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Background and Purpose: Parkinson's disease (PD) involves an initial loss of striatal

dopamine terminals evolving into degeneration of dopamine neurons in substantia

nigra (SN), which can be modelled by 6‐hydroxydopamine (6‐OHDA) administration.

Adenosine A2A receptor blockade attenuates PD features in animal models, but the

source of the adenosine causing A2A receptor over‐activation is unknown. As ATP

is a stress signal, we have tested if extracellular catabolism of adenine nucleotides

into adenosine (through ecto‐5′‐nucleotidase or CD73) leads to A2A receptor over‐

activation in PD.

Experimental Approach: Effects of blocking CD73 with α,β‐methylene ADP

(AOPCP) were assayed in 6‐OHDA‐treated rats and dopamine‐differentiated neuro-

blastoma SH‐SY5Y cells.

Key Results: 6‐OHDA increased ATP release and extracellular conversion into

adenosine through CD73 up‐regulation in SH‐SY5Y cells. Removing extracellular

adenosine with adenosine deaminase, blocking CD73 with AOPCP, or blocking A2A

receptors with SCH58261 were equi‐effective in preventing 6‐OHDA‐induced dam-

age in SH‐SY5Y cells. In vivo striatal exposure to 6‐OHDA increased ATP release and

extracellular formation of adenosine from adenosine nucleotides and up‐regulated

CD73 and A2A receptors in striatal synaptosomes. Intracerebroventricular administra-

tion of AOPCP phenocopied effects of SCH58261, attenuating 6‐OHDA‐induced (a)

increase of contralateral rotations after apomorphine, (b) reduction of dopamine con-

tent in striatum and SN, (c) loss of TH staining in striatum and SN, (d) motor dysfunc-

tion in the cylinder test, and (e) short‐term memory impairment in the object

recognition test.

Conclusion and Implications: Our data indicate that increased ATP‐derived adeno-

sine formation is responsible for A2A receptor over‐activation in PD, suggesting CD73

as a new target to manage PD.
osine deaminase; AOPCP, α,β‐methylene ADP; DOPAC, 3,4‐dihydroxyphenylacetic acid; MTT, 3‐(4,5‐dimethylthiazole‐2‐yl)‐2,5‐

substantia nigra
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What is already known

• Antagonists of adenosine A2A receptors alleviate motor

symptoms of Parkinson's disease.

What this study adds

• A2A receptor overfunction requires increased ATP release

and CD73‐mediated catabolism into adenosine.

What is the clinical significance

• CD73 is a key controller of A2A receptors and a novel

target in Parkinson's disease.
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1 | INTRODUCTION

ATP is a well‐established stress signal in the brain (Rodrigues, Tomé, &

Cunha, 2015). There is concurrent evidence that ATP can either signal

directly through its P2 receptors or alternatively signal through adeno-

sine receptors after the extracellular catabolism of ATP into adenosine

by ecto‐nucleotidases (see Rodrigues et al., 2015). In animal models of

Parkinson's disease (PD), ATP can signal directly, namely, through P2X7

receptors to control neurodegeneration andmotor impairments (Carmo

et al., 2014; Marcellino et al., 2010). However, the best documented

purinergic receptors controlling PD are adenosine A2A receptors (see

Morelli, Carta, & Jenner, 2009). In fact, not only does the consumption

of caffeine (an adenosine receptor antagonist) correlate inversely with

the incidence of PD, but there is also robust evidence obtained in differ-

ent animal models that the excessive function of A2A receptors is dele-

terious, as demonstrated by the ability of pharmacological and genetic

deletion of these receptors to attenuate the evolution of motor symp-

toms and of dopaminergic neurodegeneration (reviewed in Morelli

et al., 2009). Although the source of the adenosine responsible for the

over‐activation of A2A receptors has not been determined, the recently

described tight physical and functional coupling between A2A receptors

and CD73 or ecto‐5′‐nucleotidase (the enzyme forming adenosine

from extracellular adenine nucleotides) in the striatum (Augusto et al.,

2013; Ena, De Backer, Schiffmann, & de Kerchove d'Exaerde, 2013)

prompts the hypothesis that the release of ATP as a stress signal might

be the source of the adenosine responsible for the over‐activation of

A2A receptors contributing to the development of PD. Furthermore,

there is previous evidence to suggest that extracellular ATP increases

neurodegeneration (see Rodrigues et al., 2015) and that the activity

of CD73 can affect neurodegeneration (Boeck, Kroth, Bronzatto, &

Vendite, 2007; Meng et al., 2019) both directly through the control of

neuronal survival (Heilbronn, Maienschein, Carstensen, Gann, &

Zimmermann, 1995) and indirectly through its ability to control inflam-

matory responses (see Antonioli, Pacher, Vizi, & Haskó, 2013).

Combining the use of simple cellular models with rodent models of

PD, we now directly tested if the extracellular catabolism of adenine

nucleotides into adenosine is the underlying mechanism responsible

for the over‐activation of A2A receptors causing PD evolution. We

found that CD73 is up‐regulated in cellular and animal models of PD

and the inhibition of CD73 phenocopied the neuroprotective effects

of A2A receptor antagonists, indicating that increased ATP‐derived

adenosine formation is responsible for over‐activation of A2A recep-

tors in PD.
2 | METHODS

2.1 | Animals and drug administration

We follow the Editorial guidelines on experimental design and analysis

in pharmacology. All animal care and experimental procedures in this

study were conducted in accordance with the principles and
procedures outlined as “3Rs” in the guidelines of the European Union

(2010/63/EU) and FELASA and were approved by the Portuguese

Ethical Committee (DGAV) and by the Ethics Committee on Animal

Experimentation of the Federal University of Ceará (CEPA). Animal

studies are reported in compliance with the ARRIVE guidelines (Kil-

kenny, Browne, Cuthill, Emerson, & Altman, 2010) and with the Edito-

rial guidelines made by the British Journal of Pharmacology. Adult male

Wistar rats (220–250 g; RGD_13508588) were obtained from either

the animal house of the Federal University of Ceará or Charles River

(Barcelona, Spain) and were maintained at 23–25°C, with 12‐hr light

to 12‐hr dark cycle, and standard diet and tap water ad libitum. Rats

were anaesthetized with a combination of ketamine (100 mg·kg−1,

i.p.) and xylazine (20 mg·kg−1, i.p.), and unilateral intra‐striatal 6‐

hydroxydopamine (6‐OHDA) injections (18 μg/3 μl in a 0.02%

ascorbate‐saline solution) were performed through a 5‐μl Hamilton®

syringe using a stereotaxic apparatus (Stoelting, USA) at the following

coordinates (mm): Site 1: L: −2.5, AP: +0.5, V: +5.0; Site 2: L: −3, AP:

−0.5, V: +6.0; and Site 3: L: −3.7, AP: −0.9, V: +6.5 from bregma.

Sham‐operated rats received vehicle and were used as controls.

