistinctively in the omission test (genotypes main effect, p = 0.239; genotypes X testing time interaction
effect, p = 0.817). All data was analyzed by two-way ANOVA for repeated measurement.

DISCUSSION

AsaR Antagonist Modulate Animals’
Sensitivity to Goal-Directed Valuation
Without Modifying Action-Outcome
Contingency

Action-outcome contingency and goal-directed valuation are
two cognitive components involved in instrumental conditioning
(Balleine and Dickinson, 1998). Action-outcome contingency is
determined by the causal relationship between the particular
actions and outcomes, while goal-directed valuation depends
on the anticipation or desire for the outcome (Yin and
Knowlton, 2006). Both components were acquired in the training
sessions of instrumental behavior. Thus, outcome devaluation
procedure was specialized to probe the importance of the
evaluative component of goal-directed actions. We found that
pharmacological blockade of AyaRs critically promoted animals’
sensitivity to outcome value (by the devaluation test) but did
not affect action-outcome relationship (as manifested by similar
performance in the training sessions and in the omission test).
When administering 5 min prior to the training, KW6002 at
5 mg/kg apparently elevated the acquisition of learning curve.
This enhancement is, however, potentially confounded by the
enhanced general motor activity effect of the AsR antagonist.
Additional studies with the Aj;sR antagonist administering
30 min prior to or post-training can better dissociate the learning
process from motor effect and clarify this issue. The selective
modulation of animals’ sensitivity to outcome devaluation by
AsAR antagonist is in agreement with our recent finding that
optogenetic activation of striatopallidal AsR signaling in DMS

alters goal-valuation as evident by the devaluation test (Li et al,,
2016). On the other hand, the lack of the effect of Ay R antagonist
on the acquisition of instrumental behaviors collaborates with
similar findings by genetic inactivation of striatal AysRs (Yu etal,,
2009) and optogenetic activation of striatopallidal Ay R signaling
(Li et al., 2016).

The mechanism underlying the selective modulation of goal-
valuation by the Aj4R is not clear. The previous study that
overexpression of the DR in the striatopallidal pathway is
associated with a shift in behavioral control from habitual
action to goal-directed responding but did not affect acquisition
phase of instrumental learning (Kwak et al, 2014). Also,
loss of striatal endocannabinoid-mediated long-term depression
selectively in DLS striatopallidal neurons prevent the transition
from goal-directed seeking to habitual responding behavior but
did not interfere lever-press performance in the acquisition
phase (Gremel et al.,, 2016). Given the documented antagonistic
interaction of the A;4AR-D,R and the A;AR-CB;R in the striatum
by possibly the A;pAR-D,R heterodimers (He et al., 2016) and
AAR-CBR heterodimers (Moreno et al., 2017), these findings
suggest that A4 R may selectively influence coding of the current
value of the outcome (but not the contingency association) by
the AsAR interaction with the D,R and CB;R functions in the
striatum.

Moreover, this selective control of animals’ sensitivity to
reward valuation by A;sRs might be related to a motivation
factor, as A pR (Mingote et al, 2008; Nam et al, 2013a)
and D,R (Trifilieff et al., 2013) activities in the striatum
contribute to motivational control of behaviors. Lastly, since
the AaAR are predominantly expressed in the striatopallidal
neurons, the ApR control of goal-directed valuation is further
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supported by the finding from the striatal circuit studies showing
that as pharmacogenetic inactivation of the striatopallidal
pathway enhanced motivation by energizing the initiation of
goal-directed behavior (Carvalho Poyraz et al., 2016), while
optogenetic stimulation of the striatopallidal pathway suppressed
motivational behavior (O’Hare et al., 2016; Vicente et al., 2016).

AopR Antagonist Acts at the Coding,
Consolidation and Expression Phases of
Instrumental Learning to Promote

Goal-Directed Behavior

Defining the specific information processing phases (i.e.,
learning/coding, consolidation and expression of instrumental
behaviors) for A;sR antagonist control of goal-directed
versus habitual behaviors is critical for our understanding of
the neurotransmitter modulatory mechanisms and for the
development of effective pharmacological strategy to control
aberrant habit formation and drug addiction. Our demonstration
of the enhanced goal-directed behavior by administration of
KW6002 at the pre-training or post-training or expression
phases suggests that AR acts at the coding, consolidation and
expression phases of instrumental learning to promote animals’
sensitivity to goal-directed valuation. It should be noted that
the influence of the pre-training treatment paradigm on the
goal-directed behavior might be partly attributed to its effect on
the consolidation phase due to the relatively long-lasting effect
(>2 h) of the AR antagonist KW6002. The similar control
of instrumental behaviors by multiple treatment paradigms of
KW6002 indicate that A;4R control of instrumental behaviors is
largely independent of the confounding motor activity.

