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Abstract The objective of this study was to explore the
association between the P2X7 purinergic receptor (P2X7R)
and neuroinflammation using a preclinical model of acute
bipolar mania. We analyzed the modulatory effects of
P2X7R agonist (3′-O-(4-benzoyl)benzoyl-adenosine 5′-tri-
phosphate, BzATP) and antagonists (brilliant blue, BBG and
3-[[5-(2,3 dichlorophenyl)-1H-tetrazol-1-yl]methyl]pyridine
hydrochloride, A438079) on assessments related to behavior
(locomotor activity), neuroinflammation (interleukin-1 beta,
IL-1β; tumor necrosis factor alpha, TNF-α; and interleukin-
6, IL-6), oxidative stress (thiobarbituric acid reactive sub-
stances, TBARS) and neuroplasticity (brain-derived

neurotrophic factor, BDNF) markers in a pharmacological
model of mania induced by acute and chronic treatment with
D-amphetamine (AMPH) (2mg/kg) inmice. An apparent lack
of responsiveness to AMPH was observed in terms of the
locomotor activity in animals with blocked P2X7R or with
genetic deletion of P2X7R in knockout (P2X7R−/−) mice.
Likewise, P2X7R participated in the AMPH-induced increase
of the proinflammatory and excitotoxic environment, as dem-
onstrated by the reversal of IL-1β, TNF-α, and TBARS levels
caused by P2X7R blocking. Our results support the hypothe-
sis that P2X7R plays a role in the neuroinflammation induced
by AMPH in a preclinical model of mania, which could
explain the altered behavior. The present data suggest that
P2X7Rmay be a therapeutic target related to the neuroinflam-
mation reported in bipolar disorder.
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Introduction

The precise mechanisms underlying the pathophysiology of
bipolar disorder (BD) remain unknown. Recent reports sug-
gest a role of neuroinflammation in the pathophysiology of
BD [1, 2]. For instance, evidence points out to increased levels
of the proinflammatory cytokines interleukin-6 (IL-6), tumor
necrosis factor alpha (TNF-α), and interleukin-1beta (IL-1β)
both in plasma and in postmortem frontal cortex of patients
with BD [3, 4, 2]. In addition, increased excitotoxicity has
been found in the postmortem frontal cortex of patients with
BD [2], including increased oxidative stress [5]. Similarly,
several data suggest that lower levels of brain-derived neuro-
trophic factor (BDNF) [6] may play a role in the reduced
neuroplasticity observed in BD [7].
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The development of animal models has been an important
tool in the investigation of BD neurobiology and of new drugs
for its treatment. In this sense, both acute and chronic uses of
psychostimulants such as amphetamine (AMPH) have been
widely used as animal models of mania [8–10].

The P2X7 purinergic receptor (P2X7R) has been increas-
ingly implicated in the pathophysiology of medical conditions
of the central nervous system [11]. P2X7R is an adenosine 5′-
triphosphate (ATP)-binding ligand-gated ion channel that is
activated by high concentrations of extracellular ATP [12]. It
plays a key role in the modulation of inflammatory response
mainly in the IL-1β, TNF-α, and IL-6 release, as well as an
important action on the pathological activation of glial cells
[13, 12]. Moreover, it has the ability to mediate cell death,
making a critical contribution inmediating excitotoxicity [13].
Together, these functions have raised the potential link be-
tween P2X7R and the pathophysiology of BD. Additionally, it
has been shown that the gene coding for P2X7R is located on
a susceptibility locus associated with BD [14]. However, to
date, few studies have been conducted to study a possible role
of P2X7R as a molecular target in BD [15–17]. Thus, the
objectives of the present work were to explore the modulatory
effects of P2X7R on behavior and on markers of neuroinflam-
mation, oxidative stress, and neuroplasticity in a preclinical
pharmacological model of mania induced by acute and chron-
ic treatment with D-amphetamine (AMPH).

