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Abstract
The A2A adenosine receptor (A2AR) is widely distributed on different cellular types in the brain, where it exerts a broad spectrum
of pathophysiological functions, and for which a role in different neurodegenerative diseases has been hypothesized or demon-
strated. To investigate the role of neuronal A2ARs in neurodegeneration, we evaluated in vitro and in vivo the effect of the
neurotoxin 3-nitropropionic acid (3-NP) in a transgenic rat strain overexpressing A2ARs under the control of the neural-specific
enolase promoter (NSEA2A rats). We recorded extracellular field potentials (FP) in corticostriatal slice and found that the
synaptotoxic effect of 3-NP was significantly reduced in NSEA2A rats compared with wild-type animals (WT). In addition, after
exposing corticostriatal slices to 3-NP 10mM for 2 h, we found that striatal cell viability was significantly higher in NSEA2A rats
compared to control rats. These in vitro results were confirmed by in vivo experiments: daily treatment of female rats with 3-NP
10 mg/kg for 8 days induced a selective bilateral lesion in the striatum, which was significantly reduced in NSEA2A compared to
WT rats. These results demonstrate that the overexpression of the A2AR selectively at the neuronal level reduced 3-NP-induced
neurodegeneration, and suggest an important function of the neuronal A2AR in the modulation of neurodegeneration.
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Introduction

The adenosine A2A receptor (A2AR) is a G protein-coupled
receptor widely distributed throughout the body, with high
levels of expression in the striatum, spleen, thymus, leuko-
cytes, and blood platelets, and lower levels in the heart,
lung, and blood vessels [1, 2]. A2AR exerts a broad spec-
trum of pathophysiological functions: it induces immuno-
suppression; modulates inflammation, vasodilation, and

coronary blood flow; and controls angiogenesis and cancer
pathogenesis [1, 2]. In the brain, A2AR is also quite ubiq-
uitous although its expression levels vary considerably be-
tween different regions, being higher in the dorsal and ven-
tral striatum and lower, but still observable, in other brain
areas, such as the hippocampus and cerebral cortex [3]. In
the brain, A2ARs are involved in the control of motor activ-
ity, learning and memory, and excitotoxicity [4, 5], making
these receptors an attractive target for the treatment of neu-
rodegenerative diseases, especially those involving basal
ganglia. Accordingly, A2AR antagonists are in clinical trials
as agents for the treatment of Parkinson’s disease (PD) and
recently, the A2AR antagonist istradefylline has been ap-
proved in Japan for use in PD patients to minimize the
motor symptoms, on the basis of studies demonstrating an
antagonistic interaction between A2A and dopamine D2 re-
ceptors in the basal ganglia [6–8]. However, a considerable
body of data indicates that A2ARs play a significant role
also in neurodegeneration [9–11], prompting many re-
search groups to investigate the possible exploitation of
these receptors as drug targets for the treatment of other

* Maria Rosaria Domenici
mariarosaria.domenici@iss.it

1 National Center for Drug Research and Evaluation, Istituto Superiore
di Sanità, Viale Regina Elena, 299, 00161 Rome, Italy

2 Max-Delbrűck-Center for Molecular Medicine, Berlin, Germany
3 Department of Neuroscience, Karolinska Institutet,

Stockholm, Sweden

Purinergic Signalling (2018) 14:235–243
https://doi.org/10.1007/s11302-018-9609-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s11302-018-9609-4&domain=pdf
http://orcid.org/0000-0001-5552-4061
mailto:mariarosaria.domenici@iss.it


neurodegenerative diseases, such as Huntington’s disease
(HD). HD is a genetic disorder characterized by choreic
movements, psychiatric symptoms, dementia, and early
death, for which there is no cure and whose progress cannot
be reversed or slowed down [12]. The role of A2ARs in the
pathogenesis of HD has long been investigated, starting
from the observation that the neurons that early degenerate
in HD are those where A2ARs are more abundantly
expressed, i.e., the medium-sized spiny neurons forming
the striatopallidal GABA pathway [8–11]. Changes in
A2AR expression and signaling have been reported in var-
ious experimental models of HD and at different stages of
the disease. In general, a downregulation of A2ARs has
been reported in the basal ganglia of patients and in animal
models, but their ability to increase cAMP signaling does
not change in the striatum of a genetic model of HD, the R6/
2 mice [4]. Instead, in peripheral blood cells of both patients
and pre-symptomatic HD subjects, the A2AR density and
function have been reported to be aberrantly increased [13].