Various neurotransmitter systems have been implicated in
control of the distinct phases of instrumental conditioning.
For example, NMDA receptor signaling preferentially affected
the coding (by administering NMDA antagonist at the pre-
training phase) but not the expression (by administering NMDA
antagonist at the post-training phase) of the instrumental
conditioning (Yin et al, 2005). Furthermore, virus-induced
overexpression of DR (Trifilieff et al, 2013) and 5-HTg
receptor (Eskenazi and Neumaier, 2011; Eskenazi et al., 2015)
preferentially affect the coding course of operant conditioning.
Additionally, optogenetic activation of endocannabinoid
signaling in the training session and pharmacogenetic
suppression of endocannabinoid signaling in the devaluation
test gated habit formation (Gremel et al, 2016), indicating
that endocannabinoid modulated instrumental learning in
both coding and expression sessions, consistent with the CB;R
knockout study (Hilario et al., 2007). Thus, the AyaR may
interact with multiple neurotransmitter systems in the cortico-
striatal projection pathways to integrate/modulate glutamate,
dopamine and endocannabinoid signaling for instrumental
behavioral control at multiple phases of information processing.
Furthermore, cognitive control and working memory processes
are important for the efficient control of goal-directed behavior
(Buschman and Miller, 2014). We and others have documented
that the AsR antagonists or focal A;pAR knockdown in the
DMS significantly enhance working memory (Wei et al., 2014;

Kaster et al., 2015; Li et al., 2018). Thus, it is possible that when
KW6002 is administered prior to the training phase, the A;aR
antagonist may enhance goal-directed behavior by improving
working memory. On the other hand, other mechanisms (such
as “oft-line” processing during sleep) may contribute to the A;aR
antagonist-mediated enhancement of goal-directed behavior
when Aj4R antagonists are administered after the training or
during the expression/retrieval phase.

Pharmacological Blockade and Genetic
Knockout of A1Rs Did Not Affect
Acquisition or Goal-Evaluation of

Instrumental Behavior

Adenosine signaling acts at the facilitating A»sR and inhibitory
A1R to exert its homeostatic control of brain function. However,
very limited information is available regarding the A; R control of
cognition, particularly instrumental behaviors. With its relatively
high expression in the cerebral cortex, hippocampus and striatum
(Reppert et al., 1991; Dixon et al, 1996), AjR activation
has a profound inhibitory control of excitatory transmission
by presynaptic and post-synaptic mechanisms (Dunwiddie
and Masino, 2001; Ribeiro et al., 2002). Striatal AjRs can
preferentially interact with the striatal D;Rs via possible AjR-
D;R heterodimers in the striatonigral neurons to control striatal
signaling and behavior (Gines et al., 2000). Accordingly, AjRs
modulate striatal synaptic plasticity, and prevent scopolamine-
and morphine-induced impairment in working memory (Hooper
et al.,, 1996; Lu et al., 2010). However, in the fix-interval and
fix-ratio operant training paradigms, A;R antagonist failed to
increase lever pressing rate, but decreased fix ratio 20 (FR20,
every 20 lever presses resulted in one reward) responding at
higher doses (Randall et al., 2011). Operant performance alone
was insufficient to define instrumental learning modes as goal-
directed or habitual actions without devaluation and omission
test (Yin and Knowlton, 2006). Thus, the role of the AR in
goal-directed versus habitual behaviors is still unknown. Our
study demonstrated that pharmacological blockade or global
knockout of A;R did not affect the acquisition of instrumental
learning or sensitivity to reward value or reversal of action-
outcome relationship. This finding is in agreement with a
recent study that DPCPX failed to reverse the effect of DR
antagonist on effort-relevant tasks but KW6002 and caffeine (a
non-selective adenosine antagonist) can (Salamone et al., 2009).
These findings suggest that AR plays limited modulatory role in
control of instrumental behavior and adenosine predominantly
acts on AjaRs but not A;jRs to modulate instrumental
learning.