Methods

Animals

Fifty male wild-type C57BL/6 (age 6–8 weeks; weight 18–
25 g) divided by five to six animals per group were used in all
experiment conducted. For the behavior experiments, we also
used 20 male P2X7R knockout mice (P2X7R−/−) (age 6–
8 weeks; weight: 18–25 g) and 24 male wild-type C57BL/6
as controls, in this case reported as P2X7R+/+, also divided by
five to six animals per group. C57BL/6 mice were obtained
from Universidade Federal de Pelotas (UFPEL), Pelotas, Bra-
zil. P2X7R−/− mice were donated by Dr. Robson Coutinho-
Silva from Universidade Federal do Rio de Janeiro (UFRJ),
Brazil, and were generated by the method developed by Dr.
James Mobley (PGRD, Pfizer Inc., Groton, CT, USA), orig-
inally from The Jackson Laboratory, USA, stock number
005576; whereas, P2X7R−/− mice were C57BL/6 inbred.

Animals were randomized and housed in groups of four per
cage and maintained under controlled temperature (22±2 °C)
and humidity (60–70 %), at a 12/12-h light-dark cycle, with
food and water ad libitum. Animals were acclimatized to the
laboratory for at least 1 h before testing and were used only
once throughout the experiment. All tests were performed
between 7:00 a.m. and 7:00 p.m. P2X7R+/+ mice were used

in all experimental procedures and P2X7R−/− mice were used
only in the behavior assessment, as indicated. The experimen-
tal procedures reported in this manuscript were carried out in
accordance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals [18] and the Brazilian
College of Animal Experimentation and were approved by the
Animal Ethics Committee of the institution where the study
was carried out (protocol no. 10/00206).

Drugs and Treatment

D-amphetamine sulfate salt (AMPH) and all other drugs were
purchased from Sigma-Aldrich (St. Louis, MO, USA), unless
indicated otherwise. Mice received intraperitoneal (i.p.) injec-
tions of AMPH (2 mg/kg) or vehicle (saline, 0.9 % NaCl).
P2X7R agonists and antagonists were delivered to animals by
intracerebroventricular (i.c.v.) microinjection at 2-μl volume
in the following concentrations: potent P2X7R agonist 3′-
O-(4-benzoyl)benzoyl-adenosine 5′-triphosphate (BzATP),
10.5 nmol; non-selective P2X7R antagonist brilliant blue G
(BBG), 20 nmol; and high-affinity and selective P2X7R an-
tagonist 3-[[5-(2,3 dichlorophenyl)-1H-tetrazol-1-
yl]methyl]pyridine hydrochloride (A438079), 1.75 nmol or
vehicle (saline, 0.9 % NaCl). A438079 was obtained from
Tocris Biosciences (Ellisville, MO, USA).

Treatment protocols were adapted from previous studies
[19, 20] and performed as follows: in the acute treatment with
AMPH, animals received i.c.v. microinjection of BzATP,
A438079 or vehicle (saline, 0.9 % NaCl) followed by a single
i.p. injection of AMPH or vehicle (saline, 0.9 % NaCl). Time
interval between the i.c.v. and i.p. drug administrations was
15 min. In the chronic treatment with AMPH, mice received
the i.p. injection of either AMPH or vehicle (saline, 0.9 %
NaCl) once a day for 7 days. No behavioral test was per-
formed between days 1 and 6. On the seventh day of treat-
ment, animals received a single i.c.v. microinjection of
BzATP, BBG, A438079 or vehicle (saline, 0.9 % NaCl). In
all cases, both in acute and in chronic AMPH treatment,
animals were subjected to the behavioral test (open field)
immediately after administration of the last injection of
AMPH or vehicle (saline, 0.9 % NaCl). Again, time interval
between the i.c.v. and i.p. drug administrations was 15 min.
The doses were chosen based on literature data [19, 21, 8] and
preliminary tests.

Open Field Test

Locomotor activity was assessed using the open field test. All
animals were behaviorally evaluated. Experiments were con-
ducted in a sound-attenuated room under low-intensity light.
Each animal was placed individually in the periphery of the
arena of an acrylic box (40×60×50 cm) and left free for
60 min [22]. The animal’s behavior was recorded and
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analyzed using the ANY-Maze video-tracking system
(Stoelting Co., Wood Dale, IL, USA). The overall distance
traveled by the animal over 60 min of observation was quan-
tified and was represented in meters (m) [23]. The apparatus
was cleaned with ethanol 70 % after each trial.