Several studies tried to assess the pathogenetic role of
A2ARs by evaluating the therapeutic potential of both
A2AR agonist and antagonist in models of HD and by tak-
ing advantages of transgenic animal models. The results,
however, are so far controversial. Even though in most
cases the treatment with A2AR antagonists has been proved
to ameliorate some neurochemical and behavioral alter-
ation induced by in vivo treatment with quinolinic acid
(QA) or 3-nitropropionic acid (3-NP) (two neurotoxins
able to induce striatal neurodegeneration similar to those
observed in HD) [9], in other cases, the A2AR antagonist or
the deletion of the receptor in knockout mice resulted in a
detrimental effect [14, 15]. Moreover, the evidence that the
use of the A2AR agonist seems to be more effective than
that of the antagonist in attenuating the symptoms in R6/2
mice (a widely used transgenic model of HD) [16, 17] and
that the removal of A2ARs in the genetic HD model N171-
82Q worsens the survival and motor function of mice [18]
and adds complexity to the field. The A2AR agonist, in
addition, prevented NMDA-induced toxicity in R6/2 mice
[19], and the activation of the A2AR is critical for main-
taining the proper function of BDNF, a neurotrophin in-
volved in cell survival in HD [20, 21]. The picture is com-
plicated also by the fact that A2ARs are functionally
expressed not only on neurons but also on glial cells, en-
dothelium, neutrophils, and platelets, and all could contrib-
ute to the modulation of neuronal damage.

The aim of the present study was to evaluate the role of
neuronal A2ARs in the 3-NP rat model of HD and, to this end,
we used a transgenic rat strain overexpressing A2ARs under
the control of the neural-specific enolase promoter (NSEA2A

rats) [22, 23]. We studied in corticostriatal slices the effect of
3-NP on synaptic transmission and cell survival, and we found
a reduction of the toxic effect of 3-NP in NSEA2A compared

to control rats. Then, we evaluated in vivo the striatal damage
induced by repeated intraperitoneally (i.p.) injection of 3-NP
and found that NSEA2A rats were less prone to striatal degen-
eration than WT rats. The results demonstrate that the neuro-
nal overexpression of A2ARs confers neuroprotection in a
model of striatal degeneration, highlighting the importance
of neuronal A2ARs for the development of therapeutic strate-
gies for HD.

Materials and methods

Animals A colony of NSEA2A rats was established at the
Istituto Superiore di Sanità. Transgenic rats were generated,
as previously described [22], by microinjection of a DNA
construct into the male pronucleus of Sprague Dawley rat
zygotes with established methods [24]. The construct
contained a full-length human A2A cDNA cloned into an
expression vector 3′ of the 1.8 kb rat neuron-specific enolase
promoter and 5′ of an intron/polyadenylation cassette of SV40
virus. The animals were kept under standardized temperature,
humidity, and lighting conditions with free access to water and
food. All procedures met the European guidelines for the care
and use of laboratory animals (2010/63/UE) and those of the
Italian Ministry of Health (Decreto Legislativo 116/92 and
Decreto Legislativo 26/2014). Animals of both sexes were
used between 3 and 4 months of age.

Genotyping of rats Transgenic rats were identified by PCR
(30 cycles, 54 °C annealing temperature) on their genomic
DNA isolated from tail biopsies by the use of the following
transgene-specific primers: SV40ipa5: 5_-GAAGGAACC
TTACTTCTGTGG-3_ and SV40ipa3: 5-TCTTGTAT
AGCAGTGCAG C-3_.

Brain slice preparation Corticostriatal slices were prepared as
previously described [25]. Briefly, rats were decapitated under
ether anesthesia, and coronal slices (300 μm) were cut with a
vibratome and incubated for 1 h in artificial cerebrospinal
fluid (ACSF) containing (in mM): 126 NaCl, 3.5 KCl, 1.2
NaH2PO4, 1.2 MgCl2, 2 CaCl2, 25 NaHCO3, and 11 glucose
(pH 7.3) saturated with 95% O2 and 5% CO2. Single slices
were transferred to a submerged recording chamber and
superfused with ACSF at 32–33 °C. Drugs were applied by
bath perfusion with ACSF.

