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Abstract

The pathophysiology of bipolar disorder remains incompletely elucidated. The purinergic receptor, P2X7 (P2X7R),
plays a central role in neuroinflammation, the establishment, and maintenance of microglial activation and neuronal
damage/death, all characteristics of bipolar disorder pathology. The present study aims to explore the participation of the
P2X7R in a preclinical pharmacological model of mania. We analyzed the modulatory effects of the P2X7R antagonist,
brilliant blue, on behavior, monoamines, gene expression, serum purine levels, and cell typing in a pharmacological
model of mania induced by p-amphetamine (AMPH) in mice. Our results corroborate an association between the P2X7
receptor and the preclinical animal model of mania, as demonstrated by the decreased responsiveness to AMPH in
animals with pharmacologically blocked P2X7R. This study further suggests a possible dopaminergic mechanism for the
action of P2X7 receptor antagonism. Additionally, we observed increased peripheral levels of adenosine, a neuropro-
tective molecule, and increased central expression of Entpd3 and Entpdl leading to the hydrolysis of ATP, a danger
signal, possibly as an attempt to compensate for the damage induced by AMPH. Lastly, P2X7R antagonism in the
AMPH model was found to potentially modulate astrogliosis. Our results support the hypothesis that P2X7R plays a
vital role in the pathophysiology of mania, possibly by modulating the dopaminergic pathway and astrogliosis, as
reflected in the behavioral changes observed. Taken together, this study suggests that a purinergic system imbalance
is associated with the AMPH-induced preclinical animal model of mania. P2X7R may represent a promising molecular
therapeutic target for bipolar disorder.
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Introduction

Emil Kraeplin, a fundamental psychiatrist of the mid-
nineteenth century, not only contributed to the nosology of
bipolar disorder [1] but also suggested an association between
manic symptoms and levels of uric acid in the pathology of the
disease, what later was described as being part of the
purinergic system [2]. Purinergic signaling molecules include
nucleotides and nucleosides, a large family of
ectonucleotidases and purinoreceptors [3], and this signaling
is implicated in physiological and pathological conditions,
with relevant functions in secretion, immune responses, cell
death and inflammation [4]. Purinergic pathophysiology,
mainly in the form of adenosine 5’-triphosphate (ATP) and
adenosine signaling, has been related to numerous medical
conditions, especially neurodegenerative and psychiatric dis-
orders, including bipolar disorder [5, 6]. Since the pathophys-
iology of bipolar disorder remains incompletely elucidated
[7], understanding the role of the purinergic system in this
disorder may clarify some of its molecular mechanisms.

Notably, the purinergic receptor P2X7 (P2X7R) has a po-
tential role in the pathophysiology of bipolar disorder [8, 9].
P2X7R is an ATP-binding ligand-gated ion channel that is
activated by high concentrations of extracellular ATP, what
is considered a danger signal, a damage-associated molecular
patterns (DAMPs) [10]. The activation of this receptor has a
central function at inflammasome formation which leads to
increased levels of proinflammatory cytokines, such as
interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-x),
and interleukin-1beta (IL-13). It is also crucial for the onset
and maintenance of microglial activation and neuronal dam-
age/death, making a critical contribution in mediating neuro-
inflammation and excitotoxicity [11], conditions that are pos-
sibly involved in the bipolar disorder process [12—14].

Additionally, it has been shown that the gene coding for
P2X7R is located on a susceptibility locus associated with
bipolar disorder, with specific polymorphisms associated with
the disease [15]. Recently, it was demonstrated a differential
1513A>C P2RX7 polymorphism frequency in BD patients,
compared with controls, indicating an enhanced function of
the pro-inflammatory P2X7R in BD subjects, further suggest-
ing that a polymorphism in P2X7R gene could be a potential
biomarker for the prediction and diagnosis of the disorder
[16]. The relationship between this receptor and BD has been
also verified in animal models of mania, and blockade/
deletion of P2X7R has been shown to decrease d-
amphetamine (AMPH)-induced hyperactivity [17, 18], also
preventing the establishment of excitotoxicity and proinflam-
matory states induced by the model [9].

Although these studies have demonstrated the association
between P2X7R and bipolar disorder, the mechanism of this
association is unclear. The present study aims to explore the
modulatory effects of P2X7R on assessments related to
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behavior, monoamines, gene expression, serum purine levels
and cell typing in a preclinical pharmacological model of ma-
nia induced by AMPH.

Methods and Materials
Animals

Sixty-four male C57BL/6 mice (aged 6—8 weeks; weight 18—
25 g) were used in all experiments. The animal handling pat-
tern and experiment details follow those of a previous study
[9]. Animals were maintained in a 12:12 light-dark cycle, with
food and water ad libitum. All the experiments were per-
formed during the light phase. The experimental procedures
reported in this manuscript were carried out in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and the Brazilian College of
Animal Experimentation. The Animal Ethics Committee of
the Hospital de Clinicas de Porto Alegre, Porto Alegre,
Brazil, approved this project under protocol number 15-0192.

Drugs and Treatment

pD-amphetamine sulfate salt (AMPH) and all other drugs were
purchased from Sigma-Aldrich (St. Louis, MO, USA), unless
indicated otherwise. The pharmacological animal model of
mania induced by AMPH was adapted from previous studies
[9, 19, 20] and performed as follows: mice received intraper-
itoneal (i.p.) injections of AMPH (2 mg/kg) or vehicle (saline,
0.9% NaCl) once a day for seven consecutive days. Mice also
received intraperitoneal (i.p.) injections of the non-selective
P2X7R antagonist, Brilliant Blue G (BBG) (45 mg/kg), or
vehicle (saline, 0.9% NaCl), 30 min before the AMPH or
vehicle injection, during the seven consecutive days.
Behavioral tests were not performed between days 1 and 6.
On the seventh day, immediately after the last injection, mice
were subjected to the open field apparatus. After the behav-
ioral test, the animals were euthanized by an anesthetic over-
dose of the 12% isoflurane inhalation until cardiorespiratory
arrest, according to the guidelines of the Brazilian Conselho
Nacional de Controle de Experimentacdo Animal (CONCEA)
euthanasia practice, 2013. The hippocampal and striatal brain
structures were dissected for further analysis.