Preparation of Samples

Immediately after the behavioral test, animals were euthanized
and different brain structures isolated, namely, the striatum,
prefrontal cortex and hippocampus. Brain tissue samples were
homogenized (w/v, 1:10) with ice-cold 0.1M phosphate buffer
(pH 7.4) with the addition of protease inhibitor cocktail.
Homogenates were centrifuged at 2000g for 5 min, and ali-
quots of supernatants were separated and stored at −80 °C
until further analysis.

Biochemical Determinations

Proinflammatory Cytokine Levels

Cytokine concentrations were determined via flow cytometry
using the BD™Cytometric Bead Array (CBA) assay, with the
Mouse TNF-α, IL-6 and IL-1β Enhanced Sensitivity Flex
Sets (BD Biosciences, San Diego, CA, USA), according to
manufacturer’s instructions. Enhanced sensitivity flow cytom-
etry is one of the mainmethods of choice for the assessment of
such low-expressing molecules and the assays employed in
this study have extremely low sensitivity (quantitation range
of 0.274–200 pg/ml), which makes them ideal for these anal-
yses. A further exploratory analysis of other inflammatory
markers was later performed with BD CBA Mouse Th1/
Th2/Th17 Cytokine Kit (BD Biosciences). The results were
expressed as fg/ml.

TBARS Levels

Lipid peroxidation levels were measured using the commer-
cial thiobarbituric acid reactive substances (TBARS) assay
kit. The protocol was adapted [24] according to manufac-
turer’s instructions (Cayman, Ann Arbor, MI, USA). Results
were expressed as μM of malondialdehyde (MDA).

BDNF Levels

Tissue concentrations of BDNF were measured using sand-
wich ELISA with monoclonal antibodies specific for BDNF.
The protocol was adapted [25] according to manufacturer’s
instructions (R&D Systems, Minneapolis, MN, USA). Total
protein content was measured using the Bradford method [26]
and results were expressed as pg/μg of protein.

Statistical Analysis

The behavioral effects of subsequent administration of AMPH
on P2X7R−/− mice were analyzed using two-way analysis of
variance (ANOVA). The model includes two fixed factors
each with two levels corresponding to P2X7R−/− mice (yes
versus no) and subsequent AMPH administration (yes versus
no). All other data were analyzed using one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison
post hoc test for unequal samples. Significance was set at
p<0.05. Statistical analyses and graphics were performed
using the Statistical Package for the Social Sciences (SPSS)
version 18.0 for Windows and the GraphPad Prism software
version 5.0 for Windows (GraphPad, San Diego, CA, USA),
respectively. All data are presented as mean±standard error of
mean (SEM).

Results

P2X7R Acts on Behavior in a Pharmacological Model
of Mania Induced by Acute and Chronic AMPH Treatment

Figure 1a represents the pharmacological modulation of
P2X7R associated with acute and chronic AMPH treatment
in P2X7R+/+ mice. Both acute and chronic treatments with
AMPH significantly increased locomotor activity when com-
pared to control animals (p=0.03 and p=0.02 for acute and
chronic AMPH treatment, respectively), even when AMPH
was administered along with the P2X7R agonist BzATP (p=
0.01 and p=0.03 for acute and chronic AMPH treatment,
respectively). Conversely, acute AMPH treatment had no
significant effect on locomotor activity when administered
along with A438079 (p=0.08). Similarly, treatment with the
antagonists BBG and A438079 blocked the action of chronic
treatment with AMPH, given that both had no significant
effect on locomotor activity (p=0.66 and p=0.99 in compar-
ison with vehicle/vehicle group, respectively). Finally, treat-
ment with A438079 significantly reduced locomotor activity
to control levels when compared with the vehicle/AMPH and
BzATP/AMPH groups (p=0.03 and p=0.04, respectively) in
the chronic AMPH treatment.