Electrophysiology Extracellular field potentials (FPs) were re-
corded in the dorsomedial striatum from corticostriatal slices
with a glass microelectrode and evoked at the frequency of
0.05 Hz by stimulating the white matter between the cortex
and the striatum with a bipolar platinum/iridium concentric
electrode (FHC, Bowdoin, ME, USA). Signals were acquired
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with the DAM-80AC differential amplifier (WPI Instruments,
Sarasota, FL, USA) and analyzed withWinLTP software [26].

Ten minutes of stable baseline recording preceded drug
application. The effects of the drugs were expressed as per-
centage variation with respect to basal values, taking as 100%
the average of the values obtained over the 5 min immediately
before the application of the test compound. The data were
expressed as mean ± S.E.M. from n of experiments (one slice
tested in each experiment). Slices were obtained always from
at least three animals for each set of experiments.

Evaluation of cell viability in corticostriatal slices After prep-
aration, corticostriatal slices (300 μm) were maintained in
oxygenated ACSF for 1 h at room temperature to allow max-
imal recovery from slicing trauma. Then, slices were exposed
to 3-NP 10 mM by placing them in a tube (one slice per tube)
at 37 °C in oxygenated ACSF containing the toxin. For cell
viability evaluation, after 2 h, slices were moved to a normal
ACSF, and striatal area was isolated from the cortex (with the
help of a razor blade) and incubated with 0.5 mg/ml of 3,(4,5-
dimethylthiazol-2)2,5 difeniltetrazolium bromide (MTT) in
gassed ACSF for 30 min at 37 °C [27]. The medium was then
withdrawn and precipitated formazan was solubilized by
adding DMSO. Striatal cell viability was spectrophotometri-
cally measured at 570 nm. Results were expressed as the per-
centage of control (untreated slices), which was considered as
100%, and represent the mean ± S.E.M. value of at least nine
experiments.

Rat 3-NP administration and analysis of clinical symptoms 3-
NP (dissolved in buffered saline, pH 7.4, Sigma Aldrich, St.
Louis,MO, USA) was i.p. administered to rats of both genders
once a day for 8 days at 10 mg/kg/day. All animals were
weighed every day and their general condition assessed by
using a behavioral score system with a scale from 0 to 5 (0
= healthy without any symptoms; 1 = general slowness in
walking, slight alteration of the hind limbs; 2 = abnormal gait
and lack of coordination; 3 = fully developed paralysis of the
hind limbs; 4 = fully developed paralysis of fore and hind
limbs; 5 = lateral decubitus, animals predominantly lie on
the side and/or are not able to straighten up within 30 s after
turning them onto their back).

Brain processing The day after the last injection, rats were
anesthetized with i.p. injection of chloral hydrate and
transcardially perfused with 100 ml of PBS followed by 4%
paraformaldehyde at pH 7.4. Brain samples were then post-
fixed overnight in 4% paraformaldehyde in PBS,
cryoprotected in 30% sucrose in PBS at 4 °C and then stored
at − 80 °C. Coronal brain sections (20 μm thick) fromWTand
NSEA2A rats were cut on a cryostat microtome, mounted onto
a gelatin-coated slide, and stained for Nissl substance by using
1% cresyl violet.

Cresyl violet staining Coronal sections were stained with
cresyl violet for 45 s; differentiated in 70% ethanol;
dehydrated by passing twice through 95% ethanol, 100% eth-
anol, and xylene solutions; and mounted onto microscope
slides with Eukitt (Sigma).

Evaluation of striatal lesion Stained sections were
photographed at ×20 magnification using a Zeiss Axioskop
2 microscope and a Canon E06 digital camera. Determination
of the lesion area was made on the serial digitized sections by
manually delineating the border of the lesion on each section.
In each brain, the extension of the lesion was calculated by
measuring and averaging the areas of pallor in five serial sec-
tions (through the rostrocaudal extent, 100-μm interspace),
taken at the level of the maximal extension of the lesion, by
using Image J software (NIH, USA).

Statistical analysis Statistical analysis of the data was per-
formed with Student’s t test (in the case the D’Agostino-
Pearson omnibus normality test demonstrated a Gaussian dis-
tribution of the values) or with the Mann–Whitney U test
(when the normality test was negative). The GraphPad Prism
software (GraphPad Software, San Diego, CA, USA) was
used. A p value <0.05 was considered to indicate a significant
difference.