In summary, our study demonstrated that pharmacological
blockade of AzoR but not A;R promote goal-directed behaviors
by enhancing goal-directed valuation without affecting the
action-outcome contingency and by acting at the coding,
consolidation, and expression phases of goal-directed learning
processes. These findings collaborates with our previous genetic
and optogenetic studies, and with recent pharmacological
studies of A;pR antagonists to control abnormal instrumental
behavior in drug addiction paradigms (Nam et al, 2013a;
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Pintsuk et al., 2016), providing pharmacological evidence for
a therapeutic strategy to enhance goal-directed behaviors in
neuropsychiatric disorders. The translational potential of A;aR
antagonists is further enhanced by the recent demonstration of
the safety profiles of the AaR antagonist KW6002 in clinical
phase III trials for motor benefit in >3500 Parkinson’s disease
patients (Chen et al., 2013) and by regular consumption of
caffeine (a non-specific adenosine Az R and AR antagonist) by
50% world population.
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Adenosine Asg Receptors Reduces
the Synaptic Failure and Neuronal
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Hippocampus in Vitro

Irene Fusco'*, Filippo Ugolini?t, Daniele Lana?, Elisabetta Coppi’, llaria Dettori’,
Lisa Gaviano', Daniele Nosi?, Federica Cherchi’, Felicita Pedata’, Maria G. Giovannini?
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Toxicology, University of Florence, Florence, ltaly, 2 Department of Health Sciences, Section of Clinical Pharmacology and
Oncology, University of Florence, Florence, Italy, ° Department of Experimental and Clinical Medicine, University of Florence,
Florence, Italy

Ischemia is a multifactorial pathology characterized by different events evolving in time.
Immediately after the ischemic insult, primary brain damage is due to the massive
increase of extracellular glutamate. Adenosine in the brain increases dramatically during
ischemia in concentrations able to stimulate all its receptors, A1, Aoa, Aog, and As.
Although adenosine exerts clear neuroprotective effects through A4 receptors during
ischemia, the use of selective A1 receptor agonists is hampered by their undesirable
peripheral side effects. So far, no evidence is available on the involvement of adenosine
Aog receptors in cerebral ischemia. This study explored the role of adenosine Aog
receptors on synaptic and cellular responses during oxygen and glucose deprivation
(OGD) in the CA1 region of rat hippocampus in vitro. We conducted extracellular
recordings of CA1 field excitatory post-synaptic potentials (fEPSPs); the extent of
damage on neurons and glia was assessed by immunohistochemistry. Seven min OGD
induced anoxic depolarization (AD) in all hippocampal slices tested and completely
abolished fEPSPs that did not recover after return to normoxic condition. Seven
minutes OGD was applied in the presence of the selective adenosine Aog receptor
antagonists MRS1754 (500 nM) or PSB603 (50 nM), separately administered 15 min
before, during and 5 min after OGD. Both antagonists were able to prevent or delay
the appearance of AD and to modify synaptic responses after OGD, allowing significant
recovery of neurotransmission. Adenosine Aog receptor antagonism also counteracted
the reduction of neuronal density in CA1 stratum pyramidale, decreased apoptosis at
least up to 3 h after the end of OGD, and maintained activated mTOR levels similar to
those of controls, thus sparing neurons from the degenerative effects caused by the
simil-ischemic conditions. Astrocytes significantly proliferated in CA1 stratum radiatum
already 3 h after the end of OGD, possibly due to increased glutamate release.
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Aosgreceptor antagonism significantly prevented astrocyte modifications. Both Aog
receptor antagonists did not protect CA1 neurons from the neurodegeneration induced
by glutamate application, indicating that the antagonistic effect is upstream of glutamate
release. The selective antagonists of the adenosine Aog receptor subtype may thus
represent a new class of neuroprotective drugs in ischemia.

Keywords: apoptosis,
neurodegeneration

INTRODUCTION

Cerebral ischemic stroke represents a life threatening
neurological disorder that leads to mortality and long-term
disability in surviving patients. Ischemic stroke remains one of
the main causes of death and disability in the western countries
with only very limited therapeutic options (Dirnagl, 2012).

Acute brain injury after stroke is caused primarily by the lack
of oxygen and glucose. In such conditions, mammalian neurons
rapidly depolarize, and excessive release of glutamate occurs,
causing excitotoxic cell death, largely due to over-activation of
glutamatergic N-methyl-D-aspartate (NMDA) receptors. NMDA
receptors are highly permeable to Ca?* and are responsible
for intracellular Ca>* increase that reaches neurotoxic levels
which, by activating cell lipases, endonucleases, proteases, and
phosphatases, ultimately bring to acute excitotoxic cell death
(Choi, 1992). Also, one of the early events occurring by
an ischemic episode in vivo and during oxygen and glucose
deprivation (OGD) in vitro, is the release of substantial amounts
of adenosine (Latini et al., 1998; Melani et al., 1999; Frenguelli
et al., 2007).