Open Field Test

Locomotor activity was assessed using the open field test, as
previously described [9]. Each animal’s behavior was record-
ed and analyzed using the ANY-Maze video-tracking system
(Stoelting Co.). The apparatus was cleaned with ethanol 70%
after each trial.
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Monoamine and Glutamate Determination

The hippocampal and striatum structures were bilaterally dis-
sected on ice and stored at — 80 °C overnight. Monoamine
determination was performed using ultra-high-pressure liquid
chromatography—mass spectroscopy (UHPLC-MS) following
previous studies [21]. The results were expressed as ng/mg
tissue for dopamine, DOPAC and 5-HT and pg/mg tissue for
glutamate.

mRNA Analysis

Total RNA from the hippocampus was isolated with TRIzol™
Reagent (Invitrogen™) under the manufacturer’s instructions.
The cDNA was synthesized with Reverse Transcription
System (Promega) from 2 pg of the total, according to the
manufacturer’s instructions. Real-time PCR analysis was per-
formed in the StepOne™ Real-Time PCR Systems Instrument
(Applied Biosystems®) using the SYBR® Green amplifica-
tion System, according to manufacturer’s instructions and re-
spective forward and reverse primers (10 uM) (Table 1). All
results were analyzed by the 222CT method, for determina-
tion of relative expression data, taking [3-actin gene expres-
sion as an endogenous control for normalization.

Blood Serum Purine Level Analysis

Purine levels were determined in the blood serum by high-
pressure liquid chromatography (HPLC). Three milliliters of
blood was collected by trans-cardiac blood collection into an
anticoagulant-free vacuum tube for each mouse, 30 min after
the last injection. Immediately after collection, blood samples
were centrifuged at 1000xg for 10 min, and the serum was
aliquoted, labeled, and stored at — 80 °C until assay. The
protocol was performed according to a previously described
method [22] with minor modifications. The amounts of pu-
rines were measured by absorption at 260 nm. Purine concen-
trations (ATP, ADP, AMP, adenosine, inosine, xanthine, hy-
poxanthine and uric acid) are expressed as HM.

Cellular Analysis

The hippocampus was dissociated under enzymatic digestion
(2 mg/mL collagenase, 28 U/mL DNAse I in HBSS), filtered
(40 um nylon cell strainer), and aliquoted into 10° cells for
subsequent analysis.

Analysis of Cell Death

Subsequently, dissociated hippocampal cells (10°) were
pelleted and submitted to the analysis of apoptosis and necro-
sis by annexin V/propidium iodide (PI) staining, according to
the manufacturer’s instructions (BD Biosciences). Acquisition

of stained cells was performed on a BD FACScalibur flow
cytometer (BD Biosciences). The results were analyzed using
FlowJo® software. The cells were classified as follows: live
(AnnexinV—/PI-), early apoptotic (AnnexinV+/PI-), late ap-
optotic (AnnexinV+/PI+) or necrotic (AnnexinV—/PI+).

Cell Typing of P2X7R Immunocontent

The hippocampal cell typing of P2X7R immunocontent was
performed by staining with specific antibodies and flow cy-
tometry analysis. For intracellular staining, we first performed
the incubation with staining buffer (2% FBS in PBS) contain-
ing extracellular anti-mouse P2X7R-FITC conjugated anti-
body (Sigma-Aldrich) followed by fixation with 1% PFA
and a permeabilization step with permeabilizing buffer (2%
FBS, 0.1% Triton-X 100 in PBS). The cells were then stained
with either GFAP-660 conjugated antibody (ThermoFisher) or
NeuN (Millipore) primary antibody followed by incubation
with anti-mouse APC secondary antibody (eBioscience,
USA). For the surface staining, cells were incubated with
staining buffer (2% FBS in PBS) containing extracellular
anti-mouse P2X7R-FITC conjugated antibody (Sigma
Andrich) plus CD11b-660 conjugated antibody
(ThermoFisher). Three different staining combinations were
used: P2X7R-FITC/GFAP-660; P2X7R-FITC/NeuN-APC
and P2X7R-FITC/CD11b-660. A secondary antibody or
isotype control was used as a non-specific binding control,
when appropriate. At the end of the incubation period, the
cells were washed twice and immediately analyzed using a
FACScalibur flow cytometer (BD Biosciences, USA) and
FlowJo®, LLC software. The results are expressed as percent-
age of positive cells on viable cells and as mean fluorescence
intensity (MFI) when appropriated.