Behavioural tests were carried out from 9 a.m. until 4 p.m., from the

15th until the 18th day after surgery, and animals were killed on the

19th day. All behavioural tests were carried out in a sound‐attenuated

room with an 8‐lx illumination, to which the animals were previously

habituated. All apparatus was cleaned with 20% ethyl alcohol to

remove any odours after testing each animal.

When we tested the A2A receptor antagonist SCH58261, it was

administered intraperitoneally daily at 7 p.m., starting in the day of

6‐OHDA administration until the animals were killed. The CD73

inhibitor α,β‐methylene ADP (AOPCP; 100 μM) was administered

(0.25 μl·hr−1 for 14 days) directly into the right lateral ventricle

through osmotic minipumps (Model 1002; Alzet Corporation), placed

in a subcutaneous pocket in the dorsal region, and connected via

polyethelene tubing to an intracranial cannulae (Alzet Brain Infusion

Kit II) targeting the following coordinates relative to bregma: 1.5 mm

posterior, 1.0 mm lateral, and 3.7 mm below the horizontal plane of

bregma. Control animals received a similar intracerebroventricular

administration of saline.

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1713
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2844
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2844
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=484
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=19
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=19
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=407
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1232
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4233
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=523
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=403
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5092
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2.2 | Open field test

The rats were tested for locomotor activity 15 days after surgery using

an open field apparatus as previously described (e.g., Carmo et al.,

2014), which consisted of a black acrylic chamber (50 × 50 cm), with

50‐cm‐high walls, and the floor was divided into four squares of equal

size. Each rat was positioned in the centre of the arena and allowed to

explore freely. The number of crossings and rearings was scored for

5 min.
2.3 | Object recognition test

On the next morning, rats performed the object recognition test in the

same arena to probe short‐term memory (Bevins & Besheer, 2006).

Rats first underwent a training/acquisition session, in which they were

exposed during 10 min to two identical objects in the arena (two 100‐

ml blue bottles), placed 7 cm away from the walls of the open field.

The test session was performed 60 min after training where one

object was replaced (a familiar and a novel one, i.e., the 100‐ml blue

bottle and a 50‐ml green tube). The time spent exploring the new

(Tnovel) and familiar (Tfamiliar) object was recorded during 5 min. Object

exploration was defined as the orientation of the nose to the object at

a distance ≤2 cm, touching with forepaws or nose and sniffing and

biting the objects, but climbing on the objects was not considered.

Recognition memory was expressed as a recognition index calculated

as (Tnovel)/(Tnovel+Tfamiliar), as previously described (Canas et al., 2009).
2.4 | Limb use asymmetry (cylinder test)

The test was carried out 17 days after surgery, as previously described

(Carmo et al., 2014). Rats were placed in a transparent cylinder (30 cm

high and 20 cm in diameter) to record the use of each forelimbs during

rearing behavior, over 5 min. Behaviour was expressed in terms of (a)

per cent use of the contralateral (impaired) forelimb, (b) per cent use of

the ipsilateral (non‐impaired) forelimb, and (c) per cent simultaneous

use of both limbs, relative to the total number of paws used during

rearing activity.
2.5 | Rotational behaviour

Eighteen days after surgery (after all other behavioural tests), animals

were tested for rotational behaviour after receiving an intraperitoneal

bolus injection of apomorphine hydrochloride (0.6 mg·kg−1; Sigma‐

Aldrich). Rotational testing was conducted as previously described

(Carmo et al., 2014), by placing rats inside a cylindrical container

(33‐cm diameter and 35‐cm height) and counting the number of con-

tralateral rotations (number of 360° contralateral turns) during 60 min.
2.6 | Determination of monoamine levels

The measurement of dopamine and 3,4‐dihydroxyphenylacetic acid

(DOPAC) in striatal and mesencephalic tissue (n = 6 per group) was
carried out by HPLC, as previously described (Borycz et al., 2007). Tis-

sue homogenates (10% w/v) were sonicated in 0.1‐M HClO4 for 30 s,

centrifuged at 4°C for 15 min at 9,000× g, and the supernatant was fil-

tered (0.2 μm, Millipore). A 20‐μl sample was then injected into the C‐

18 HPLC column. The mobile phase was 0.163‐M citric acid (pH 3.0),

containing 0.02‐mM NaCl with 0.69‐mM sodium octanesulfonic acid

as the ion pairing reagent, 4% v/v acetonitrile and 1.7% v/v tetrahy-

drofuran. Dopamine and DOPAC were electrochemically detected,

using an amperometric detector (Shimadzu). The amount of mono-

amines was determined by comparison with freshly prepared stan-

dards, and their concentrations were expressed as ng·mg−1 of tissue.
2.7 | Immunohistochemical analysis

The antibody‐based procedures used in this study comply with the

Editorial guidelines made by the British Journal of Pharmacology.

Immunohistochemistry was essentially carried out as previously

described (Carmo et al., 2014). Briefly, the animals were anaesthe-

tized with sodium thiopental and transcardially perfused with ice‐cold

PBS followed by 4% paraformaldehyde in PBS. The brains were

removed, post‐fixed in 4% paraformaldehyde for 16–24 hr, and

cryoprotected in 30% sucrose for 48 hr at 4°C. The brain was then

frozen in dry ice, and 50‐μm coronal sections were prepared using a

cryostat (Leica CM3050 S) at −21°C. TH immunodetection was per-

formed in a one‐in‐six series of 50‐μm free‐floating sections. The sec-

tions were washed three times for 10 min with PBS and incubated

with PBS supplemented with 10% methanol and 1.05% hydrogen

peroxide for 40 min at room temperature, to block endogenous

peroxidase‐like activities. After washing three times for 10 min with

PBS and blocking endogenous proteins with 10% normal goat serum

in PBS supplemented with Triton X‐100 (blocking solution) for 2 hr at

room temperature, the sections were incubated with the primary anti-

body (rabbit anti‐TH, 1:1,000; ref. AB152 from Merck‐Millipore;

RRID:AB_390204) diluted in blocking solution at 4°C for 48 hr. The

sections were then washed with PBS before incubation for 2 hr at

room temperature with a secondary goat anti‐rabbit biotinylated anti-

body (1:200, Vector Labs; RRID:AB_2313606) diluted in blocking

solution and washed with PBS. The avidin‐biotin‐HRP conjugate

(ABC Staining System, Santa Cruz Biotechnology) was used for

40 min at room temperature for amplification of the signal and

revealed with DAB Peroxidase Substrate Kit (Vector labs). The reac-

tion was stopped by washing with PBS before mounting on gelatin‐

coated slides, dried, dehydrated by a gradient of ethanol, and cleared

with xylene. Finally, the sections were coverslipped with Entellan

(Merck). The stained brain sections were visualized using an Olympus

BX41 epi‐fluorescent microscope equipped with an Olympus DP71

camera. Immunoreactivity was measured by semi‐quantitative densi-

tometric analysis using an image‐analysis program (ImageJ software;

RRID:SCR_003070). With freehand selection, we measured the OD

of both striata (ipsilateral and contralateral) using the anterior

commissure as a negative control. The values obtained for the

sham‐operated group were averaged, and the values of other groups

calculated as a percentage of that mean.