Adenosine exerts its biological functions via four receptors
subtypes, A1, Aza, Azp, and Az (Latini and Pedata, 2001). Many
studies indicate that A; receptors play a prominent inhibitory
tone on synaptic transmission and that adenosine selective
antagonists, acting on this receptor subtype, has a protective
role under ischemia (Pedata et al, 2016). Unfortunately, the
development of A; receptor selective agonists as possible
anti-ischemic drugs has been stalled by their sedative
and cardiovascular side effects, including bradycardia and
hypotension. Therefore, in order to identify putative targets for
therapeutic intervention, the research on possible anti-ischemic
drugs has focussed on the contribution of the other adenosine
receptors. The role of the adenosine Ayx receptor under ischemia
has been largely investigated (Chen et al., 2007; Pedata et al.,
2014). Among adenosine receptors, the A,p receptor subtype is
the least studied and still remains the most enigmatic, because
of the relatively low potency of adenosine for this receptor
(Fredholm et al.,, 2011) and the very few selective ligands that
have been described so far. Most of the present knowledge
on A,p receptors originates from their peripheral role on the
control of cardiac myocyte contractility, intestinal tone, asthma,
inflammation, cancer and diabetes (Feoktistov et al., 1998;
Kolachala et al., 2008; Chandrasekera et al., 2010; Merighi et al,,
2015; Allard et al., 2017). Ap receptors play proinflammatory
roles in human asthma, in chronic obstructive pulmonary disease
and murine colitis (Feoktistov et al., 1998; Csdka et al., 2007;

MRS1754, PSB603, OGD, anoxic depolarization,

mTOR, confocal microscopy,

Kolachala et al., 2008). In the central nervous system (CNS),
adenosine Ajp receptors, although scarcely, are uniformly
expressed (Dixon et al.,, 1996) including in the hippocampus
(Perez-Buira et al., 2007), but their role or function and in
particular under ischemic/hypoxic conditions is still to be
clarified. Understanding the processes by which the applications
of these compounds confer neuroprotection should shed light on
mechanisms to delay or mitigate the pathophysiological effects
of ischemic injury.

In this paper we investigated the role of adenosine Ajp
receptors during OGD in the CA1 region of rat hippocampus,
the most susceptible hippocampal area to an ischemic insult. For
this purpose two selective adenosine Ajp receptor antagonists
were used. In order to characterize the OGD-induced cell
injury and putative pharmacological protection, we conducted
extracellular recordings of CAl field excitatory post-synaptic
potentials (fEPSPs) after a severe (7 min or 30 min) simil-
ischemic insult. The response to ischemia consists of complex,
concerted actions of the CNS and the peripheral immune system,
that is very difficult to reproduce in in vitro model. However,
these OGD episodes bring about irreversible depression of
neurotransmission and the appearance of anoxic depolarization
(AD) (Frenguelli et al., 2007; Pugliese et al., 2007). AD is a severe
neuronal depolarization, which is an early and critical event that
has been demonstrated both in vivo (Somjen, 2001) and in vitro
(Tanaka et al., 1997; Pugliese et al., 2006). AD triggers a variety
of molecular events, contributes to cell death and represents an
unequivocal sign of neuronal injury (Somjen, 2001). The amount
of time spent by neurons in AD is an important determinant
of neuron fate. Propagation of AD from the ischemic core is
one major factor contributing to neuronal death in the area
surrounding the ischemic core (the penumbra) (Koroleva and
Bures, 1996). The penumbra constitutes potentially salvageable
tissue and hence a pharmacological treatment that delays the
onset of AD would help to protect brain tissue from ischemia
(Jarvis et al., 2001; Somjen, 2001).

Cell viability, extent of neuronal damage, astrocytes
immunoreactivity and activation of apoptosis markers were
also assessed by immunohistochemical analysis. Preliminary data
were presented at the Society for Neuroscience Meeting (Ugolini
etal., 2017).

MATERIALS AND METHODS

All animal experiments were performed according to the
Italian Law on Animal Welfare (DL 26/2014), approved by the
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Institutional Animal Care and Use Committee of the University
of Florence and by the Italian Ministry of Health. All efforts were
made to minimize animal sufferings and to use only the number
of animals necessary to produce reliable scientific data. Male
Wistar rats (Envigo, Italy, 150-200 g body weight) were used.
Experiments were carried out on acute rat hippocampal slices,
prepared as previously described (Pugliese et al., 2006, 2009).