Statistical Analysis

Results were analyzed using two-way analysis of variance
(ANOVA) or repeated two-way ANOVA. The model includes
two fixed factors; AMPH administration used to induce the
animal model of mania and the administration of the P2X7R
antagonist, BBG. Tukey’s multiple comparison post hoc test
or Sidak post hoc test was performed to identify differences. A
complete description of all ANOVA analyses for the entire
study has been provided (Supplementary Table 1).
Correlations between continuous variables were assessed
using Pearson correlation test. Significance was set at p <
0.05. Statistical analyses and graphs were made using the
Statistical Package for the Social Sciences (SPSS) version
20.0 for Windows and the GraphPad Prism software version
7.0 for Windows (GraphPad, San Diego, CA, USA), respec-
tively. Data are presented as means =+ standard error of mean
(SEM).
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Table 1 Primers used in real-time

PCR experiments Primer

Sense

Antisense

P2rx7

Th
DAT
Entpdl
Entpd3
NtSe
ACTB

5-ACCAAGGTCAAAGGCATAGCA-3'

5"-CATCTCTGGGGGCTTCAGATG-3'
5-TGGCCATGGTGCCCATTTAT-3'
5'-AGCTGCCCCTTATGGAAGAT-3'
5-ACCTGTCCCGTGCTTAAATG-3’
5-CAGGAAATCCACCTTCCAAA-3'

5-GTGACGTTGACATCCGTAAA
GAC-3'

5-CTGCAAAGGGAAGGTGTAGT
CT-3'

5-GTAAGCCTTCAGCTCCCCAT-3'
5 CACCTCCCCTCTGTCCACTA-3'
5" TCAGTCCCACAGCAATCAAA-3'
5'-AGACAGAGTGAAGCCCCTGA-3'
5-AACCTTCAGGTAGCCCAGGT-3'

5" TGCTAGGAGCCAGAGCAGTAA-3'

Standard curves were measured for each primer set and cDNA sample in order to verify reaction efficiency and
Melting curve analysis was performed to determine the specificity for each real-time PCR reaction. P2RX7,
purinergic receptor P2X7; Th, tyrosine hydroxylase; DAT, dopamine transporter; Entpd], ectonucleoside triphos-
phate diphosphohydrolase 1; Entpd3, ectonucleoside triphosphate diphosphohydrolase 3; NtSe, ecto 5'-nucleo-

tidase; ACTB, [3-actin.

Results

P2X7R and Hyperlocomotion Induced by AMPH

Figure 1 shows the animals’ behavior after pharmacological
antagonism of P2X7R in a preclinical animal model of mania.
In the locomotor activity parameter (Fig. 1a, Supplementary
Table 1), two-way ANOVA revealed a significant main effect
for P2X7R antagonism (F; 29y = 10.09, p = 0.003), a main
effect for AMPH treatment (/7 29y = 103.5, p < 0.0001) and a
significant interaction between both factors (£, 29, = 8.803, p
=0.006). As expected, post hoc analysis indicated that AMPH
increased locomotor activity, compared with the control group
(p < 0.0001). However, when BBG and AMPH were co-ad-
ministered, there was a significant decrease in locomotion,
when compared with AMPH group (p < 0.001), indicating
that non-selective P2X7R pharmacological blockade reduces
the behavioral action of AMPH.

Similarly, for the mean speed parameter, two-way ANOVA
revealed a significant effect of P2X7R antagonism (F; »9) =
11.23, p = 0.002) and AMPH treatment (F; 29y = 77.61, p <
0.0001) (Fig. 1c, Supplementary Table 1). Indeed, post hoc
analysis showed that treatment with AMPH causes a signifi-
cant increase in the mean speed of the animals, when com-
pared with the control group (p < 0.0001). Co-administration
of BBG and AMPH resulted in a significantly decreased mean
speed, compared with the AMPH group (p < 0.01).

In contrast, the total immobility time was significantly low-
er in the group of AMPH-treated animals than in the control
group (p < 0.0001) (Fig. le, Supplementary Table 1). Co-
treatment with AMPH and BBG also caused a decrease in
the immobility time of the animals, compared with the control
group (p < 0.001); however, even though this immobility time
was shorter than that of the control group, there was no statis-
tical difference. When observing locomotion, the mean speed
and the immobility time of the animals (Fig. 1b, d, ), 60 min
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for analysis were deemed adequate (representing 30 min after
the last injection the main point of analysis).