Results

3-NP-induced depression of corticostriatal synaptic
transmission is attenuated in NSEA2A rats

In corticostriatal slices, we evaluated the synaptic transmission
by recording extracellular FP in the dorsomedial striatum after
stimulation of the white matter between the cortex and the
striatum, and we studied the effect of 3-NP, an irreversible
inhibitor of succinate dehydrogenase that causes mitochondrial
dysfunctions (and consequently energy impairment, oxidative
stress, and excitotoxicity) and, in vivo, reproduces some of the
hallmark of HD [28–30]. In corticostriatal slices from WT rats,
20 min of slice perfusion with 3-NP 5 mM induced depression
of synaptic transmission as shown by the strong reduction of FP
amplitude that, however, partially recovered upon washout
(Fig. 1a). In slices from NSEA2A rats, 3-NP induced a milder
effect, even though the differences are not statistically signifi-
cant (Fig. 1b). When the concentration of 3-NP was increased
up to 10 mM, we observed the complete failure of synaptic
transmission inWT rats (Fig. 1c), with a minimal recovery after
3-NP washout (8.65 ± 2.3%, n = 8, Fig. 1d). Interestingly, in
NSEA2A rats, we did not observe a complete failure of synaptic
transmission but it was possible to record FPs, albeit of small
amplitude, all along 3-NP application (Fig. 1c). In addition,
20 min after 3-NP removal, the percentage of recovery of FP
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was significantly higher than that in WT rats (26.72 ± 7.7% of
basal value, n = 8, p < 0.05, Fig. 1d). Importantly, as already
described by Chiodi et al. [23], basal synaptic transmission
and paired-pulse facilitation were not different between WT
and NSEA2A rats. In order to evaluate the role played by
A2ARs, the effect of 3-NP was studied in the presence of the
A2AR antagonist ZM 241385. In NSEA2A rats, the application
of 1 μM ZM 241385 10 min before and then along with 3-NP
tended to worsen the effect of 3-NP, abolishing the differences
between WT and NSEA2A rats (Fig. 1e). In WT rats, ZM
241385 did not modify the effect of 3-NP (data not shown).

These results demonstrate that the overexpression of
A2ARs reduced the synaptotoxic effect of 3-NP.

3-NP-induced cell death is reduced in striatal slices
from NSEA2A rats

Having found that the synaptotoxic effect of 3-NP is re-
duced in corticostriatal slices from NSEA2A rats, we in-
vestigated the hypothesis that the overexpression of
A2ARs confers neuroprotection against 3-NP-induced cell
death. To this end, we treated corticostriatal slices for 2 h
with 3-NP 10 mM and evaluated striatal cell viability by
using the MTT assay. As shown in Fig. 2, in WT rats, 3-
NP treatment produced a significant reduction of cell vi-
ability (70.58 ± 3.01% of control values, n = 12, p < 0.05
vs controls). Instead in NSEA2A rats, the same treatment
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a

b
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a b c
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Fig. 1 Electrophysiological
experiments showing the effect of
3-NP on synaptic transmission in
corticostriatal slices. a The con-
centration of 5 mM 3-NP, applied
for 20 min, induced a reduction of
synaptic transmission in both WT
(n = 9) and NSEA2A (n = 8) rats,
that partially recovered 20 min
after the washout, with no differ-
ence between the two genotypes
(b); c slice perfusion with 3-NP
10 mM induced a stronger effect
in both WT (n = 8) and NSEA2A

(n = 8) and the recovery 20 min
after 3-NP washout was signifi-
cantly higher in NSEA2A than in
WT (d); the application of ZM
241385 to corticostriatal slices
from NSEA2A rats (1 μM, 10 min
before and along with 3-NP, n =
4) worsened 3-NP-induced syn-
aptic depression and, as a result,
the effect of 3-NP was compara-
ble to that in WT slices (e). Each
point represents the mean of three
responses; insets in a show FPs
before, during, and after 3-NP
application in WT and NSEA2A

rats. Horizontal bars indicate the
period of drug application. *p ≤
0.05 vs. WT, Student’s t test
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induced only a small, non- significant effect on cell sur-
vival (91.52 ± 1.93% of control values, n = 9).