Preparation of Slices

Animals were killed with a guillotine under anesthesia with
isoflurane (Baxter, Rome, Italy) and hippocampi were rapidly
removed and placed in ice-cold oxygenated (95% O,-5% CO3)
artificial cerebrospinal fluid (aCSF) of the following composition
(mM): NaCl 124, KCI 3.33, KH,PO4 1.25, MgSO4 14, CaCl,
2.5, NaHCOs3 25, and D-glucose 10. Slices (400 pm nominal
thickness) were cut using a Mcllwain Tissue Chopper (Mickle
Laboratory Engineering Co. Ltd., Gomshall, United Kingdom)
and kept in oxygenated aCSF for at least 1 h at room temperature.
A single slice was then placed on a nylon mesh, completely
submerged in a small chamber (0.8 ml) and superfused with
oxygenated aCSF (31-32°C) at a constant flow rate of 1.5 ml/min.
The treated solutions reached the preparation in 60 s and this
delay was taken into account in our calculations.

Extracellular Recordings

Test pulses (80 s, 0.066 Hz) were delivered through a bipolar
nichrome electrode positioned in the stratum radiatum of the
CA1 region of the hippocampus to stimulate the Schaffer
collateral-commissural pathway (Figure 1A). Evoked potentials
were extracellularly recorded with glass microelectrodes (2-10
MQ, Harvard Apparatus LTD, United Kingdom) filled with
150 mM NaCl. The recording electrode was placed at the
dendritic level of the CAIl region to record field excitatory
postsynaptic potentials (fEPSPs) (Figure 1A). Responses were
amplified (200x, BM 622, Mangoni, Pisa, Italy), digitized
(sample rate, 33.33 kHz), and stored for later analysis with LTP
(version 2.30D) program (Anderson and Collingridge, 2001). The
amplitude of fEPSP was measured as the difference between the
negative peak following the afferent fiber volley and the baseline
value preceding the stimulus artifact. In some experiments both
the amplitude and the initial slope of fEPSP were quantified, but
since no appreciable difference between these two parameters
was observed under control conditions, in the presence of
drugs or during in vitro ischemia, only the measure of the
amplitude was expressed in the figures. When a stable baseline of
evoked responses was reached, fEPSP amplitudes were routinely
measured and expressed as the percentage of the mean value
recorded 5 min before the application of any treatment (in
particular pre-OGD). Stimulus-response curves were obtained
by gradual increase in stimulus strength at the beginning of
each experiment. The test stimulus strength was then adjusted
to produce a response whose amplitude was 40% of the
maximum and was kept constant throughout the experiment.
Simultaneously, with fEPSP amplitude, AD was recorded as
negative extracellular direct current (d.c.) shifts induced by OGD.
The d.c. potential is an extracellular recording considered to
provide an index of the polarization of cells surrounding the

A Stimulating
electrode

Recording
electrode

NeuN

oxygenated aCSF

.

B
CTR slices | oxygenated aCSF

3

1h 3h
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0GD slices | r)

T
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e

FIGURE 1 | Experimental methods. (A) Microphotography of an hippocampal
slice showing the three subregions, the localization of the stimulating and
recording electrodes and the region of interest (ROI, framed area) for the
immunohistochemical analyses. SP, stratum pyramidale; SR, stratum
radiatum. Scale bar: 200 pm. (B) Schematic representation of the
experimental method.

tip of the glass electrode (Farkas et al., 2008). AD latency,
expressed in min, was calculated from the beginning of OGD;
AD amplitude, expressed in mV, was calculated at the maximal
negativity peak. In the text and bar graphs, AD amplitude values
were expressed as positive values. The terms “irreversible synaptic
failure” or “irreversible loss of synaptic transmission” used in the
present work refer to the maximal time window of cell viability
in our experimental model (acutely isolated hippocampal slice
preparation) which, according to our previous results is 24 h
(Pugliese et al., 2009).

Paired-Pulse Facilitation

To elicit paired-pulse facilitation (PPF) of fEPSP, we stimulated
the Schaffer collateral-commissural fibers twice with a 40-ms
interpulse interval. Double stimulation was evoked once every
15 s. The synaptic facilitation was quantified as the ratio (P2/P1)
between the slope of the fEPSP elicited by the second (P2) and the
first (P1) stimuli. PPF was monitored in control conditions for at
least 5 min before the application of BAY606583. The effect of
BAY606583 on PPF was evaluated by measuring the P2/P1 ratio
during at least 5 min after 15 min of agonist application.