Fig. 1 Modulatory effects of P2X7R on locomotor behavior in the P>
AMPH-induced model of mania. Effect of chronic i.p. administration of
the non-selective P2X7R antagonist, BBG (45 mg/kg, once a day, 7
days), on locomotor behavior, in a mouse model of mania induced by
chronic (2 mg/kg, i.p., once a day, 7 days) AMPH treatment. (a) Total
distance traveled (m). (b) Distance traveled by time. Except for the first 10
min, the co-treatment of BBG and AMPH caused a decrease in the dis-
tance traveled, compared with the AMPH group, significant decreasing at
times 1200-1800 s, 18002400 s, 2400-3000 s (p < 0.0001, p < 0.0001,
and p < 0.001 respectively). AMPH was able to increase locomotion
significantly at all times, in comparison with the control group (at all
times: p < 0.0001, except 0-600 s: p < 0.01) and the BBG group (for
all times: p < 0.0001, except 0600 s: p < 0.001). The group co-treated
with AMPH and BBG had a significant increase in locomotion, compared
with the control groups (for all times: p < 0.001, except 600-1200 s: p <
0.01, 1200-1800 s: p < 0, p < 0.01) and BBG (for all times: p < 0.001,
except 600-1200 s: p < 0.05, 1200-1800 s: p < 0.01). (c) Mean speed
(m/s). (d) Mean speed by time. Except for the first 10 min, co-treatment of
BBG and AMPH causes a decrease in mean velocity, compared with the
AMPH-only group, (p < 0.01, p < 0.0001, p < 0.0001, and p < 0.01,
respectively). The AMPH was able to increase mean speed significantly
at all times compared with the control group (at all times: p < 0.0001,
except 0-600 s: p < 0.05) and the BBG group (for all time: p < 0.0001
except 0—600 s: p < 0.01). The group that was co-treated with AMPH and
BBG had a significant increase in mean velocity, compared with control
groups, at times 0—600 s, 600—1200 s, 1800-2400 s, 2400-3000 s (p <
0.01,p<0.05,p<0.05,p<0.01, and p < 0.01 respectively) and BBG (for
all time: p < 0.001, except 600—1200 s, 1200—1800 s, 1800-2400 s: p <
0.01). (e) Total time immobile (s). (f) Time immobile by time. We ob-
served a decrease in immobility time in the AMPH group compared with
the control group (at all times: p < 0.001, except 600-1200 s: p < 0.05)
and in comparison with the BBG group at the times 600-1200 s (p <
0.05), 1200-1800 s, 1800-2400 s, 2400-3000 s (» < 0.0001 for such
comparisons). (g) Total distance traveled for the first 5 min of the test
(m). (h) Rearing (number of presses). Two-way ANOVA and repeated
measure two-way ANOVA followed by Tukey’s multiple comparison
post hoc test: *p < 0.05, *p < 0.01, ***p < 0.001, ***¥*p < 0.0001
comparisons to saline/saline group. Data expressed as means = SEM of
eight to nine animals per group. AMPH, D-amphetamine; BBG, Brilliant
Blue G
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An additional point of analysis focused on the dis-
tance traveled during the first 5 min of behavior, to eval-
uate the exploration of the animal in its new environment
[23]; this analysis did not show any statistical difference
between the groups (Fig. 1g, Supplementary Table 1).
The vertical behavior of the animals in the same first 5
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minutes, as determined by the number of rearing (accord-
ing to previous studies [24]), increased in the group of
animals treated with AMPH, in comparison with control
animals (p < 0.01); a decrease in rearing was observed
when animals were co-treated with BBG and AMPH (p
< 0.05) (Fig. 1h, Supplementary Table 1).
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P2X7R Is Involved in the Hyperlocomotion Induced
by AMPH via a Dopaminergic-Dependent Mechanism

Figure 2 shows the effects of P2X7R blockade on the mono-
amine levels in the model of mania induced by AMPH treat-
ment. With regard to the dopamine levels in the striatum,
although two-way ANOVA revealed an effect with AMPH
treatment (F; 30, = 4.77, p = 0.036), post hoc analysis did
not show any difference (data not shown, Supplementary
Table 1). Two-way ANOVA revealed a significant effect of
both P2X7R blockade (F(; »7,=9.802, p = 0.004) and AMPH
treatment (F(; 27y = 7.44, p = 0.011) (Fig. 2a, Supplementary
Table 1), on hippocampal DOPAC levels. Post hoc analysis
demonstrated a significant increase in DOPAC levels follow-
ing treatment with AMPH, compared with the control group
(p < 0.05), which was prevented by co-treatment with BBG
and AMPH (p < 0.01). In the striatum, we observed an effect
of the antagonism of P2X7R on DOPAC levels (F(; 24) =
10.14, p = 0.004) and of AMPH treatment (F(; 24, = 15.09, p
=0.0007) (Fig. 2b, Supplementary Table 1). Post hoc analysis
demonstrated a pattern opposite than that of the hippocampus,
with a decrease in the striatum DOPAC levels following treat-
ment with AMPH, compared with the control group (p <
0.001). The dopamine levels in the hippocampus were below
detectable levels, and analysis was not possible (data not
shown).

With regards to serotonin levels in the hippocampus (Fig.
2¢, Supplementary Table 1), post hoc analysis indicates a sig-
nificant decrease in the AMPH-treated group when compared
with the control group (p < 0.001), similarly as in the group
co-treated with AMPH and BBG (p < 0.05). In the same way
in striatum, post hoc analysis showed a significant decrease in
the AMPH treated group, when compared with the control
group (p < 0.001) as well as in the group co-treated with
AMPH and BBG (p < 0.05) (Fig. 2d, Supplementary Table 1).

Similarly, in the hippocampus, we observed a decrease in
glutamate levels in the AMPH-treated group and in the BBG/
AMPH group, when compared with the control group (p <
0.0001 for both analyses, Fig. 2e, Supplementary Table 1).
For glutamate levels in the striatum, post hoc analysis showed
a decrease in striatum glutamate levels in the AMPH group
and in the BBG/AMPH group, compared with the control
group (p < 0.0001 for both analyses, Fig. 2f, Supplementary
Table 1).

Hippocampal DOPAC Levels and Total Distance
Traveled (m) Are Positively Correlated

Pearson’s correlation test demonstrated a significant positive
correlation between hippocampal DOPAC levels and total dis-
tance traveled (m) in mice ( = 0.592; p = 0.0006) (Fig. 2g),
confirming the dopaminergic involvement in
hyperlocomotion.
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Hippocampal Entpd3 Gene Expression Is Increased
by AMPH, and P2X7R Blockade Can Prevent This
Expression

Figure 3 shows the analysis of gene expression in total RNA
isolated from mice hippocampi. With regard to the relative
expression of P2rx7 (Fig. 3a), tyrosine hydroxylase (Th)
(Fig. 3b), the dopamine transporter (DAT) (Fig. 3c) and
ecto-5"-nucleotidase (Nt5e) (Fig. 3f), we did not observe any
statistical differences between groups. However, we could see
an interaction of AMPH and BBG in order to increase in the
relative expression of ectonucleoside triphosphate
diphosphohydrolase 1 (Entpdl) (£ 10~ 6.13, p = 0.03, Fig.
3d, Supplementary Table 1). Also, there was statistically sig-
nificant increase in the relative expression of ectonucleoside
triphosphate diphosphohydrolase 3 (Entpd3) after AMPH
treatment (F; 10, = 8.37, p = 0.013, Fig. 3e, Supplementary
Table 1) in comparison with the control group, as shown by
post hoc analysis (p < 0.05), which was prevented by pharma-
cological blockade of P2X7R.