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=33
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=940
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1243
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2.8 | Preparation of striatal synaptosomes

Striatal synaptosomes (purified synapses) were prepared as previously

described (Canas et al., 2009). After decapitation, the two striata were

dissected and homogenized in sucrose (0.32 M) solution containing

1‐mM EDTA, 10‐mM HEPES, and 1 mg·ml−1 BSA (Sigma), pH 7.4 at

4°C, supplemented with a protease inhibitor, PMSF (0.1 mM), a cocktail

of inhibitors of proteases (CLAP 1%, Sigma), and the antioxidant DTT

(1 μM). The homogenate was centrifuged at 3,000× g for 10 min at

4°C, and the resulting supernatant was further centrifuged at

14,000× g for 12 min at 4°C. The resulting pellet (P2 fraction) was

resuspended in 1 ml of a 45% (v/v) Percoll solution in HEPES buffer

(140‐mM NaCl, 5‐mM KCl, 25‐mM HEPES, 1‐mM EDTA, and 10‐mM

glucose, pH 7.4). After centrifugation at 14,000× g for 2 min at 4°C,

the white top layer was collected (synaptosomal fraction), resuspended

in 1‐ml HEPES buffer, and further centrifuged at 14,000× g for 2 min at

4°C. The pellet was then resuspended in appropriate solutions for

binding assays or Western blot analysis. The purity of this synaptic

fraction has been previously quantified as >95% (Canas et al., 2009).
2.9 | Neurotoxicity in SH‐SY5Y cells

SH‐SY5Y cells (LGC Promochem; RRID:CVCL_0019) were cultured in

a 1:1 mixture of Ham's F12 and DMEM (Invitrogen) supplemented

with 10% FBS (Invitrogen) and a mix of antibiotic and antimycotic

(Invitrogen), in a humidified atmosphere of 5% of CO2 in air at 37°C.

Differentiation was induced by lowering the FBS in culture medium

to 1% and adding 10‐μM retinoic acid during 7 days (see Lopes et al.,

2010). After differentiation, cells were resuspended in Krebs‐HEPES

(125‐mM NaCl, 3‐mM KCl, 10‐mM glucose, 10‐mM HEPES, 2.2‐mM

KH2PO4, 1.2‐mM MgCl2, and 2‐mM CaCl2, pH 7.4) and treated for

30 min with 2 U·ml−1 adenosine deaminase (ADA), 100‐μM AOPCP,

or 100 nM SCH58261 before exposure to 30‐μM 6‐OHDA during

24 hr in the continuous presence of the tested drugs. 6‐OHDA was

freshly prepared in 0.1% ascorbic acid to avoid oxidation.

The activity of cellular dehydrogenases, taken as an index of cellu-

lar dysfunction (Mosmann, 1983), was estimated by the quantification

of the ability of the cells to reduce 3‐(4,5‐dimethylthiazole‐2‐yl)‐2,5‐

diphenyltetrazolium bromide (MTT) to form a blue formazan product.

At the end of the exposure to drugs, cells were incubated with 1 mg

of MTT (from a recently prepared stock of 5 mg·ml−1 in PBS), and

the cultures were returned to the incubator for 3 hr to allow MTT

reduction to proceed. After the incubation media were removed, the

purple formazan crystals were dissolved in 1‐ml isopropanol during

30 min on a shaking table. The resulting purple solution was spectro-

photometrically measured at 540 nm.

Cellular damage was additionally evaluated by measuring the

amount of cytoplasmic LDH released into the medium, using an assay

based on the reduction of NAD+ by the action of LDH. At the end of

the treatments, the medium from each well was transferred to clean

flat‐bottom plate to proceed with enzymic analysis, according to the

in vitro toxicology assay kit (Hospitex Diagnostics). The effect of

6‐OHDA (30 μM) on SH‐SY5Y cells was further confirmed by
quantification of the number of cells labelled with Hoescht 33258.

Twenty‐four hours after beginning 6‐OHDA treatment, cells were

washed with PBS and fixed with 4% paraformaldehyde for 10 min at

room temperature, followed by a 10‐min incubation with Hoescht

33258 dye (1 mg·ml−1, Invitrogen) at room temperature. Cells were

then washed and maintained in PBS and imaged on a Zeiss Axiovert

200 microscope (Zeiss) using the 20× objective to count the average

in three different fields of the total number of stained cells as well

as the number of apoptotic‐like cells, characterized by displaying

brighter spots of Hoescht 33258 staining.
2.10 | Extracellular ATP quantification

Samples (50 μl) were collected at different time points (2 min up to

6 hr) from the incubation medium of cultured cells and stored at

−80°C. ATP quantification was carried out using a luciferin–luciferase

bioluminescence assay, as previously described (Ferreira et al., 2015).

Samples were mixed with 50 μl of the luciferin–luciferase biolumines-

cent ATP assay mix from Sigma (FLAAM), and the light emitted at

565 nm was quantified using a luminometer (either a Perkin Elmer

Victor3 or a Wallac 1250). For the quantification of ATP outflow from

synaptosomes (Ferreira et al., 2015), a suspension containing synapto-

somes, an ATP assay mix (with luciferin and luciferase; from Sigma),

and Krebs‐HEPES solution was equilibrated at 25°C up to 10 min to

ensure the functional recovery of the nerve terminals. After 60 s to

measure the basal outflow, the evoked release of ATP was triggered

with 32 mM of KCl (isomolar substitution of NaCl in the Krebs‐HEPES

solution). After this chemical stimulation, the light emitted was

recorded for an additional 200 s. The evoked release of ATP was

calculated by integration of the area of the peak upon subtraction of

the estimated basal ATP outflow.

ATP levels were quantified using a calibration curve of ATP

standards. The quantification in each condition and time point was

performed in triplicates.
2.11 | Extracellular catabolism of ATP and of AMP

The extracellular catabolism of ATP or of AMP was evaluated as pre-

viously described (Cunha, Sebastião, & Ribeiro, 1992). When using

synaptosomes, they were maintained in an incubation vial with

Krebs‐HEPES solution at 30.5°C. After 10 min of incubation, either

ATP (10 μM) or AMP (10 μM) was added, without or with AOPCP

(100 μM), and aliquots were collected from the reaction medium

(60 μl) at 0, 2, 5, 10, and 15 min. When using differentiated SH‐

SY5Y cells, these were incubated for 24 hr in Krebs‐HEPES solution

without or with 6‐OHDA (30 μM), the medium was changed, and

either ATP (10 μM) or AMP (10 μM) was added, without or with

AOPCP (100 μM), and aliquots were collected from the reaction

medium (60 μl) at 0, 2, 5, 10, 15, and/or 20 min. Each aliquot was

centrifuged at 14,000× g (15 s at 4°C), and the supernatant was stored

at −20°C for HPLC quantification of adenosine (Cunha et al., 1992).