Drugs

Two selective adenosine Ajp receptors antagonists, N-(4-
Cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dip-ropyl-
1H-purin-8-yl)phenoxy]-acetamide) (MRS1754) and 8-[4-[4-
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(4-Chlorophenzyl) piperazide-1-sulfonyl) phenyl]]-1-propyl
xanthine (PSB603) were used. D-2-amino-5-phosphonovalerate,
a selective  NMDA receptor antagonist was used. All
these compounds were purchased from Tocris (Bristol,
United Kingdom). The A; receptor antagonist DPCPX (8-
cyclopentyl-1,3-dipropylxanthine) was purchased from SIGMA
Aldrich (https://www.sigmaaldrich.com).

All drugs were dissolved in dimethyl sulphoxide (DMSO).
Stock solutions, of 1000-10,000 times the desired final
concentration, were stored at —20°C. The final concentration of
DMSO (0.05% and 0.1% in aCSF) used in our experiments did
not affect either fEPSP amplitude or the depression of synaptic
potentials induced by OGD (data not shown).

Application of OGD and Adenosine Asg

Receptor Antagonists

The experimental method is shown in Figure 1B. Conditions of
OGD were obtained by superfusing the slice with aCSF without
glucose and gassed with nitrogen (95% N,-5% CO;) (Pedata
et al., 1993). This causes a drop in pO; in the recording chamber
from ~500 mmHg (normoxia) to a range of 35-75 mmHg
(after 7 min OGD) (Pugliese et al., 2003). At the end of the
ischemic period, the slice was again superfused with normal,
glucose-containing, oxygenated aCSF. The terms ‘OGD slices” or
‘treated OGD slices’ refer to hippocampal slices in which OGD
was applied in the absence or in the presence of Ajp receptor
antagonists, respectively. Control slices were not subjected to
OGD or treatment with Ajp receptor antagonists but were
incubated in oxygenated aCSF for identical time intervals. All
the selective adenosine Ajp receptors antagonists were applied
15 min before, during and 5 min after OGD. In a typical
experimental day, first a control slice was subjected to 7 min
of OGD. If the recovery of fEPSP amplitude after 60 min of
reperfusion with glucose containing and normally oxygenated
aCSF was <15% of the pre-OGD value, and AD developed into
7 min OGD, a second slice from the same rat was subjected to an
OGD insult in the presence of the A,p receptor antagonist under
investigation. To confirm the result obtained in the treated group,
a third slice was taken from the same rat and another 7 min
OGD was performed under control conditions to verify that no
difference between slices was caused by the time gap between the
experiments. In some slices the OGD period was prolonged to
30 min and the A,p receptor antagonists were applied 15 min
before and during OGD application. After the extracellular
recordings, slices were maintained in separate chambers for 1
or 3 h from the end of OGD in oxygenated aCSF at room
temperature (RT). At the end, slices were harvested and fixed
overnight at 4°C in 4% paraformaldehyde in PBS, cryopreserved
in 18% sucrose for 48 h, and resliced as written below.

Treatment of Hippocampal Slices With
Glutamate in Vitro

Experiments were carried out on acute hippocampal slices,
prepared from male Wistar rats as described above. The Ajp
receptor antagonists were dissolved in DMSO to obtain a
stock solution suitable for a 1:2000 dilution. Slices, maintained

oxygenated throughout the procedure, were incubated according
to the following scheme:

e Control slices were incubated for 1 h in aCSF and then for
25 min in aCSF with DMSO (1:2000; 0.05%);

e Glutamate (GLU) treated slices were incubated 1 h in
aCSF and then for 10 min with 100 uM glutamate in
aCSF;

¢ MRS-+GLU treated slices were incubated for 1 h in aCSF,
then for 15 min with 500 nM MRS1754 and for further
10 min with 500 nM MRS1754 plus 100 pM glutamate, in
aCSF;

e PSB+GLU treated slices were incubated for 1 h in aCSE,
then for 15 min with 50 nM PSB603, and for further
15 min with 50 nM PSB603 plus 100 pM glutamate in
aCSF;

After the incubation with glutamate and Ajp receptor
antagonists, slices were further incubated for 3 h in aCSE
and then harvested and fixed overnight at 4°C in 4%
paraformaldehyde in PBS, cryopreserved in 18% sucrose for 48 h,
and resliced as written below.

Immunohistochemistry

One hour or 3 h after OGD, or after the incubation with
glutamate and A,p receptor antagonists, the 400 pm thick slices
fixed in paraformaldehyde were placed on an agar support
(6% agar in normal saline), included in an embedding matrix
and re-sliced with a cryostat to obtain 40 pum thick slices.
The more superficial sections were eliminated, while those
obtained from the inner part of the slice were collected and
stored in vials with 1 ml of antifreeze solution at —20°C until
immunohistochemical analyses. From the 400 pm thick slices on
average only a maximum of 2-3 complete 40 pum thick slices were
obtained, which were then randomly allocated to the fluorescent
immunohistochemical staining groups.