Figure 1b shows the acute and chronic AMPH responses in
P2X7R+/+ and P2X7R−/− animals. Two-way ANOVA re-
vealed a significant interaction between the effects of geno-
type and AMPH administration in the locomotor activity of
chronic AMPH treatment (F=4.814; df=1; p=0.042), but not
in the locomotor activity of acute AMPH treatment (F=4.328;
df=1; p=0.052). On the other hand, we found an acute
AMPH-induced effect on locomotor activity (F=14.257;
df=1; p=0.001). As expected, post hoc analysis has indicated
that AMPH increased locomotor activity in P2X7R+/+ animals
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in comparison to the P2X7R+/+/vehicle control group, in both
the acute (p=0.002) and chronic (p=0.001) AMPH treatment
groups. AMPH had no effects in P2X7R−/− animals when
compared to P2X7R−/−/vehicle controls, neither in the acute
(p=0.66) nor in the chronic (p=0.62) AMPH treatment
groups. Moreover, the P2X7R+/+/AMPH groups showed a
significant increase in locomotor activity compared to
P2X7R−/−/vehicle groups in both acute (p=0.001) and chronic
(p=0.001) AMPH treatments and also compared to P2X7R−/

−/AMPH groups, again both in acute (p=0.018) and chronic
(p=0.009) AMPH treatments.

Modulatory Effects of P2X7R on Proinflammatory Cytokines
and TBARS Levels Induced by Acute AMPH Treatment

There was a significant increase in IL-1β levels in the striatum
(p=0.025) after acute AMPH injection when compared to
control animals (Table 1). Striatal TNF-α levels were de-
creased in the A438079/AMPH group when compared with
the vehicle/AMPH group (p=0.026). Acute AMPH treatment
also increased TBARS production in the striatum when

compared with the vehicle/vehicle control group (p<0.001).
TBARS levels were reversed with the administration of
A438079 (p=0.005) pointing to a possible decrease of
AMPH-induced oxidative stress by P2X7R blocking. We also
evaluated the levels of IL-6 and BDNF in the acute AMPH
model, but no significant differences were found (data not
shown).

P2X7R is Implicated in the Increase of IL-1β and TNF-α
Levels Observed in Response to Chronic AMPH Treatment

There was a significant increase in the levels of IL-1β in the
striatum (p=0.003) of mice subjected to chronic AMPH treat-
ment when compared to the control group, which was re-
versed by treatment with BBG and A438079 (p=0.005 and
p=0.005, respectively) (Fig. 2a). In the hippocampus, IL-1β
levels were increased in the BzATP/AMPH group vs. the
vehicle/vehicle control group (p=0.025) and reversed with
treatment with A438079 (p=0.023) (Fig. 2a). In the same line,
there was a significant increase in the levels of TNF-α (p=
0.018) in the hippocampus of animals in the BzATP/AMPH

Fig. 1 Modulatory effects of P2X7R on locomotor behavior in the model
of mania induced by acute and chronic AMPH treatment. Effect of single
i.c.v. administration of the potent P2X7R agonist BzATP (10.5 nmol), the
non-selective P2X7R antagonist BBG (20 mmol), and the selective
P2X7R antagonist A438079 (1.75 nmol) on locomotor activity, demon-
strated as distance traveled (m) by a mouse model of mania induced by
acute (2 mg/kg, i.p., single injection) and chronic (2 mg/kg, i.p., once a

day, 7 days) AMPH treatment (a). Behavioral changes in P2X7R−/− and
P2X7R+/+ mouse models of mania induced by acute (2 mg/kg, i.p., single
injection) and chronic (2 mg/kg, i.p., once a day, 7 days) AMPH treatment
(b). Two-way ANOVA followed by Tukey’s multiple comparison post
hoc test: *p<0.05, **p<0.01, ***p<0.001. Data expressed as means±
SEM of five to six P2X7R+/+ or P2X7R−/− animals per group
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group when compared to the control group, a finding that was
reversed by treatment with A438079 (p=0.044) (Fig. 2b). We
have also evaluated the levels of IL-6, but no significant
differences were found between the groups (data not shown).
An exploratory analysis was later performed to assess other
inflammatory markers (IL-2, IL-6, IFN-γ, IL-4, IL-10, IL-17)
in the same samples. Results for IL-2, IL-6, IFN-γ, and IL-4
were mostly below the detection limit of the respective stan-
dard curves and were not able to be statistically analyzed. As
for IL-10 and IL-17, we found no significant differences
between groups (p>0.05 for all comparisons, data not shown).