Serum Purine Levels and P2X7R Antagonism

Figure 4 displays the serum purine levels in the animal
model of mania and after P2X7R antagonism. We did
not observe any significant difference in serum ATP
levels (Fig. 4a, Supplementary Table 1). For serum
ADP levels, two-way ANOVA revealed a significant in-
teraction between the effects of P2X7R antagonism and
AMPH treatment (F(; 50y = 25.22; p < 0.0001) (Fig. 4b,
Supplementary Table 1). We also found an effect of
P2X7R antagonism (F(; 20y = 33.07, p < 0.0001) and
AMPH treatment (F(; 20y = 38.92, df = 1; p < 0.0001)
on ADP levels. Post hoc analysis indicated that co-
treatment with AMPH and BBG was able to increase
serum ADP levels, in comparison with the control group
(» < 0.0001). With regard to serum AMP levels, we
found an effect of AMPH treatment (F(; ) = 8.806, p
= 0.007) and a decrease in serum AMP levels in the
group that was co-treated with BBG and AMPH, com-
pared with controls (p < 0.05) (Fig. 4c, Supplementary
Table 1).

Two-way ANOVA revealed an effect of P2X7R antago-
nism (F(j 20y = 6.339, p = 0.0204) and AMPH treatment
(F(1,20) = 16.53, p = 0.0006) on serum adenosine levels (Fig.
4d, Supplementary Table 1). Post hoc analyses showed that
AMPH and co-treatment with BBG and AMPH were able to
increase serum adenosine levels, both in comparison with the
control group (p < 0.001 and p < 0.05 respectively). No sig-
nificant differences were found in serum inosine (Fig. 4e),
xanthine (Fig. 4f), or hypoxanthine (Fig. 4g) levels. Lastly,
for serum acid uric levels, we found an effect of AMPH treat-
ment (F, 15y = 54.03, p < 0.0001) (Fig. 4h, Supplementary
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Fig. 2 Modulatory effects of P2X7R on monoamines response in the the
AMPH-induced model of mania. Effect of chronic i.p. administration of
the non-selective P2X7R antagonist BBG (45 mg/kg, once a day, 7 days)
on the monoamine response, in a mouse model of mania induced by
chronic (2 mg/kg, i.p., once a day, 7 days) AMPH treatment. Tissues were
dissected one hour after the last injection. (a) DOPAC determination in
the hippocampus and (b) striatum. (c) 5-HT determination in the hippo-
campus and (d) striatum. (e) Glutamate determination in the hippocampus

Table 1). Post hoc analyses showed that AMPH and the co-
administration of BBG and AMPH were both able to decrease

and (f) striatum. (g) Correlation between hippocampal DOPAC levels and
total distance traveled (m). Two-way ANOVA followed by Tukey’s mul-
tiple comparison post hoc test: *p < 0.05, *p < 0.01, ***p < 0.001 for
comparisons to saline/saline group. Pearson correlation test. Data
expressed as means £ SEM of eight to nine animals per group. AMPH,
D-amphetamine; BBG, Brilliant Blue G. DOPAC, 3,4-
dihydroxyphenylacetic acid; 5-HT, 5-hidroxitriptamina

serum uric acid levels, in comparison with controls (p < 0.01
and p < 0.001, respectively).
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Effect of P2X7R Antagonism on Immunocontent

There was no statistical difference between groups when total
apoptosis and necrosis were compared, and the range for all
groups was under 15% (data not shown). AMPH treatment
had a significant effect on percentage of cell expressing and
the expression (MFI) of P2X7R (F(;.17) = 14.28, p = 0.0015
and F, 17, = 17.07, p = 0.0007, respectively). Post hoc anal-
ysis demonstrated a decrease in the number of cells expressing
P2X7R (Fig. 5a) as well as a decrease in P2X7R expression in
the hippocampal cell population (MFI) (Fig. 5b).

In addition, we observed an effect of AMPH treatment
on the percentage of cells expressing the neuronal marker
NeuN and total expression (MFI) (F(y 15y = 7.414, 0.014
and F(y 17y = 5.908, p = 0.026, respectively). An interac-
tion between AMPH and P2X7 blockade was also ob-
served in the NeuN MFI analysis (F(y,7) = 9.739, p =
0.006) (Fig. 5d). Post hoc analysis indicated an increase
in the percentage of cells expressing NeuN in the group
that received both BBG and AMPH group, compared with
the BBG group (Fig. 5c¢). Regarding the total expression
(MFI) of NeuN, co-treatment with BBG and AMPH in-
creased the immunocontent in relation to controls (Fig.
5d). Double-staining for NeuN and P2X7R demonstrated
a significant effect of AMPH treatment (F(; 16y = 12.13, p
= 0.003) and a difference between the group that received

[V
o

both BBG and AMPH, compared with the control group
(Fig. Se).

Interestingly, double-staining for P2X7R and the astrocyte
marker, GFAP, demonstrated a significant interaction between
both treatments, BBG and AMPH (F{, ;5= 4.79, p = 0.044),
and an effect for each treatment in comparison with the re-
spective control (£ 15y= 6.50, p =0.022 and F(; 15,=5.22,p
= 0.037, respectively). Post hoc analysis showed increased
double-staining in the co-treated BBG and AMPH group,
compared with the control group (Fig. Sh). We did not find
any significant statistical difference, in any analysis, for the
microglial marker, CD11b (Fig. 5 i, j, k).