The remaining synaptosomes or cells in each assay were either

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1230
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2455
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pelleted or scraped and homogenized in 2% (v/v) Triton X‐100, to

quantify protein with the BCA assay.
2.12 | Western blot analysis

Membranes from either striatal synaptosomes or differentiated SH‐

SY5Y cells were resuspended in RIPA (50‐mM Tris, 150‐mM NaCl,

1% IGEPAL, 0.5% sodium deoxycholate, 1‐mM EDTA, and 0.1%

sodium dodecyl sulphate) plus cOmplete tablets EDTA‐FREE Easy

pack (Roche), 0.1‐mM DTT, and 0.1‐mM PMSF, and the amount of

protein was determined using the bicinchoninic acid method (Pierce)

to carefully dilute all preparations to a final concentration of 2 μg

protein·μl−1 in Laemmli buffer. The analysis of CD73 and A2A receptor

density was carried out as previously described (Augusto et al., 2013)

using mouse anti‐A2AR (1:1,000, Merck‐Millipore, clone 7F6‐G5‐A2),

and goat anti‐murine CD73 (1:1,000, Santa Cruz Biotechnology,

sc‐25603), followed by the appropriate secondary antibody conju-

gated with alkaline phosphatase (Amersham) before revealing the

membranes with ECF (Amersham). Membranes were visualized with

an imaging system (VersaDoc 3000, Bio‐Rad) and quantified with the

Quantity One software (Bio‐Rad; RRID:SCR_005375). The membranes

were re‐probed and tested for α‐tubulin immunoreactivity (1:1,000;

Sigma‐Aldrich, ref. T6074) to confirm that similar amounts of protein

were applied to the gels (Canas et al., 2009).
2.13 | Receptor binding assay

The binding assays were performed as previously described (Cunha,

Canas, Oliveira, & Cunha, 2006). Briefly, synaptosomes were vigor-

ously resuspended in a pre‐incubation solution (containing 50‐mM

Tris, 1‐mM EDTA, and 2‐mM EGTA, pH 7.4) at 4°C and centrifuged

at 25,000× g for 20 min at 4°C; the supernatants were discarded,

and the pellet, corresponding to the synaptosomal membranes,

was resuspended in the pre‐incubation solution, and a sample

was collected to determine the protein concentration using the

bicinchoninic acid assay (Pierce). ADA (2 U·ml−1, Roche) was added,

and the membranes were incubated for 30 min at 37°C to remove

endogenous adenosine. The mixtures were centrifuged at 25,000× g

for 20 min at 4°C, and the pelleted membranes were resuspended in

Tris‐Mg solution (containing 50‐mM Tris and 10‐mM MgCl2, pH 7.4)

with 4 U·ml−1 of ADA. Binding with 3 nM of the selective A2A receptor

antagonist, 3H‐SCH58261 (specific activity of 77 Ci·mmol−1; prepared

by GE Healthcare and offered by E. Ongini, Schering‐Plough, Italy) was

performed for 1 hr at room temperature with 54–75 μg of protein,

with constant swirling. The binding reactions were stopped by addition

of 4 ml of ice‐cold Tris‐Mg solution and filtration through Whatman

GF/C glass microfibre filters (GE Healthcare) in a filtration system

(Millipore). The radioactivity was measured with 2 ml of scintillation

liquid (AquaSafe 500Plus, Zinsser Analytic). The specific binding was

expressed as fmol·mg−1 protein and was estimated by subtraction of

the non‐specific binding, which was measured in the presence of

12 μM of xanthine amine congener (Sigma), an antagonist of adeno-

sine receptors. All binding assays were performed in duplicate.
2.14 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analysis

in pharmacology. All data are presented as the mean ± SEM of n exper-

iments. All animals were randomized before the first drug treatment,

and the experimenters carrying out the behavioural, neurochemical,

and biochemical studies were blind to the treatments of the animals,

ex vivo preparations, or cells. We selected the number of animals

per group based on our previous experience of the variability of the

measurements without carrying out a formal power analysis. The

time‐dependent effects of 6‐OHDA on ATP release was first assessed

with a one‐way ANOVA followed by a Dunnett's post hoc test to

compare different groups with the control group. In the in vitro

studies, the effect of drugs was analysed using a two‐tailed unpaired

t test. When testing the impact of a tested drug on the effects of

6‐OHDA in in vivo or ex vivo experiments, the data were first

analysed with a two‐way ANOVA eventually followed by a

Newman–Keuls post hoc test. All tests were performed using

GraphPad Prism 6.0 software (RRID:SCR_002798) considering signifi-

cance at a 95% confidence interval.
2.15 | Materials

The following compounds were supplied as follows: SCH58261

(Tocris); AOPCP, apomorphine HCl, ATP. AMP, 6‐OHDA (Sigma).
2.16 | Nomenclature of targets and ligands

Key protein and ligands in this article are hyperlinked to corresponding

entries in http://www.guidetopharmacology.org, the common portal

for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding

et al., 2018), and are permanently archived in the Concise Guide to

PHARMACOLOGY 2017/2018: (Alexander, Christopoulos et al.,

2017; Alexander, Fabbro et al., 2017; Alexander, Peters et al., 2017).
3 | RESULTS

3.1 | 6‐OHDA bolsters ATP release and formation of
extracellular adenosine in SH‐SY5Y cells

SH‐SY5Y cells differentiated with retinoic acid to acquire a dopami-

nergic phenotype become susceptible to 6‐OHDA‐induced damage

(Carmo et al., 2014; Sun et al., 2016). We tested a concentration of

6‐OHDA of 30 μM as it caused a ~50% reduction of cellular function-

ality and viability within the tested concentration range of 3–300 μM

(data not shown). In accordance with the concept that ATP is a stress

signal associated with neuronal damage (Rodrigues et al., 2015), the

exposure of differentiated SH‐SY5Y cells to 6‐OHDA (30 μM)

triggered a rapid and sustained increase of the extracellular levels of

ATP (Figure 1a). Compared to the levels of extracellular ATP at the

time of addition of 6‐OHDA (Time 0; 1.98 ± 0.28 nM, n = 10), which

http://www.guidetopharmacology.org
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were similar to the average levels of extracellular ATP in SH‐SY5Y

cells incubated in the absence of 6‐OHDA (1.74 ± 0.19 nM, n = 10),

the levels of extracellular ATP were significantly higher 5 min after

the addition of 6‐OHDA and reached a maximal value after 90 min,

remaining at this elevated levels up to 6 hr after the addition of

6‐OHDA (Figure 1a).

As the exposure of SH‐SY5Y cells to 6‐OHDA (3–300 μM) only

triggers apoptosis and cellular death after 2–4 hr (Sun et al., 2016),

we investigated adaptive changes of the purinergic system in SH‐

SY5Y cells after 2 hr of exposure to 6‐OHDA (30 μM). As illustrated in

Figure 1b, the exposure to 6‐OHDA did not change the density of

CD39, the ecto‐enzyme hydrolyzing ATP to AMP, but caused an early

up‐regulation of CD73, the ecto‐enzyme hydolysing AMP to

adenosine formation (see Cunha, 2001), as well as an up‐regulation

of A2A receptors. Thus, whereas there was no significant variation of

CD39 immunoreactivity in 6‐OHDA‐treated SH‐SY5Y cells compared

to control, there was an increase of the immunoreactivity of CD73 and

of A2A receptors (Figure 1c).