Antibodies Used - Primary Antibodies

Neurons were immunostained with a mouse monoclonal
anti-NeuN antibody (1:200, MilliporeSigma, Carlsbad, CA,
United States), astrocytes were detected by means of a polyclonal
rabbit antibody anti-Glial Fibrillary Acidic Protein (GFAP,
1:500, DakoCytomation, Glostrup, Denmark), Cytochrome C
with a mouse monoclonal antibody (1:200, Abcam, Cambridge,
United Kingdom). Activated mTOR was detected using a
polyclonal rabbit primary antibody raised against phospho-
(Ser2448)-mTOR (1:100, Abcam, Cambridge, United Kingdom).
Fluorescent secondary antibodies: Alexa Fluor 488 donkey anti
rabbit (fluorescence in green, 1:400), Alexa Fluor 555 donkey
anti mouse (fluorescence in red, 1:400), Alexa Fluor 635
goat anti-rabbit (fluorescence in far red, 1:400) (all from Life
Technologies, Carlsbad, CA, United States). All primary and
secondary antibodies were dissolved in Blocking Bufter (BB, 10%
Normal Goat Serum, 0.05% NaN3 in PBS-TX). All procedures
were carried out with the free-floating method in wells of a
24-well plate (Cerbai et al., 2012; Lana et al., 2013).
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Day 1

The sections were washed (3 times, 5 min each) in PBS-0.3%
Triton X-100 (PBS-TX), blocked with 500 1 BB for 1 h, at RT
under slight agitation and then incubated overnight at 4°C with
the primary antibody under slight agitation.

Day 2

After washing in PBS-TX (3 times, 5 min each), sections were
incubated for 2 h at room temperature in the dark with a solution
containing one or two (for double immunostaining) fluorescent
secondary antibodies, as appropriate. Sections were washed (3
times, 5 min each) with BB and then with 1 ml of distilled H,O at
RT in the dark, mounted on gelatinized microscopy slides, dried
and coverslipped with a mounting medium containing DAPI to
counterstain nuclei (Vectashield, Hard set mounting medium
with DAPI, Vector Laboratories, Burlingame, CA, United States).
Sections were kept refrigerated in the dark until microscopy
analyses.

Day 3

Qualitative and quantitative analyses of NeuN positive neurons,
CytC and phospho-mTOR positive cell bodies were performed
in CAl stratum pyramidale (SP), while astrocytes, phospho-
mTOR positive dendrites and microglia were performed in CA1
stratum radiatum (SR) as shown in Figure 1A. Epifluorescence
microscopy: sections were observed under an Olympus BX63
microscope equipped with an Olympus DP 50 digital camera
(Olympus, Milan, Italy). For quantitative analysis images were
acquired at 20x magnification with the digital camera.

Confocal Microscopy

Scans were taken at 0.3 pum z-step, keeping constant all
the parameters (pinhole, contrast, and brightness), using a
LEICA TCS SP5 confocal laser scanning microscope (Leica
Microsystems CMS GmbH, Mannheim, Germany). Images were
converted to green, or red using ImageJ (freeware provided by
National Institute of Health'). The region of interest (ROI) in
CA1, containing stratum pyramidalis and stratum radiatum was
consistently analyzed in all slices, as shown in Figure 1A (Lana
et al,, 2014). Quantitative analyses of NeuN™ neurons, HDN
neurons, LDN neurons, GFAPT astrocytes, CytC™ apoptotic
neurons and phospho-mTOR positive cell bodies and dendrites
were performed blind by two experimenters and results were
averaged. Areas were expresses as mm?. Digitized images were
transformed into TIFF files and thresholded using Image].
Care was taken to maintain the same threshold in all sections
within the same experiment. In CAl pyramidal layer, the
area labeled above the set threshold with NeuN or phospho-
mTOR was calculated in pixels and expressed as NeuN™
pixels/mm? or phospho-mTORY pixels/mm?. HDN neurons,
LDN neurons, Cytochrome C-positive (CytC*) apoptotic
neurons in CA1 stratum pyramidale and GFAP™ astrocytes in
CA1l stratum radiatum were counted and were expressed as
number of cells/mm?. In order to evaluate mTOR activation in
basal dendrites the length of phospho-mTOR™ dendrites was

Thttp://rsb.info.nih.gov/ij

measured at three fixed locations, equal in all slices and evenly
distributed throughout the CAl stratum radiatum ROI, and
results were averaged.