Discussion

Firstly, our results corroborate the previously demonstrated
association between the P2X7 receptor and an animal model
of' mania, as shown by the decreased responsiveness to AMPH
in animals in which P2X7R was pharmacologically blocked
(Fig. 6). However, in this study, we were able to further in-
vestigate the mechanisms by which P2X7 receptor antago-
nism mediates behavioral outcomes. We previously demon-
strated that blockade and deletion of P2X7R interferes nega-
tively in the establishment of the animal model of mania [9].
Here, we observed a decrease in hyperlocomotion in animals
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Fig. 3 Analysis of gene expression in total RNA isolated from
hippocampi of mice. Effect of chronic i.p. administration of the non-
selective P2X7R antagonist BBG (45 mg/kg, once a day, 7 days) on gene
expression response, in a mouse model of mania induced by chronic (2
mg/kg, i.p., once a day, 7 days) AMPH treatment. Tissue was dissected
30 min after the last injection. Analysis of the relative expression of (a)
P2rx7, (b) Th, (c) DAT, (d) Entpdl, (e) Entpd3 and (f) NtSe. 3-Actin
expression was used as an internal control for normalization of expression
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levels. Two-way ANOVA followed by Tukey post hoc test: *p < 0.05 for
comparisons to saline/saline group. Data expressed as means + SEM of
five to seven animals per group. AMPH, D-amphetamine; BBG, Brilliant
Blue G; RQ, relative quantification; P2rx7, purinergic receptor P2X7;
TH, tyrosine hydroxylase; DAT, dopamine transporter; Entpdl,
ectonucleoside triphosphate diphosphohydrolase 1; Entpd3,
ectonucleoside triphosphate diphosphohydrolase 3; NtSe, ecto-5'-
nucleotidase
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Fig.4 Measurement of blood serum purine levels (LM) by high-pressure
liquid chromatography (HPLC). Effect of chronic i.p. administration of
the non-selective P2X7R antagonist BBG (45 mg/kg, once a day, 7 days)
on serum purine levels, in a mouse model of mania induced by chronic (2
mg/kg, i.p., once a day, 7 days) AMPH treatment. Trans-cardiac blood
was collected for each mouse 30 min after the last injection. (a) ATP
levels. (b) ADP levels. (c) AMP levels. (d) Adenosine levels. (e)

that were co-treated with BBG and AMPH, compared with
animals treated with AMPH alone, in agreement with previous
results [17, 18]. We chose to use BBG, a non-selective antag-
onist of P2X7R, due to its ability to cross the blood-brain
barrier [25], facilitating peripheral administration. The dose
of 45 mg/kg, via i.p, is widely used and has already been
shown to achieve a brain bioavailability of about 200 nM,
which is within the effective range of BBG for P2X7R antag-
onism [26]. BBG treatment resulted in a partial blockade of
the receptor, observed as decreased locomotor activity com-
pared with the AMPH group; it was not able to revert this
behavior to control levels, as previously reported for the intra-
cerebroventricular administration of the selective antagonist,
A438079 [9]. This is probably due to the ability of BBG to
also antagonize the P2X1, 2, 4 and 5 receptors (Revised in
[11]), which may decrease its action on the P2X7 receptor.
Nevertheless, the use of knockout mice for P2X7R confirmed
the selective participation of P2X7R in the modulation of the
animal model of mania [9]; thus, this BBG working model is
quite effective and useful for understanding the involvement
of the P2X7 receptor in the AMPH-induced mania model.

A key finding of this study was the induction of increased
levels of the dopamine metabolite, DOPAC, by AMPH, and
the prevention of this increase by the P2X7R antagonist in the
hippocampus. The action of AMPH on dopaminergic levels is
already well defined, as well as the increase of this neurotrans-
mitter in episodes of mania in patients [27]; and for this rea-
son, this molecule is used to induce animal models of mania.
High levels of the dopamine metabolite DOPAC in the hippo-
campus of AMPH-treated animals may reflect an earlier do-
pamine peak, which has been rapidly metabolized to DOPAC.
Many studies indicate that the nucleus accumbens-
hippocampus pathway acts on the release of dopamine to

Inosine levels. (c) Xanthine levels. (d) Hypoxanthine levels. (e) Uric acid
levels. Two-way ANOVA followed by Sidak post hoc test: *p < 0.05, *p
< 0.01, ***p < 0.001 for comparisons to saline/saline group. Data
expressed as means + SEM of five to seven animals per group. AMPH,

D-amphetamine; BBG, Brilliant Blue G

locomotor activity [28]. Thus, the AMPH-induced increase
in this pathway in the hippocampus could be responsible for
the hyperlocomotion observed, as confirmed by the positive
correlation between hippocampal DOPAC levels and total dis-
tance traveled. In turn, BBG treatment prevented the increases
in DOPAC levels and hyperlocomotion that were induced by
AMPH, suggesting a possible role for the P2X7 receptor in the
dopaminergic mechanism reflected in the animals’ behavior.
On the other hand, the same profile was not found in the
striatum, in agreement with a previous study reporting an in-
crease in locomotion in euthymic patients after administration
of AMPH, without any increase in dopamine levels in this
structure [29].