In vivo administration of 3-NP to WT and NSEA2A rats:
behavioral analysis and histological evaluation
of striatal damage

Since the overexpression of A2AR proved to be protective in
two different in vitro/ex vivo models, we decided to move to
in vivo experiments and to administer 3-NP to WT and
NSEA2A rats. Ten WT rats (7 males and 3 females) and 12
NSEA2A rats (7 males and 5 females) were treated with 3-NP
(10 mg/kg i.p.) daily for 8 days. Unexpectedly, all the males of
both genotypes were found dead 24 h after the first injection,
and 1 female overexpressing the A2AR died after the fifth
injection. In the remaining female rats, 3-NP administration
produced a progressive appearance of motor impairment,
which was evaluated with the behavioral score system de-
scribed in BMaterials and methods^ section. Even though a
trend towards a reduction of the score was seen in NSEA2A

rats with respect to WT rats (1.93 ± 0.177 and 2.71 ± 0.72,
respectively), the difference was not statistically significant
(data not shown). Animals were killed 24 h after the last in-
jection of 3-NP and the brains processed as described [31].
Cresyl violet staining revealed that 3-NP injection resulted in
selective bilateral lesions in both WT and NSEA2A female
rats, as shown by the area of pallor within the striata
(Fig. 3a). To evaluate the severity of the damage, since the
extension of the lesion was not identical in the two striata of
the same brain, and given the small number of animals, we
measured the area of the lesion in each striatum of the brain
and counted it as a single value. As shown in Fig. 3b, the
extension of the lesion was significantly smaller in NSEA2A

rats with respect to WT rats (2.779 ± 0.3 and 4.311 ± 0.4 mm2

respectively, p < 0.05 Mann–Whitney U test).

These results show that A2AR overexpression in female
NSEA2A rats markedly attenuated the striatal lesion induced
by systemic 3-NP injection.

Discussion

The main finding of the present study is that the overexpres-
sion of A2ARs reduces striatal damage induced by 3-NP, a
selective inhibitor of complex II of the mitochondrial respira-
tory chain which replicates most of the clinical and pathophys-
iologic hallmarks of HD, such as abnormal movements,

Fig. 2 Different effect of 3-NP on striatal cell viability in corticostriatal
slices fromWTandNSEA2A rats. Corticostriatal slices were incubated for
2 h with 3-NP (10 mM) and then cell viability of the striatal area was
evaluated by MTT assay. Bar graphs show the mean ± S.E.M. of cell
viability inWT (n = 12) and NSEA2A (n = 9) slices with respect to control
values. *p ≤ 0.05 vs. CTR, Student’s t test

Fig. 3 Histological evaluation of 3-NP lesions inWTand NSEA2A rats. a
Serial brain sections obtained fromWTand NSEA2A rats showing striatal
lesions (uncolored areas) induced by i.p. injection of 3-NP. b Bar graphs
represent the mean of the lesioned areas (mm2) in WT (n = 6) and
NSEA2A (n = 5) rats calculated by Image J software. *p ≤ 0.05 vs. WT,
Mann–Whitney U test
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cognitive deficits, and progressive degeneration of striatal tis-
sue [32]. Importantly, in this study, we used a validated trans-
genic model of rat overexpressing the A2ARs selectively in
neurons [22, 23, 33–35].

The first observation of our study was that in corticostriatal
slices, the synaptotoxic effect of 3-NP was significantly atten-
uated in NSEA2A compared to WT rats. In fact, after slice
perfusion with a high concentration of 3-NP, which induced
a strong depression of synaptic transmission, FP recovered up
to more than 20% of basal values in NSEA2A, while in WT,
the FP did not reach the 10% of pre-drug amplitude. To verify
whether this difference was in fact due to the higher expres-
sion of A2ARs, we treated corticostriatal slices from NSEA2A