This increased density of CD73 was paralleled by an increased

extracellular conversion of AMP into adenosine typified by a faster

catabolism of extracellularly added AMP and a larger formation of

extracellular adenosine (Figure 1d). This extracellular catabolism of

AMP and formation of adenosine in SH‐SY5Y cells was indeed medi-

ated by CD73 as its selective inhibitor, AOPCP, used at a concentra-

tion (100 μM) previously validated to be supra‐maximal and selective
FIGURE 1 6‐Hydroxydopamine (6‐OHDA, 30 μM) leads to a rapid and su
receptors and of the ecto‐5′‐nucleotidase (CD73) responsible for an increa
nucleotides in differentiated SY5Y neuroblastoma cells. (a) The extracellula
manner (up to 6 hr) after the exposure to 6‐OHDA. (b, c) Western blot an
(A2AR) and of CD73 but not of the ecto‐nucleoside triphosphate diphospho
extracellular catabolism of AMP (10 μM, added at Time 0) and the format
compared those when cells were exposed to Krebs solution only. (e) α,β‐M
AMP (10 μM, added at Time 0) to adenosine. (f, g) The extracellular catabo
6‐OHDA‐treated cells (g), but the formation of extracellular AMP was low
6‐OHDA (g) compared with data from cells exposed to Krebs solution only
means ± SEM of n = 5–10 in (a), n = 5–6 in (c), n = 4 (d), n = 3 (e), and n = 4
and a two‐tailed unpaired Student's t test in (c)
in different preparations (Cunha et al., 1992; Cunha, Sebastião, &

Ribeiro, 1998; George et al., 2015), virtually blocked the extracellular

catabolism of AMP and formation of adenosine in the medium of

SH‐SY5Y cells (Figure 1e). This shows AOPCP to be a useful tool to

explore the role of ATP‐derived adenosine in SH‐SY5Y cells. The

increased activity of CD73 without alteration of CD39 activity after

exposure to 6‐OHDA allowed a more efficient ATP‐derived adenosine

formation. As illustrated in Figure 1f,g, after exposure to 6‐OHDA,

there was a similar extracellular catabolism of ATP accompanied by a

lower accumulation of extracellular AMP at 5 min and a larger forma-

tion of extracellular adenosine, at 10 min.

3.2 | Role of ATP‐derived adenosine and A2A

receptors in 6‐OHDA‐induced dysfunction and
damage of SH‐SY5Y cells

We next investigated the effects of A2A receptors and of ATP‐derived

adenosine in the cellular dysfunction and damage caused by exposure

of SH‐SY5Y cells to 6‐OHDA. As shown in Figure 2a, the exposure for

24 hr to 6‐OHDA (30 μM) decreased the reduction potential of SH‐

SY5Y cells, as assessed by the decreased MTT reduction, a measure

of cellular dysfunction (Mosmann, 1983). Blockade of A2A receptors

with a supramaximal concentration of the selective A2A receptor

antagonist SCH58261 (100 nM; Lopes et al., 2004; Rebola, Lujan,

Cunha, & Mulle, 2008) attenuated 6‐OHDA‐induced cellular
stained increase of extracellular ATP and an up‐regulation of both A2A

sed formation of extracellular adenosine (ADO) derived from adenine
r levels of ATP were rapidly (within 5 min) increased in a sustained
alysis showed an increased density of immuno‐reactive A2A receptors
hydrolase‐1 (NTPDase1 / CD39) at 2 hr after adding 6‐OHDA. (d) The
ion of adenosine were greater in cells exposed for 2 hr to 6‐OHDA,
ethylene ADP (AOPCP, 100 μM) blocked the extracellular hydrolysis of
lism of ATP (10 μM, added at Time 0) was similar in the control (f) and
er and the formation of ADO was higher in cells exposed for 2 hr to
(f). Except for the representative Western blots (b), the data shown are
(f, g). *P < .05, significantly different from control; Dunnett's test in (a)

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2888


FIGURE 2 Removing extracellular adenosine, blocking ATP‐derived formation of extracellular adenosine, or antagonizing A2A receptors (A2AR)
are equi‐effective in attenuating the dysfunction and damage in differentiated SY5Y neuroblastoma cells exposed to 6‐hydroxydopamine (6‐
OHDA). Dopamine‐differentiated SY5Y cells were incubated for 24 hr in the absence or presence of 6‐OHDA (30 μM) without or with either
adenosine deaminase (ADA, 2 U·ml−1, which converts adenosine into inosine) or α,β‐methylene ADP (AOPCP, 100 μM, which inhibits the
extracellular formation of adenosine from adenine nucleotides) or SCH58261 (100 nM, a selective antagonist of A2A receptors) to measure either
cellular dysfunction (assessed by a decrease of the reduction activity of cells using the colorimetric indicator MTT) in (a) or cellular damage
(assessed by the release of the cytosolic enzyme, LDH) in (b). The data shown are means ± SEM of n = 3–6 in (a) and n = 4–8 in (b). **P < .05,
significantly different from control; *P < .05, significantly different from 6‐OHDA; two‐tailed unpaired Student's t test
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dysfunction and a similar attenuation was observed upon removal of

endogenous extracellular adenosine with a maximally effective and

selective concentration (2 U·ml−1; see Cunha et al., 1998) of ADA

(Figure 2a). Notably, the elimination of ATP‐derived adenosine extra-

cellular formation with 100‐μM AOPCP was equi‐effective to attenu-

ate 6‐OHDA‐induced cellular dysfunction (Figure 2a), whereas none

of these tested drugs affected MTT reduction by SH‐SY5Y cells in

the absence of 6‐OHDA (Figure 2a). Moreover, there were no additive

effects neither of ADA nor of AOPCP in the simultaneous presence of

SCH58261 (n = 4; Figure 2a), suggesting that ATP‐derived adenosine

is the main source of the extracellular adenosine responsible for the

over‐activation of A2A receptors contributing for the 6‐OHDA‐

induced cellular dysfunction in SH‐SY5Y cells.

