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Original Research Article 
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A B S T R A C T   

Alzheimer’s disease is the most common form of dementia characterized by intracellular aggregates of hyper-
phosphorylated Tau protein and extracellular accumulation of amyloid β (Aβ) peptides. We previously demon-
strated that the purinergic receptor P2X7 (P2X7) plays a major role in Aβ-mediated neurodegeneration but the 
relationship between P2X7 and Tau remained overlooked. Such a link was supported by cortical upregulation of 
P2X7 in patients with various type of frontotemporal lobar degeneration, including mutation in the Tau-coding 
gene, MAPT, as well as in the brain of a Tauopathy mouse model (THY-Tau22). Subsequent phenotype analysis of 
P2X7-deficient Tau mice revealed the instrumental impact of this purinergic receptor. Indeed, while P2X7- 
deficiency had a moderate effect on Tau pathology itself, we observed a significant reduction of microglia 
activation and of Tau-related inflammatory mediators, particularly CCL4. Importantly, P2X7 deletion ultimately 
rescued synaptic plasticity and memory impairments of Tau mice. Altogether, the present data support a 
contributory role of P2X7 dysregulation on processes governing Tau-induced brain anomalies. Due to the 
convergent role of P2X7 blockade in both Aβ and Tau background, P2X7 inhibitors might prove to be ideal 
candidate drugs to curb the devastating cognitive decline in Alzheimer’s disease and Tauopathies.   

1. Introduction 

Tauopathies are a large group of neurodegenerative diseases char-
acterized by intracellular aggregates of pathological Tau proteins in the 
central nervous system (Lebouvier et al., 2017). Alzheimer’s disease is 
the most common Tauopathy, characterized by both neuronal accu-
mulations of hyperphosphorylated and aggregated Tau proteins into 
neurofibrillary tangles and extracellular aggregation of amyloid β (Aβ) 
peptides into senile plaques. In Alzheimer’s disease, the progression of 
Tau pathology from entorhinal cortex, hippocampus, and finally 

neocortex corresponds to the progression of clinical symptoms (Brier 
et al., 2016; Duyckaerts et al., 1997; Grober et al., 1999), suggesting a 
central role in the cognitive decline. However, pathways underlying Tau 
pathology-induced cognitive deficits remain ill-defined. Genetic and 
experimental studies highlighted the significant contribution of immune 
mechanisms to synaptic and cognitive deficits in Alzheimer’s disease 
and Tauopathies (Ising et al., 2019; Laurent et al., 2016; Laurent et al., 
2017; Leyns and Holtzman, 2017; Zotova et al., 2013). 

The purinergic receptor P2X7 (P2X7) is a nonselective cationic 
channel – responding to high amounts of ATP released by damaged or 
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activated cells – that has been extensively characterized in the immune 
system, where it plays major role in the release of pro-inflammatory 
cytokines, notably IL-1β (Di Virgilio et al., 2017; Ferrari et al., 2006; 
Solle et al., 2001). In the nervous system, the functions of P2X7 remain 
however unclear. P2X7 expression was mainly reported in glial cells 
while neuronal expression remains debated (Kaczmarek-Hajek et al., 
2018). In neurological diseases, P2X7 functions may change depending 

on the physiopathological context, exerting either protective or detri-
mental roles (Kanellopoulos and Delarasse, 2019; Sperlagh and Illes, 
2014). We and others reported a marked upregulation of P2X7 in the 
brain of Alzheimer’s disease patients, notably in microglia and astro-
cytes surrounding amyloid plaques (Martin et al., 2019; McLarnon et al., 
2006). In a transgenic amyloid mouse model of Alzheimer’s disease, we 
noticeably showed that P2X7 is involved in Aβ-induced chemokines 

Fig. 1. Increased levels of P2X7 in the brain of patients with Tauopathy and Tau transgenic mice. (A) Representative images of brain sections from non-demented 
human controls (left column) and FTLD-Tau patients (right column) stained with an anti-P2X7 antibody (upper row) or anti-pTau (AT8) antibody (bottom row). Scale 
bar: 100 μm. (B) Corresponding quantification of P2X7 staining in the gray matter from non-demented human controls (n = 4) and FTLD patients (n = 5). Mann 
Whitney test. *P < 0.05. (C). Representative image of brain sections from FTLD-Tau patients, double immunostained with anti-P2X7R (red) and anti-pTau (clo-
neAT100, green) (D) Quantification of P2X7 mRNA in the brain of non-demented human controls (n = 10), CBD (n = 5), PSP (n = 10) and Pick’s disease (n = 5) 
patients. One-way ANOVA followed by Kruskal–Wallis post hoc test. *P < 0.05 vs controls. (E). Quantification of P2x7 mRNA in the hippocampus of 3- and 9-month- 
old wild-type (n = 5) and Tau mice (n = 5–6/group). One-way ANOVA followed by Kruskal–Wallis post hoc test. *P < 0.05 vs controls. (F) Representative images 
(overview and magnification) of brain sections from FTLD-Tau patients, immunostained with anti-P2X7R (red) and either (left panel) anti-HuD (neuron marker, 
green) and (right panel) anti-Iba1 (microglial marker, green), or (middle panel) anti-GFAP (astrocyte marker, green) antibodies. Scale bar: 20 μm. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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release with its deletion mitigating both brain lesions and cognitive 
deficits (Martin et al., 2019). In sharp contrast, the link between P2X7 
and Tau remains largely ill-defined. 