P2X7R Seems to Modulate TBARS Levels in the Model
of Mania Induced by Chronic AMPH Treatment

TBARS levels are considered here as an indicator of oxidative
stress. There was an increase in TBARS levels in the prefron-
tal cortex in the BzATP/AMPH group (p=0.037) when com-
pared to the control group, which was reversed by the treat-
ment with A438079 (p=0.01) (Fig. 3). In the hippocampus,
chronic AMPH treatment increased TBARS levels (p=0.022)
when compared to the control group, and treatment with BBG
and A438079 reversed that finding (p=0.016 and p=0.016,
respectively) (Fig. 3).

P2X7R is not Involved in BDNF Decrease Induced
by Chronic AMPH Treatment

The last assessment focused on the BDNF levels. There was a
significant decrease in BDNF levels in the prefrontal cortex of
animals treated with chronic AMPH vs. those treated with
vehicle/vehicle (p=0.037) which was not modulated by
P2X7R agonist or antagonist (Fig. 4).

Discussion

The results of the present study suggest an association be-
tween P2X7R and AMPH-induced hyperactivity, as demon-
strated by a lack of responsiveness to AMPH in animals with
blocked or absent P2X7R. Our study is consistent with previ-
ous reports [15, 17] and moves forward in the investigation of
possible mechanisms involved in the neuroinflammation in-
duced by AMPH. The results presented herein, and summa-
rized in Table 2, reinforce the involvement of P2X7R as a
mediator of behavioral and biochemical changes induced by
AMPH in an animal model of mania.

Our study is in agreement with earlier data that showed that
the blockade/deletion of P2X7R abrogates AMPH-induced
hyperactivity [17]. In fact, a relationship between P2X7R
and BD had already been suggested by genetic linkage and
association studies, given that the P2X7R gene has beenT
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described to be located in the 12q23–24 chromosome region,
a susceptible locus for BD and major depression [27]. More-
over, a recent study also showed that a selective P2X7R
antagonist attenuated AMPH-induced hyperactivity in rats,
which shows that this receptor might be a potential target to
BD treatment [15]. Interestingly, previous studies from our
laboratory showed that acute (in vitro) and chronic (in vivo)
treatment with lithium and valproate (two known mood stabi-
lizers) prevented ATP-induced cell death [28], probably via
P2X7R, suggesting that a modulation of this receptor may
also play a key role in the mechanism of action of such drugs.

The results obtained for the proinflammatory cytokines IL-
1β and TNF-α suggest that P2X7R may play a central role in
the AMPH-induced increase of the proinflammatory environ-
ment, as demonstrated by the reversal caused by P2X7R
blocking. Of note, treatment with methamphetamine, a

psychostimulant that shares a nearly identical chemical struc-
ture with AMPH [29], has been associated with increasing
levels of proinflammatory cytokines in brain tissue [30]. We
observed the same proinflammatory response after chronic
treatment with AMPH and, to a lesser extent, after acute
AMPH treatment as well. Since elevated levels of proinflam-
matory cytokines have been repeatedly demonstrated in pa-
tients with acute mania [31], the proinflammatory response to
AMPH further validates the use of this animal model of acute
mania. It is well known that P2X7R plays a central role in
neuroinflammation [32], mainly due to its role in regulating
the production and release of IL-1β, TNF-α, and IL-6 [33, 34]
and in processing and releasing IL-1β [35]. Indeed, mice
deficient in P2X7R have been shown to present decreased
inflammatory responses [36], confirming the previously sug-
gested relationship between neuroinflammation and P2X7R