Cellular dysfunction caused by the exposure of SH‐SY5Y cells to 6‐

OHDA was accompanied by cellular damage, as evaluated by the

release to the extracellular medium of the cytosolic marker LDH. Thus,

the exposure for 24 hr to 6‐OHDA (30 μM) damaged SH‐SY5Y cells,

as shown by increased extracellular LDH activity (Figure 2b). Cellular

damage was further confirmed by quantification of SH‐SY5Y cells

stained with Hoescht 33258, exposure for 24 hr to 6‐OHDA

(30 μM) decreasing the total number of cells per field and increasing

the number of apoptotic‐like cells per field. Equally effective in atten-

uating 6‐OHDA‐induced cellular damage (Figure 2b) were SCH58261

(100 nM), ADA (2 U·ml−1), and AOPCP (100 μM), whereas none of

these tested drugs altered extracellular LDH activity in the absence

of 6‐OHDA (Figure 2b). Moreover, there were no additive effects,

either of ADA or of AOPCP, in the simultaneous presence of

SCH58261 (Figure 2b), further strengthening the conclusion that

ATP‐derived adenosine is the main source of the extracellular adeno-

sine responsible for the over‐activation of A2A receptors contributing

to 6‐OHDA‐induced cellular damage in SH‐SY5Y cells.
3.3 | 6‐OHDA‐induced motor dysfunction is
accompanied by a striatal up‐regulation of A2A

receptors, whose over‐activation is critical for the
expression of damage and dysfunction

There is robust evidence in different animal models of PD that

blockade of A2A receptors ameliorates neurodegeneration and

dysfunction associated with PD (see Morelli et al., 2009). Indeed,

6‐OHDA‐lesioned rats display a significant increase of the number of

apomorphine‐induced contralateral rotations (measured during

60 min) compared to sham‐operated rats (Figure 3a). This response

was attenuated, by more than 50%, upon treatment with the selective

A2A receptor antagonist SCH58261 (0.1 mg·kg−1·day−1), whereas

SCH58261 was devoid of effects in sham‐operated rats (Figure 3a).

This dopamine‐related maladaptive motor control was accompa-

nied by an up‐regulation of A2A receptors mainly in synapses. The

specific binding density of 3H‐SCH58261 to striatal synaptosomal

membranes was increased, by about 50% of the control value, in

6‐OHDA‐treated rats, whereas there was no significant difference

of 3H‐SCH58261 binding to striatal total membranes (which predom-

inantly include non‐synaptic and non‐neuronal membranes) of control

and 6‐OHDA‐treated rats (Figure 3b). Consistent with these data,

there was a similar increase of A2A receptor immunoreactivity in

striatal synaptosomal membranes of 6‐OHDA‐treated rats, whereas

there was no significant modification of A2A receptor immunocontent

in total striatal membranes ( Figure 3c).

This increased density of synaptic A2A receptors translated into an

A2A receptor overfunction leading to abnormal behaviour, as demon-

strated by the ability of SCH58261 treatment to normalize abnormal

motor behaviour and deficient recognition memory in 6‐OHDA‐

treated rats (Figure 3d,e). Compared with control rats, 6‐OHDA‐



FIGURE 3 The unilateral administration of 6‐OHDA in the striatum of rats triggers a hemiparkinsonian state together coupled to an
increased density of A2AR receptors selectively in synapses, and blockade of these receptors attenuates motor and memory dysfunction
caused by 6‐OHDA. (a) The A2A receptor antagonist SCH58261 (0.1 mg·kg−1, i.p. daily) attenuated the apomorphine‐induced rotational
behaviour in 6‐OHDA‐lesioned rats, whereas it was without effect in saline‐injected rats, as shown by the number of contralateral rotations
counted for 60 min after the administration of apomorphine (0.6 mg·kg−1), evaluated 18 days after unilateral administration of 6‐OHDA in the
striatum. There was an up‐regulation of A2A receptors in the striatum of rats 19 days after the administration of 6‐OHDA, selectively in
synaptosomal membranes (synap) but not in total membranes (TMs), as evaluated by the specific binding of 3H‐SCH58261 (6 nM) (b) or by
Western blot analysis (c). (d) The unilateral injection of 6‐OHDA decreased the use of the contralateral limb, especially together with the
ipsilateral limb, and this was recovered upon treatment with SCH58261 (0.1 mg·kg−1, i.p. daily). (e) SCH58261 also prevented the
decreased recognition memory of rats intra‐striatally injected with 6‐OHDA, as evaluated in the novel object recognition task: All groups of
rats investigated equally both objects in the training phase (not shown), but only 6‐OHDA‐lesioned rats failed to discriminate the novel
object during the test phase (e), without alteration of the total distance travelled during the test session between the four groups (not shown).
The data shown are means ± SEM of n = 10 rats per group in all behavioural tests in (a, d, e), n = 4 in the binding assays in (b), and n = 5 in
the Western blot analysis in (c). *P < .05, significantly different from control; two‐tailed unpaired Student's t test (b, c) or two‐way
ANOVA with Newman–Keuls post hoc test (a, d, e). **P < .05, significantly different from 6‐OHDA; two‐way ANOVA with Newman–Keuls
post hoc test.
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treated rats favoured the ipsilateral, rather than the contralateral, paw

in their rearing movements in the cylinder test, and SCH58261 treat-

ment attenuated this asymmetry in 6‐OHDA‐treated rats, without

major effects in control rats (Figure 3d). 6‐OHDA‐treated rats also

displayed a lower recognition index compared to controls and this

effect was prevented by treatment with SCH58261 (Figure 3e).
3.4 | 6‐OHDA‐induced dysfunction increases ATP
release and CD73‐mediated formation of extracellular
adenosine in the striatum

Striatal nerve terminals (synaptosomes) derived from rats treated with

6‐OHDA displayed a larger depolarization‐induced release of ATP

than that from synaptosomes of control rats (Figure 4a). These 6‐

OHDA‐treated rats also displayed an increased CD73 immunoreactiv-

ity in their striatal synapses (Figure 4b).

This increased density of CD73 was paralleled by an increased

extracellular conversion of AMP into adenosine typified by a faster
catabolism of extracellularly added AMP and a larger formation of

extracellular adenosine in striatal synaptosomes from 6‐OHDA‐

treated rats compared to control rats (Figure 4c). This increased

extracellular catabolism of AMP and formation of adenosine was

mediated by CD73 as its competitive inhibitor, AOPCP (100 μM),

almost abolished the extracellular catabolism of AMP and the forma-

tion of adenosine in striatal synaptosomes from 6‐OHDA‐treated rats

(Figure 4d). These findings confirm the value of AOPCP as a probe of

the role of extracellular ATP‐derived adenosine in the abnormal over‐

activation of A2A receptors leading to motor symptoms characteristic

of PD.
3.5 | Inhibition of CD73‐mediated formation of
extracellular adenosine in the striatum prevents
6‐OHDA‐induced neurotoxicity and motor dysfunction

Administration of 6‐OHDA in the striatum is known to induce lesions

in both the dopaminergic fibres in the striatum and the cell bodies in

the substantia nigra (SN; Deumens, Blokland, & Prickaerts, 2002).