We also evaluated serotonin and glutamate levels, which
are also essential neurotransmitters for bipolar disorder
[30]. The pharmacological mania model decreases the
levels of both serotonin and glutamate in both the hippo-
campal and striatum structures. In contrast to the modula-
tion of dopaminergic signaling, treatment with BBG did
not alter this effect. Some evidence has suggested a de-
crease in glutamate levels in patients with bipolar disorder,
as well as a reduction of neuronal integrity in bipolar dis-
order patients (as demonstrated by neuroimaging studies
[31]). However, a study that used chronic administration
of MDMA (3,4-methylenedioxymethamphetamine), a drug
with a similar action to that of AMPH, demonstrated peaks
of dopamine and serotonin in rodents, followed by selec-
tive depletion of serotonergic neurons [32], which could
explain the decrease in the levels of serotonin induced by
the treatment with AMPH observed herein. The results of
the present study indicate that the action of the P2X7R
antagonist in this animal model involved the dopaminergic
and non-serotoninergic or even the glutamatergic system.
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Fig.5 Effect of P2X7R modulation on immunocontent. Effect of chronic
i.p. administration of the non-selective P2X7R antagonist BBG (45
mg/kg, once a day, 7 days) on hippocampal cellular analysis, in a mouse
model of mania induced by chronic (2 mg/kg, i.p., once a day, 7 days)
AMPH treatment. Tissue was dissected 30 min after the last injection.
Hippocampal P2X7R immunocontent represented in (a) (%) and (b) MFI.
Neuronal marker, NeuN immunocontent represented in (c) (%) and (d)
(MFTI) and (e) co-staining of NeuN and P2X7R (%). Astrocyte marker,
GFAP immunocontent represented in (f) (%) and (g) (MFI) and (h) co-

To further investigate the interplay between purinergic and
dopaminergic signaling in the hippocampus of animals, we
evaluated the gene expressions of critical participants of both

@ Springer

staining of GFAP and P2X7R (%). Microglial marker, CD11b
immunocontent represented in (i) (%) and (j) (MFI) and (k) co-staining
of CD11b and P2X7R (%). Two-way ANOVA followed by Sidak post
hoc test: *p < 0.05, *p < 0.01, **p < 0.001 for comparisons to saline/
saline group. Data expressed as means+ SEM of four to seven animals per
group. AMPH, p-amphetamine; BBG, brilliant blue G; GFAP, Glial fibril-
lary acidic protein; %, percentage of positive cells on viable cells; MFI,
mean fluorescence intensity

systems. Interestingly we found increased Entpd3 relative ex-
pression following AMPH treatment, in comparison with the
control, which was prevented by pharmacological P2X7R
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Fig. 6 Scheme of the P2X7 purinergic receptor involvement in the
pathophysiology of mania. In this study, we further demonstrate the
mechanisms by which P2X7 receptor antagonism mediates behavioral
outcomes in a preclinical model of mania. Firstly, we have replicated
that the pharmacological animal model of mania induced by AMPH
treatment leads to increase in DOPAC levels in hippocampus, decrease
in 5-HT and glutamate levels and is able to establish neuroinflammation
and oxidative stress in both hippocampus and striatum '[9]. We also
demonstrated that AMPH leads to increase Entpd3 expression in hippo-
campus and blood adenosine levels. Ultimately those central and
peripheric AMPH effects are reflected in the hyperlocomotion, the main
behavioral outcome considered for the mania-like phenotype.
Interestingly, we have demonstrated that the pharmacological blockade
of P2X7R by BBG, the P2X7R antagonist, prevents the hyperlocomotion
promoted by AMPH. Molecularly, we showed that P2X7R antagonism
prevented the increases in DOPAC and Entp3 levels. Also was able to

blockade. The Entpd3 enzyme is an ectonucleotidase
expressed in multiple regions of the brain, primarily in neuro-
nal cells and can hydrolyze ATP very efficiently [33]. This
action has fundamental importance in the complex microen-
vironment presented by the nervous system, since high levels
of ATP in the extracellular environment can establish neuro-
inflammation [34] and ultimately induce neuronal death [35].

prevent the establishment of neuroinflammation and oxidative stress '[9].
Lastly, we demonstrated that the co-treatment of AMPH and BBG is able
to modulate astrogliosis, what we hypothesize promotes brain repair (in-
cluding neuroinflammation and oxidative stress) and reducing the neuro-
logical impairment induced by AMPH. Also, the co-treatment is able to
increase the expression of Entpdl, an efficient ATP and ADP hydrolyzer,
possibly with the purpose of maintain the brain homeostasis. Altogether,
these P2X7R antagonism effects demonstrates that the blockade of this
receptor interferes negatively in the establishment of this pharmacological
animal model of mania, in the last instance suggesting the P2X7R to be a
promising new molecular target for bipolar disorder. AMPH, b-amphet-
amine; BBG, Brilliant Blue G; P2X7R, Purinergic Receptor P2X7;
Entpdl, ectonucleoside triphosphate diphosphohydrolase 1; Entpd3,
ectonucleoside triphosphate diphosphohydrolase 3, DOPAC, 3,4-
dihydroxyphenylacetic acid; 5-H7, 5-hidroxitriptamina; Glu, glutamate

This could be viewed as a compensatory attempt to reverse the
damage caused by the mania model induced by AMPH, where
increased expression of Entpd3 would augment the hydrolysis
of ATP. It is possible that the co-treatment with BBG
prevented the increase in Entpd3 expression due to its ability
to decrease the inflammatory and excitotoxicity mechanisms
induced by AMPH [9].
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ENTPDI1 protein is also known as CD39 and it is present in
the surface of endothelial cells of central nervous system and
more predominantly in microglial cells [36] hydrolyzing ATP
and ADP at the same proportion [37]. Our results indicate that
the co-treatment of BBG and AMPH is able to increase the
expression of this gene, what could lead to an increase of ATP
and ADP hydrolyzation by microglial cells in order to main-
tain homeostasis and protect brain tissue. However, more
studies are needed in order to confirm our hypothesis. Also,
apparently, the changes in the gene expressions of tyrosine
hydroxylase and the dopamine transporter cannot be ex-
plained by the modulation of dopaminergic signaling, al-
though further studies are needed to define this point.