rats with 3-NP in the presence of an A2AR antagonist,
ZM241385, and found that the outcome was not different
from that of WT treated with 3-NP alone, thus confirming
the causative role of A2ARs in the reduction of synaptotoxicity
of 3-NP in NSEA2A rats. The role of A2ARs in striatal neuro-
protection was further established by evaluating cell viability
in the striatum after exposing corticostriatal slices to 3-NP for
2 h. We found that 3-NP-induced cell death was significantly
reduced in the striatum of NSEA2A rats compared to WT rats.
These promising results prompted us to verify whether also
in vivo NSEA2A rats were protected in the 3-NP models of
HD. Peripheral administration of 3-NP is used to generate
lesion models of HD [36]: this toxin causes cellular energy
depletion by targeting the electron transport chain, and chronic
treatment with 3-NP results in the spontaneous formation of
bilateral lesions, which involve mainly the medium spiny neu-
rons of the striatum with relative sparing of striatal interneu-
rons [36]. Several different experimental protocols are used
for 3-NP-induced striatal lesion, with differences in the dose,
duration, and mode of administration [37]. We decided to use
a low dose of 3-NP, 10 mg/kg, for 8 days in order to induce a
mild effect and to be able to see, in case, even an exacerbation
of the lesion in our transgenic animals. Unexpectedly, howev-
er, after the first injection of 3-NP, all the males died. It is
difficult to explain such a strong effect of 3-NP since higher
doses have been safely used in other studies involving male
rats [38–40]. Furthermore, even though major strain differ-
ences in response to chronic systemic administration of 3-
NP have been reported in rats, the Sprague Dawley strain used
in this study exhibits an intermediate vulnerability to the toxic
effect of 3-NP compared to Fisher or Lewis rats [37]. Several
studies reported gender differences in the toxic effect of 3-NP
and demonstrated a neuroprotective effect of estrogens, while
testosterone exacerbated vulnerability to 3-NP [41, 42].
However, no one has described so far such a higher sensitivity
of males to 3-NP and the mechanisms underlying this sex
specificity remain to be elucidated. Importantly, the necropsy
revealed no evident signs of organ toxicity. The difference in
the vulnerability to 3-NP was evident only in in vivo experi-
ments since in corticostriatal slices we did not observe gender

differences in the response to 3-NP, neither in electrophysiol-
ogy nor in cell viability evaluation. In the remaining female
rats, by analyzing the extension of the lesion, we found a
significant reduction of 3-NP-induced striatal degeneration
in the rats overexpressing the A2ARs, in agreement with the
results obtained in brain slices. The mechanism through
which the overexpression of A2ARs produces a reduced
sensitivity to the toxic effect of 3-NP may be found in the
ability of this receptor to decrease the activation of NMDA
receptors [43, 44]. In fact, it is reasonable that after 3-NP
administration, membrane depolarization with NMDA re-
ceptor activation occurs due to its ability to impair mito-
chondrial functionality with energetic alterations and re-
duced ATP production. This is documented by in vivo and
in vitro studies demonstrating that NMDA receptor antag-
onists prevent the effects induced by 3-NP administration
[45, 46]. However, an effect of A2ARs on mitochondrial
functionality, via direct or indirect actions, cannot be ex-
cluded. Indeed, in sympathetic neurons, the selective A2AR
agonist CGS 21680 prevented alterations in mitochondrial
membrane potential induced by nerve growth factor with-
drawal [47]. More recently, in fibroblasts from Niemann-
Pick type C patients (a rare disease characterized by cho-
lesterol accumulation, hepatosplenomegaly, and neurode-
generation), the stimulation of A2AR with the agonist
CGS 21680 normalized the changes in the mitochondrial
membrane potentials typical of the disease [48].
Additionally, in human neuroblastoma (SH-SY5Y) and ol-
igodendroglial precursor (MO3.13) cell lines transiently
transfected with NPC1 small interfering RNA (to mimic
the alterations of Niemann-Pick disease), the treatment with
CGS 21680 rescued mitochondrial abnormalities [49].
Furthermore, the possibility that A2ARs can directly or in-
directly influence mitochondrial functionality is also in line
with the finding that caffeine, an adenosine receptor antag-
onist preferentially blocking the A2ARs, improved the im-
pairment of mitochondrial complex activities and the de-
creased state 3 respiration (NAD+/FAD+-linked) in rats
treated with the NMDA activator quinolinic acid in an
in vivo model of HD [50]. Even though in this case it is
the blockade of the receptor that ameliorates mitochondrial
dysfunctions, anyway, the study further suggests that
A2ARs may influence mitochondria activity, through a
mechanism that still needs to identify.

In a limited set of experiments, we evaluated whether the
overexpression of A2ARs provided similar protection also
against other neurotoxin agents. To this end, in electrophysi-
ological experiments in corticostriatal slices, we investigated
the effect of the quinolinic acid (QA), an excitotoxin able to
induce a marked striatal degeneration accompanied by HD-
like neurochemical and functional alterations [51]. We found
in WT rats that slice perfusion with QA, 1.2 mM, for 10 min
induced a strong reduction of the FP amplitude that partially
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recovered after washout, an effect which was significantly
reduced in NSEA2A rats (unpublished results). This finding
suggests that the protection afforded by A2AR overexpression
is not specific to 3-NP but may represent a more general strat-
egy against striatal neurodegeneration.