FIGURE 4 The unilateral administration of 6‐OHDA in the striatum of rats increases the evoked release of ATP from depolarized synapses, up‐
regulates ecto‐5′‐nucleotidase (CD73) selectively in synapses, enhancing the formation of extracellular adenosine (ADO) from adenine
nucleotides. (a) The high K+‐evoked release of ATP from striatal synaptosomes was greater in synaptosomes derived from mice killed 19 days after
being challenged with 6‐OHDA intra‐striatally, compared with saline treated (control). (b) The density of immuno‐reactive CD73 was selectively
enhanced in membranes from synaptosomes (synap), but not in total membranes (TMs), from 6‐OHDA (6OH)‐treated rats, compared with those
from saline (sal)‐treated rats. (c) The extracellular catabolism of AMP (10 μM, added at Time 0) and the formation of ADO were greater in striatal
synaptosomes from 6‐OHDA‐treated rats than in those from saline‐treated rats. (d) α,β‐Methylene ADP (AOPCP, 100 μM) blocked the
extracellular catabolism of AMP (10 μM, added at Time 0) into adenosine in synaptosomes from 6‐OHDA‐treated rats. The data shown are
means ± SEM of n = 4–5. *P < .05, significantly different from control; Dunnett's test in (a) and significantly different from saline; two‐tailed
unpaired Student's t test
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Indeed, 19 days after the 6‐OHDA challenge, rats displayed a loss of

TH immunoreactivity, as shown in Figure 5, in the ipsilateral striatum

as well as in the SN. Upon infusion of AOPCP through the mini‐pumps

in the striatum, the 6‐OHDA‐induced decrease of TH immunoreactiv-

ity in the striatum was no longer observed and there was a significant

attenuation of the effect of 6‐OHDA on TH immunoreactivity in the

SN (Figure 5). The contralateral striatum was not affected by 6‐OHDA

(Figure 5), as noted by others (see Deumens et al., 2002).

This morphological evidence of the ability of AOPCP to prevent

6‐OHDA‐induced neurotoxicity was confirmed by the neurochemical

quantification of the levels of dopamine and its metabolites

(Table 1). Thus, 6‐OHDA administration decreased dopamine levels

in the striatum and mesencephalon, compared with control rats as well

as decreasing DOPAC levels in the striatum and mesencephalon,

compared with controls. The treatment with AOPCP prevented the

6‐OHDA‐induced decrease in the content of dopamine and DOPAC

in the striatum and mesencephalon and did not cause any significant

changes in the sham group (Table 1).

Administration of AOPCP directly into the right lateral

ventricle through osmotic mini‐pumps also significantly attenuated
apomorphine‐induced contralateral rotations in 6‐OHDA‐lesioned rats

but was devoid of effects in sham‐operated rats (Figure 6a). In accor-

dance with this modified dopaminergic function, the voluntary motor

activity deteriorated in rats treated with 6‐OHDA, as concluded from

the decreased use of the paw contralateral to 6‐OHDA administration

either alone or together with the ipsilateral paw. Both deficits were

attenuated by AOPCP treatment (Figure 6b). Notably, the exploratory

behaviour (measured during 5 min) was not affected by either

6‐OHDA administration or AOPCP treatment, when evaluated 16 days

after surgery, as the number of crossings and rearings in the open field

test (Figure 6c).

Finally, recognition memory was significantly impaired in 6‐OHDA‐

lesioned rats compared with the sham‐operated group and AOPCP

treatment prevented this 6‐OHDA‐induced memory deficit without

affecting the memory performance of the control group (Figure 6d).
4 | DISCUSSION

The present study shows that the critical role of A2A receptors in

the evolution of striatal dopamine deficits and motor and memory



FIGURE 5 The elimination of ATP‐derived formation of extracellular adenosine abrogates 6‐OHDA‐induced dopaminergic neurodegeneration in
the striatum and nigra. Representative coronal sections of the dorsolateral striatum (a) or substantia nigra (c) stained TH from saline‐treated rats
and 6‐OHDA‐treated rats without or with the CD73 inhibitor α,β‐methylene ADP (AOPCP, 100 μM continuous intracerebroventricular infusion).
Immunohistochemical quantification of TH density in the striatum (b) or substantia nigra (d). The data are means ± SEM (n = 6). *P < .05,
significantly different from saline; #P < .05, significantly different from 6‐OHDA; one‐way ANOVA with Newman–Keuls post hoc test

TABLE 1 Effects of the CD73 inhibitor, α,β‐methylene ADP (AOPCP, 100 μM administered intracerebroventricularly at 0.25 μl·hr−1 for 14 days)
on the decreased levels of dopamine and its metabolite (ng·mg−1 tissue) in the rat striatum and mesencephalon after 6‐OHDA administration

Striatum Sham Sham + AOPCP 6‐OHDA 6‐OHDA + AOPCP

DA 1,704 ± 197.0 1,202 ± 178.9 52.8 ± 28.7* 111.5 ± 57.6

DOPAC 513.6 ± 82.9 717.5 ± 64.0 85.0 ± 27.6* 139.0 ± 69.5

Mesencephalon Sham Sham + AOPCP 6‐OHDA 6‐OHDA + AOPCP

DA 151.0 ± 81.0 115.4 ± 29.8 14.9 ± 4.6* 35.2 ± 8.5

DOPAC 49.2 ± 28.6 88.0 ± 27.2 10.1 ± 4.3* 18.8 ± 8.0

Data shown are mean ± SEM of six rats per group.

*P < .05, significantly different from sham; one‐way ANOVA followed by Tukey's post hoc test. Abbreviations: DA, dopamine; DOPAC, 3,4‐
dihydroxyphenylacetic acid.
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impairments in a model of PD is due to both (a) an up‐regulation of

these receptors and (b) an increased ATP release and extracellular for-

mation of ATP‐derived adenosine, selectively directed to sustain an

over‐activation of A2A receptors. This conclusion extends to a patho-

physiological context of PD the previously demonstrated association

between the extracellular formation of ATP‐derived adenosine and

the selective activation of A2A receptors in hippocampal synapses

(Rebola et al., 2008), in cultured cerebellar neurons (Boeck et al.,

2007), and in motor nerve endings (Magalhães‐Cardoso et al., 2003).

This further confirms the previous proposals that different sources

of extracellular adenosine are directed to the selective activation of

different adenosine receptors (see Cunha, 2016).
This selective association of ATP‐derived formation of extracellular

adenosine provides a functional rationale to the previously observed

close physical association in the striatum of A2A receptors and CD73

(Augusto et al., 2013), the rate‐limiting enzyme in the extracellular for-

mation of adenosine from adenine nucleotides (see Cunha, 2001). This

close association seems to be even more marked in pathological con-

ditions, as shown by the parallel up‐regulation of A2A receptors and of

CD73 in the striatum of this animal model of PD. Previous studies had

already reported that the treatment of rodents with 6‐OHDA leads to

an increased expression of the mRNA for A2A receptors (Pinna et al.,

2002) and to an increased density of A2A receptors (Bhattacharjee

et al., 2011) in the affected striatum. Additionally, the present study



FIGURE 6 Blocking the formation of extracellular adenosine derived from ATP prevents 6‐OHDA‐induced motor and memory dysfunction. (a)
The continuous intracerebroventricular infusion of the CD73 inhibitor α,β‐methylene ADP (AOPCP, 100 μM) attenuated the apomorphine‐
induced contralateral rotation in rats unilaterally challenged with 6‐OHDA. (b) The unilateral injection of 6‐OHDA decreased the use of the
contralateral limb, especially together with the ipsilateral limb, and this was restored after treatment with AOPCP (100 μM continuous
intracerebroventricular infusion). (c) Neither the unilateral injection of 6‐OHDA nor the treatment with AOPCP altered the spontaneous locomotion
in the open field. (d) AOPCP also prevented the decreased recognition memory of rats intra‐striatally injected with 6‐OHDA, as evaluated in the
novel object recognition task: All groups of rats investigated equally both objects in the training phase (not shown), but only 6‐OHDA‐lesioned rats
failed to discriminate the novel object during the test phase (e), without alteration of the total distance travelled during the test session between the
four groups (not shown). Data shown are means ± SEM (n = 10 rats per group). *P < .05, significantly different from saline; **P < .05 significantly
different from 6‐OHDA; # P < .05 significantly different from saline; two‐way ANOVA with Newman–Keuls post hoc test
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is the first to report an up‐regulation and an increased activity of