To understand the ectonucleotidase-mediated pattern of re-
sponse to the mania model, we collected blood from the ani-
mals to evaluate the general purinergic profile at 30 min after
treatment. Interestingly, P2X7R antagonism together with
AMPH treatment increased serum adenosine, a molecule
known to be neuroprotective and anti-inflammatory [38].
Adenosine is also involved in the regulation of important
CNS mechanisms, such as modulation of glutamatergic and
dopaminergic neurotransmission [39] and it was described
being decreased in BD euthymic patients in comparison with
controls [40]. This response, which occurred at the peak of
hyperlocomotion, which mimics an episode, may indicate an
overall compensatory mechanism as an attempt to reverse the
damage caused by the mania model, which (when taken to-
gether with other data) is reflected in the observed behavioral
outcome of the antimanic effect [41]. This different profile of
adenosine levels observed in patients and at the animal model
is probably due the euthymic state versus the mania state,
which clearly leads to different outcomes. It is possible that
blocking P2X7R alone allows accumulation of adenosine
since, once this receptor is blocked, it leads to ATP production
due to impaired of purine degradation. This result may also be
a compensatory attempt to reverse the damage caused by the
AMPH-induced mania model.

In contrast, we demonstrated that AMPH treatment de-
creased uric acid levels. It is well accepted that subjects
with bipolar disorder have higher uric acid levels than
healthy controls; indeed, there is evidence that uric acid
may constitute a biomarker in bipolar disorder [42].
Initially, our results seemed to be in disagreement with
data reported in the literature; however, it is possible that
this difference occurs due to the timepoint of analysis
employed, since our data are collected at the behavioral
peak of the animal model, which is often not possible to
evaluate in studies with patients. Furthermore, following
accumulation of adenosine, uric acid may be reasonably
expected to decrease, since it is the end product of the
purine catabolism [43]. As such, these data support the
hypothesis of a purinergic system imbalance in the animal
model of mania.
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Lastly, in order to identify which hippocampal cellular type
was involved in the neuroprotection against AMPH, we per-
formed cell typing analysis using cellular immunostaining.
P2X7R immunocontent was increased in the animals treated
with the receptor antagonist BBG, which was not maintained
when animals were co-treated with BBG and AMPH.
Antagonist-induced receptor expression been previously dem-
onstrated in the literature [44], leading to hypotheses of a
possible “inverse agonism” [45]. However, we suggest that
our results demonstrate a compensatory response to seven
consecutive days of receptor antagonism; the neuronal mark-
er, NeuN, was increased only in the hippocampus of animals
co-treated with the P2X7R antagonist and AMPH. We also
found an increase in NeuN and P2X7R co-staining in the same
group, compared with the BBG group. P2X7R neuronal ex-
pression and activation have been widely associated with neu-
rotoxicity and neuronal damage [46], although this receptor
has also been considered to display dual function in both cell
death and cell growth/proliferation [47]; however, it is not
known how the same receptor mediates these opposing effects
[48]. Since our results did not demonstrate significant cell
death in any of the treatment groups, we suggest that these
results suggest a potential neuroprotective effect of P2X7R
antagonism (reviewed by [49]).

Interestingly, we found a significant increase in double-
staining for GFAP and P2X7R in the group that was co-
treated with BBG and AMPH, compared with all other
groups. Astrogliosis is known to handle brain stress and re-
store homeostasis by limiting tissue damage [50]. In other
words, astrogliosis plays a critical role in neuroprotection
when neural tissue is damaged [51]. Chronic administration
of AMPH has been previously shown to increase GFAP levels
in the rat hippocampus, but the density of astrocytes is con-
comitantly reduced in bipolar disorder, suggesting a deficient
astroglial function, which constitutes a negative prognosis for
episodes and pathological evolution (reviewed by [52]).
Overall, our results suggest that P2X7R antagonism in the
AMPH model could modulate astrogliosis, potentially pro-
moting brain repair and reducing the neurological impairment
induced by AMPH.

Some limitations of this study should be considered.
Although there is a demand for better animal models in
psychiatry [53], the most well-established animal model
of mania is the administration of AMPH in both mice and
rats, to simulate the increase in dopamine levels in patients
during manic episodes [27]. The construct and predictive
validities of the model have been proven, correlating find-
ings in animals with clinical data and biochemistry ob-
served in patients [54]. Our sample size was small for some
specific experiments, and this may have limited our power
to detect a significant result in this particular groups. Also,
we have used isoflurane as the euthanasia method and this
anesthetic is known to either open the blood-brain barrier
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[55] and increase adenosine levels [56]; however, since all
the mice from all groups had the same exposition to this
drug, we do not correlate our results to this event, even
because increased adenosine levels were only observed in
AMPH group, demonstrating a clear separated effect.
Furthermore, we were unable to establish the specific
mechanisms mediating the participation of P2X7R in the
dopaminergic response induced by AMPH or the
astrogliosis induced by co-treatment with BBG and
AMPH. As such, our results suggest some pathways of
relevance, but more studies are needed to characterize the
involvement of P2X7R in the dopaminergic response in-
duced by AMPH and the mechanism of astrogliosis.

In conclusion, our results add new information that
supports the hypothesis that the P2X7R plays a role in
the pathophysiology of mania, being important for the
establishment of the pharmacological animal model of
mania by potentially mediate the dopaminergic pathway,
astrogliosis and important purinergic mediators. Finally,
this study suggests the P2X7R to be a promising new
molecular target for bipolar disorder.
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