Statistical Analysis

Statistical significance was evaluated by Students paired or
unpaired t-tests. Analysis of variance (one-way ANOVA),
followed by Newman-Keuls multiple comparison post hoc test
was used, as appropriate. P-values from both Student’s paired and
unpaired ¢-tests are two-tailed. Data were analyzed using software
package GraphPad Prism (version 7.0; GraphPad Software, San
Diego, CA, United States). All numerical data are expressed as the
mean = standard error of the mean (SEM). A value of P < 0.05
was considered significant.

RESULTS

Electrophysiological Experiments

It has been established that 7 min OGD episodes bring about
irreversible depression of neurotransmission and the appearance
of a severe neuronal depolarization or AD (Pugliese et al., 2006,
2007, 2009), a critical event that has been demonstrated both
in vivo (Somjen, 2001) and in vitro (Fowler, 1992; Pearson et al.,
2006; Pugliese et al., 2006, 2007, 2009; Frenguelli et al., 2007).
Therefore, we studied the effects of two selective adenosine A,p
receptor antagonists, MRS1754 and PSB603, on AD development
in the CA1 region of acute rat hippocampal slices under severe
OGD episodes by extracellular recording of fEPSPs on 133
hippocampal slices taken from 42 rats.

The Selective Adenosine Asg Receptor
Antagonism Prevents or Delays AD
Development and Protects From
Synaptic Failure Induced by Severe OGD
in CA1 Hippocampus

In agreement with our previous results (Pugliese et al., 2006,
2007, 2009), in untreated OGD slices the d.c. shift presented a
mean latency of 6.04 £ 0.2 min (calculated from the beginning
of OGD) and a mean peak amplitude of —6.7 £+ 0.4 mV
(n = 24) (Figure 2A). Seven min OGD exposure induced a
rapid and irreversible depression of fEPSPs amplitude evoked
by Schaffer-collateral stimulation, since synaptic potentials did
not recover their amplitude after return to oxygenated aCSF
(Figure 2D, n = 24, 2.5 + 2.7% of pre-OGD level, calculated
50 min from the end of OGD). Control slices, followed for up to
3 h in oxygenated aCSF, maintained stable fEPSPs for the entire
experimental time recording and never developed the d.c. shift
(data not shown).

Oxygen and glucose deprivation was then applied in the
presence of the selective adenosine Ajp receptor antagonists
MRS1754 or PSB603, administered 15 min before, during and
5 min after OGD.

The two Ap receptor antagonists did not modify basal
synaptic transmission measured before OGD. Indeed, MRS1754
(500 nM, n = 17) did not modify fEPSPs amplitude under
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FIGURE 2 | The selective adenosine Agg receptor antagonists MRS1754 or PSB603 significantly reduced the synaptic failure induced by 7 min oxygen and glucose
deprivation (OGD) in the CA1 region of rat hippocampal slices. (A—C) anoxic depolarization (AD) was recorded as a negative direct current (d.c.) shift in response to
7 min OGD in untreated OGD slices (A), in 500 nM MRS1754-treated slices (B), or 50 nM PSB603-treated slices (C). Note that MRS1754 prevented the
appearance of AD in 13 out of 17 slices, while PSB603 in 11 out of 15 slices. (D) The graph shows the time-course of the effect of 7 min OGD on field excitatory
post-synaptic potential (fEPSP) amplitude, expressed as percentage of pre-OGD baseline in the CA1 hippocampal region in the absence (n = 24) or in the presence
of 500 nM MRS1754 (n = 17). Note that, in untreated slices, the ischemic-like insult caused gradual reduction, up to disappearance, of fEPSPs amplitude that did
not recover after washing in oxygenated artificial cerebrospinal fluid (CSF). On the contrary, after reperfusion in oxygenated standard solution, a recovery of fEPSP in
all MRS1754 treated OGD slices was found, even in those in which AD developed. (E) The graph shows the time course of the effect of 7 min OGD on fEPSP
amplitude in 50 nM PSB603 treated OGD slices. Note that, after reperfusion in normal oxygenated standard solution, a recovery of fEPSP was found in all
OGD-treated PSB60S3 slices, even those in which AD occurred. (F, Left) each column represents the mean + SEM of AD latency recorded in the CA1 region during
7 min OGD in the absence or in the presence of MRS1754 (500 nM) or PSB603 (50 nM). AD latency was measured from the beginning of OGD insult. Note that
when OGD was 