The role of A2ARs in the modulation of neurodegeneration
has been long investigated, with several studies demonstrating
a beneficial effect of the antagonists in different models of
neuronal damage, and many others suggesting positive results
with the use of A2AR agonists (see [52] for a comprehensive
and updated review). Our results are in line with studies dem-
onstrating a beneficial effect of A2AR stimulation on symp-
toms and disease progression in rodent models of HD. In
particular, one of the first studies describing a positive effect
of the A2AR agonist CGS 21680 in HD came from the group
of Chern, who demonstrated that CGS 21680 attenuated
symptoms of Huntington’s disease in a transgenic mouse
model [16]. The same authors demonstrated that chronic
CGS 21680 treatment improved the urea cycle deficiency in
the R6/2 mice [53]. Positive effects were obtained also with
T1-11, an A2AR agonist isolated from a Chinese medicinal
herb in rodent models of HD [54, 55],

Contrasting results have been described also with A2AR
knockout animals, which in some cases proved to be
protected towards a neurodegenerative stimulus, and in oth-
er cases, the removal of the receptor resulted in a detrimen-
tal effect [15, 18, 56]. As for HD, Fink and colleagues [56]
found that the knockout or the pharmacological inactivation
of A2ARs attenuates 3-NP-induced striatal damage, in con-
trast with our results showing that the overexpression of the
receptor is neuroprotective towards the same toxin. In ad-
dition, while Mieves and collaborators showed that the de-
letion of A2AR worsened survival and motor behavior in a
transgenic mouse model of Huntington’s disease [18], a
more recent paper demonstrated that inactivation of adeno-
sine A2AR reverses working memory deficits in the R6/2
transgenic model of HD [57]. However, several reasons can
explain such results: in fact, many cell types that are in-
volved in the evolution of brain damage (neurons, astro-
cytes, microglial cells as well as peripheral inflammatory
cells) express the A2AR, and the stimulation of the receptor
can produce different effects depending on which cell it is
located [4, 9, 52]. Importantly, in the present study, we were
able to dissect out the contribution of A2ARs selectively
increased in neurons in the modulation of brain damage
induced by 3-NP, since the A2AR overexpression occurs
exclusively in neuronal cells.

In a previous paper, we evaluated spontaneous and K+-
evoked glutamate efflux in striatal synaptosomes prepared
fromWTandNSEA2A rats, andwe found that under condition
of depolarization, such as with high K+, a higher degree of
presynaptic A2AR stimulation occurs in NSEA2A [23], sug-
gesting that endogenous adenosine more effectively activates

transgenic receptors than lower levels of endogenous recep-
tors. It is reasonable to think that also at the post synaptic level,
endogenous adenosine will more effectively activate the
A2ARs in NSEA2A than in WT rats. As discussed above, the
stimulation of the postsynaptic A2ARs decreases NMDA-
mediated currents, and this could explain the reduced 3-NP-
induced toxicity in NSEA2A rats. On the contrary, it has been
demonstrated in synaptosome preparations that the stimula-
tion of presynaptic A2ARs, while it does not modify glutamate
release per se, increases high K+-induced presynaptic gluta-
mate release, with a potential detrimental effects in condition
of excitotoxicity [23, 58, 59]. Since in the present study we
found a reduced 3-NP-induced neurotoxicity in NSEA2A rats,
it is reasonable to think that the post synaptic receptors play a
prominent role in the toxicity induced by 3-NP, overcoming
the harmful effect of the presynaptic receptors (also consider-
ing that 3-NP is unable, per se, to evoke glutamate release in
the striatum [60, 61], and probably, for this reason, A2AR-
mediated facilitation of glutamate release does not play a crit-
ical role).

Even though a neuronal-selective knock down of the en-
dogenous receptor is necessary to definitively assess the role
of the neuronal receptor in neurodegeneration, the present
results point to an important role of neuronal A2AR in the
modulation of neurodegeneration.

Overall, the current study gives evidence for a neuropro-
tective role of neuronal A2ARs in a rat model of HD, adding
new clues to the comprehension of the complex role exerted
by A2AR in the modulation of striatal degeneration.
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