CD73 in an animal model of PD, which occurs in parallel to the

changes in A2A receptors. A similar parallel up‐regulation of A2A recep-

tors and CD73 was also observed in the limbic cortex of both animal

models of epilepsy (see Bonan et al., 2000; Rebola et al., 2003,

2005), and in patients with temporal lobe epilepsy (Barros‐Barbosa

et al., 2016). The same changes occur in the hippocampus upon brain

ischaemia (Braun, Zhu, Krieglstein, Culmsee, & Zimmermann, 1998; Ye

et al., 2018), repeated stress (Cunha et al., 2006; Fontella et al., 2004),

or aging (Cunha, Almeida, & Ribeiro, 2001). Although it has been

reported that A2A receptors and CD73 mRNA expression is regulated

in parallel (Napieralski, Kempkes, & Gutensohn, 2003), common regu-

latory elements eventually present in the promoters of both genes

have not yet been characterized, probably due to the complexity of

the promoter of A2A receptors. leading to the expression of different

transcripts in different cell types (Lee et al., 2003; Yu et al., 2004). It

is worth noting that the use of a simple cellular model of toxicity

(dopamine‐differentiated SH‐SY5Y cells) allowed us to show that the

parallel up‐regulation of A2A receptors and CD73, as well as of the

release of ATP, occurs before the onset of overt neurodegeneration.

This strongly suggests that this gain of function of the purinergic

system is not a late consequence of neurotoxicity but is more likely
to represents an early adaptive event, probably contributing in a

critical manner to the emergence of neurotoxicity.

Remarkably, the up‐regulation of A2A receptors and of CD73 in

early PD was most evident in synaptic membranes rather than in

whole membranes of the striatum, which suggests that the deleterious

effects of over‐activation of the A2A receptors, due to increased

ATP‐derived formation of extracellular adenosine has a primary effect

on synapses. This lends additional support to the increasingly

accepted idea that synaptotoxicity (or axonopathy) might be an

initial process in the evolving neurodegeneration characteristic of

PD, in a retrograde or dying‐back mechanism (reviewed in Calo,

Wegrzynowicz, Santivañez‐Perez, & Grazia Spillantini, 2016; Picconi,

Piccoli, & Calabresi, 2012). In fact, there is an axonopathy that pre-

dates overt neurotoxicity in different animal models of PD (see Chung,

Koprich, Siddiqi, & Isacson, 2009; Decressac, Mattsson, Lundblad,

Weikop, & Björklund, 2012; Kitada et al., 2007; Nordströma et al.,

2015; Tagliaferro et al., 2015) as well as in PD patients (Chu et al.,

2012; Kordower et al., 2013; Sossi et al., 2004). Notably, early

synaptotoxicity predating overt neuronal damage seems to be a fea-

ture of other neurodegenerative disorders (see Lepeta et al., 2016).

This involvement of synaptotoxicity in the early phases of PD is partic-

ularly relevant in view of the proposed association of increased levels
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and activity of CD73 with sites of altered synaptic plasticity (Lie et al.,

1999). Likewise, it has also been proposed that A2A receptors are

mainly up‐regulated in synapses in different pathological brain condi-

tions such as Alzheimer's disease, convulsions, or upon aging, and

blockade of these receptors prevented synaptotoxicity, thus alleviat-

ing phenotypic traits of these different conditions (see Cunha, 2016).

Thus, it is also tempting to propose that the A2A receptors may criti-

cally unbalance synaptic function in the striatum (see Schiffmann,

Fisone, Moresco, Cunha, & Ferré, 2007) to prevent PD‐associated

neurodegeneration and motor dysfunction.

Finally, the present findings also reinforce the importance of ATP

as a stress signal in brain dysfunction (see Rodrigues et al., 2015).

Previous studies have already shown that noxious insults, such as

hypoxia, trigger an increase of the extracellular levels of ATP in the

striatum (Lutz & Kabler, 1997; Melani et al., 2012). The role of ATP

as an effector of neuronal damage in the striatum (Ryu et al., 2002)

seems to be exerted in different and parallel ways. In fact, we have

previously shown that the blockade of P2X7 receptors was sufficient

to prevent PD neurodegeneration and associated symptoms (Carmo

et al., 2014). We now show that the extracellular catabolism of aden-

osine nucleotides, as well as the blockade of A2A receptors, is also suf-

ficient to prevent PD neurodegeneration and associated symptoms.

This shows that ATP has a dual, parallel, and equi‐effective role in

the control of PD neurodegeneration and associated symptoms. It

induces neurodegeneration directly through P2X7 receptors and, indi-

rectly, through A2A receptors after its extracellular conversion into

adenosine. Notably, there is a striking parallel between the control

operated by P2X7 receptors and by A2A receptors of different pro-

cesses contributing tor neurodegeneration: Thus, the antagonism of

either P2X7 or A2A receptors directly prevents the damage of neurons

(Ohishi et al., 2016; Silva, Porciúncula, Canas, Oliveira, & Cunha, 2007)

as well as astrocytosis (Apolloni, Amadio, Montilli, Volonté, &

D'Ambrosi, 2013; Matos et al., 2012) and microgliosis (Gomes et al.,

2013; He, Taylor, Fourgeaud, & Bhattacharya, 2017). However, it is

currently unknown if there is any interaction between A2A and P2X7

receptors, apart from their parallel functioning in the control of brain

damage (see Rodrigues et al., 2015; see also Ye et al., 2018). Further

work is certainly required to unravel the organization of these differ-

ent layers of purinergic modulation in terms of their timing of action,

their site of action, and their putative interaction.

In conclusion, the present study shows that there is a parallel up‐

regulation of CD73 and A2A receptors in models of early PD and the

deleterious role of the adenosine modulation system is due to the

simultaneous up‐regulation of A2A receptors together with an

increased CD73‐mediated formation of extracellular adenosine,

selectively activating A2A receptors. Consistent with these findings,

we showed that inhibiting ATP‐derived formation of extracellular

adenosine phenocopies the neuroprotection and motor benefits

afforded by A2A receptor antagonists in an animal model of PD. This

observed critical dependence of A2A receptor overfunction on ATP‐

derived adenosine in PD also prompts considering the interest in using

CD73‐dependent pro‐drugs acting on A2A receptors (see Flögel et al.,

2012) to manage this neurodegenerative disorder.
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