Fig. 2 Modulatory effects of P2X7R on proinflammatory cytokine
response in the model of mania induced by chronic AMPH treatment.
Effect of single i.c.v. administration of the potent P2X7R agonist BzATP
(10.5 nmol), the non-selective P2X7R antagonist BBG (20mmol) and the
selective P2X7R antagonist A438079 (1.75 nmol) on IL-1β (a) and

TNF-α (b) levels in the prefrontal cortex, striatum, and hippocampus of
a mouse model of mania induced by chronic (2 mg/kg, i.p., once a day,
7 days) AMPH treatment. ANOVA followed by Tukey’s multiple com-
parison post hoc test: *p<0.05, **p<0.01. Data expressed as means±
SEM of five to six P2X7R+/+ animals per group

Fig. 3 Modulatory effects of P2X7R on TBARS levels in the model of
mania induced by chronic AMPH treatment. Effect of single i.c.v.
administration of the potent P2X7R agonist BzATP (10.5 nmol), the
non-selective P2X7R antagonist BBG (20 mmol), and the selective
P2X7R antagonist A438079 (1.75 nmol) on lipid peroxidation levels in

the prefrontal cortex, striatum, and hippocampus of a mouse model of
mania induced by chronic (2 mg/kg, i.p., once a day, 7 days) AMPH
treatment. ANOVA followed by Tukey’s multiple comparison post hoc
test: *p<0.05. Data expressed as means±SEM of five to six P2X7R+/+

animals per group
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[37]. Interestingly, we found no significant differences in IL-6,
which might be explained by its dual pro- and anti-
inflammatory properties [38]. Accordingly, further studies
should be performed to clarify the possible involvement of
IL-6 and its receptors, as well as IL-10 and IL-17, in the
P2X7R-modulating effects of AMPH in the periphery and
also in other brain regions of interest.

In the present study, we suggest the involvement of P2X7R
in the general increase of TBARS levels induced by acute and

chronic AMPH administration. Lipid peroxidation is a partic-
ularly important consequence of oxidative stress [39] and is
also a hallmark of excitotoxicity [40]. Previous studies had
already shown increased lipid peroxidation levels in an
AMPH-induced model of mania [41]. Similarly, several lines
of evidence suggest that increased oxidative stress plays a
prominent role in the progressive brain changes observed in
patients with BD [7, 42]. P2X7R activation has also been
related to enhanced oxidative stress [43, 44], justifying the

Fig. 4 Modulatory effects of P2X7R on BDNF levels in the model of
mania induced by chronic AMPH treatment. Effect of single i.c.v.
administration of the potent P2X7R agonist BzATP (10.5 nmol), the
non-selective P2X7R antagonist BBG (20 mmol) and the selective
P2X7R antagonist A438079 (1.75 nmol) on BDNF levels in the

prefrontal cortex, striatum and hippocampus of a mouse model of mania
induced by chronic (2 mg/kg, i.p., once a day, 7 days) AMPH treatment.
ANOVA followed by Tukey’s multiple comparison post hoc test:
*p<0.05. Data expressed as means±SEM of five to six P2X7R+/+ ani-
mals per group

Table 2 Summary of P2X7R modulation effects in the model of mania induced by chronic amphetamine

Chronic AMPH

Parameters Vehicle/AMPH BzATP/AMPH BBG/AMPH A438079/AMPH

Locomotor activity ↑a ↑a – ↓b

↓c

IL-1β

Prefrontal cortex – – – –

Striatum ↑a – ↓b ↓b

Hippocampus – ↑a – ↓c

TNF-α

Prefrontal cortex – – – –

Striatum – – – –

Hippocampus – ↑a – ↓c

TBARS

Prefrontal cortex – ↑a – ↓c

Striatum – – – –

Hippocampus ↑a – ↓b ↓b

BDNF

Prefrontal cortex ↓a – – –

Striatum – – – –

Hippocampus – – – –

Arrows denote statistically significant increase or decrease compared to different treatment groups

AMPH amphetamine, BzATP potent P2X7R agonist, A438079 selective P2X7R antagonist, IL-1β interleukin-1β, TNF-α tumor necrosis factor-α,
TBARS thiobarbituric acid reactive substances
a vehicle/vehicle treatment group
b vehicle/AMPH treatment group
c BzATP/AMPH treatment group
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responses observed when P2X7R was blocked. Additionally,
our results confirm those of previous studies describing a
decrease in BDNF levels after chronic AMPH treatment
[45]—apparently, P2X7R modulation is not involved in that
decrease. It is known that the P2X4 receptor (P2X4R) can
cause the release of BDNF from microglia [46], and in vitro
experiments suggest that P2X4R could play an impor-
tant role in promoting BDNF production and release by
activation of p38-MAPK and/or by TrkB phosphoryla-
tion [46, 47]. These data support our finding that the
antagonism of P2X7R did not result in any action on
BDNF levels, suggesting that this receptor is not direct-
ly involved in this process.

Overall, we report that AMPH treatment is inducing neu-
roinflammation and oxidative stress and that these effects are
being mediated, at least in part, by the P2X7R. Microglial
activation seems suitable to explain the integration of the
neuroinflammatory/oxidative stress results and the P2X7R.
It has been well recognized that microglial activation leads
to the synthesis of proinflammatory and excitotoxity media-
tors, including IL-1β and TNF-α, chemokines, and reactive
oxygen species, triggering tissue impairment [48, 32] and
ultimately leading to the association of neurodegenerative
diseases [48] and mental illnesses [2, 49, 50]. Furthermore, a
recent review suggested a key role for microglial activation in
BD [51]. The P2X7R, in turn, has been put forward as an
essential component of the induction of microglial activation
[32] and a recent review has suggested a relationship between
BD, P2X7R, and microglial activation [16]. However, another
recent study has reported no changes in behavior phenotype in
chimeras lacking the P2X7R in their hematopoietic compart-
ment [17]. Of note, our results do not allow us to adequately
discuss the role of microglia activation in this scenario, espe-
cially when considering the so-called M1 and M2 microglia
phenotypes [52]. In spite of this, since we found neither
detectable levels of IL-4 in our samples nor significant differ-
ences in IL-10, two classic M2 markers [53], we could hy-
pothesize that the environment dominated by proinflammato-
ry cytokines in the brain regions exanimated might favor a
polarization to M1 cells and inhibits a M2 switch. In these
terms, future studies should investigate the real involvement
of microglial activation and the switch between M1 and M2
microglial phenotypes in the AMPH-induced hyperactivity
and if this involvement is subject to modulation by P2X7R.

In some analyses, such as assessments of IL-1β and
TNF-α in hippocampus and TBARS levels in prefrontal cor-
tex, we observed that only the coadministration of AMPH and
BzATP led to a significant response of the corresponding
biochemical parameter. However, this pattern of action was
not always present, which precludes the conclusion that
P2X7R agonist could increase the response to AMPH. In this
vein, the absence of a BzATP/vehicle group does not allow us
to confirm whether changes were induced by the agonist alone

or by a synergistic effect between AMPH and BzATP. As
reported previously, we found that the chronic administration
of AMPH induced more significant effects when compared to
acute AMPH treatment [20], indicating that the results are
primarily related to a chronic exposure to AMPH.

Some limitations of the present study have to be consid-
ered. Firstly, the use of animal models for modeling psychiat-
ric disorders has obvious limitations related to their validity
[54, 55]. In this context, the animal model of mania used in the
present study has been shown to present indications of face,
construct and predictive validities [56, 45, 57]. In addition, we
were not able to establish the specific mechanisms mediating
the P2X7R participation on the AMPH-induced behavior. In
this sense, our results suggest some pathways of relevance, but
more studies are needed to characterize the P2X7R involve-
ment in AMPH-induced hyperactivity.

In conclusion, our results support the hypothesis that
P2X7R plays a role in the pathophysiology of acute mania,
especially by mediating neuroinflammation and oxidative
stress and ultimately leading to behavioral changes. This
suggests that P2X7R may provide a therapeutic target for
interventions related to neuroinflammation and BD. The rele-
vance of microglial activation should also be further explored
on this sense.
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