In the present study, we first demonstrated an increased expression 
of P2X7 in the cortex of human patients with primary Tauopathies 
including frontotemporal lobar degeneration (FTLD) with P301L mu-
tation in the Tau-coding gene, microtubule associated protein Tau 
(MAPT), (FTLD-Tau) as well as in the THY-Tau22 (Tau) mouse model of 
Tauopathy which develop progressive hippocampal Tauopathy associ-
ated with cognitive deficits (Schindowski et al., 2006; Van der Jeugd 
et al., 2013). We further demonstrated that while P2X7-deficiency had a 
moderate effect on Tau phosphorylation, it improved neuro-
inflammatory response by reducing microglia activation and related 
inflammatory markers. Importantly, P2X7 deletion in Tau mice 
improved long-term synaptic plasticity and hippocampal-dependent 
spatial memory supporting that targeting the druggable P2X7 is an 
attractive strategy to improve Tau-induced cognitive deficits in Alz-
heimer’s disease and Tauopathies. 

2. Results 

2.1. Patients with Tauopathies and Tau transgenic mice show elevated 
P2X7 brain expression 

We have previously shown that P2X7 is upregulated in the brain of 
Alzheimer’s disease patients as well as in the APPPS1 transgenic mouse 
model of amyloidogenesis (Martin et al., 2019). To get further insights 
into a potential relationship between P2X7 and Tau pathology devel-
opment, we analyzed brain tissues from patients with various primary 
Tauopathies, as well as from a Tau transgenic mouse model, the 
THY-Tau22 strain (Schindowski et al., 2006). Using immunohisto-
chemistry, we observed significantly higher density of P2X7 in the 
temporal cortex of patients with FTLD-Tau (+1073 ± 507%, p = 0.016 vs 
controls) as compared to age-matched non-demented human controls 
(0.10 ± 0.04% of tissue stained) (Fig. 1A and B). P2X7 and pTau 
co-labelling showed expression of P2X7 in brain area actually encom-
passing neurofibrillary degeneration (Fig. 1C). Additionally, we evalu-
ated P2X7 mRNA levels in the prefrontal cortex for the other 
Tauopathies, namely corticobasal degeneration (CBD), progressive 
supranuclear palsy (PSP) and Pick’s disease, through quantitative PCR. 
We observed a significant increase in P2X7 mRNA levels in both PSP 
(+87.8 ± 29.8%; p = 0.015 vs controls) and Pick’s disease 
(+100.3 ± 44.5%; p = 0.015 vs controls) as compared to age-matched 
controls (Fig. 1D). In order to find a suitable preclinical model to 
study the relationship between P2X7 and Tau, we also evaluated P2X7 
mRNA expression in the THY-Tau22 mice, at the ages of 3 and 9 months, 
when animals display minimal and overt pathological alterations 
respectively (Van der Jeugd et al., 2013). Interestingly, we observed a 
significant increase of P2X7 expression in the hippocampus of 9-month--
old Tau mice (+70.5 ± 20.7%; p = 0.0005 vs WT 9-month-old mice, 
Fig. 1E), at a time point hippocampal Tau pathology is largely developed 
and impacts memory performance (Laurent et al., 2016; Schindowski 
et al., 2006; Van der Jeugd et al., 2013). Using the RNAscope ISH 
technique, we also compared the level of P2x7 mRNA in the cortex and 
in the hippocampus of WT vs Tau mice. We found a higher P2x7 mRNA 
expression in the hippocampus of Tau mice where the pathology mainly 
develops (WT: 4.2 ± 0.2 dots/cell, n = 21; Tau: 4.9 ± 0.2 dots/cell, 
n = 45; P < 0.05) while no significant difference was found in the cortex 
exhibiting much less pathology in this mouse model (Fig. S1A–C). In 
agreement, we observed, using Western Blot, a significant rise of P2X7 
protein level in the hippocampus of Tau mice (+102.9 ± 29.1%; 
p = 0.03 vs WT mice, Fig. S1D and E). Finally, to identify the cell type 
upregulating P2X7, we performed co-immunolabelling in brain tissues 
from patients with FTLD-Tau using antibodies raised against neurons 
(HuD), astrocytes (GFAP) and microglia (Iba1) (Fig. 1F). The increased 
P2X7 immunoreactivity appeared to be limited to glial cells, i.e. 

astrocytes and microglia. Overall, our results support that P2X7 
expression levels correlates with Tau pathology development in the 
brain of patients with Tauopathy as well as in a Tau transgenic mouse 
model. 

2.2. Consequences of P2X7 deletion on Tau pathology development 

To investigate the impact of P2X7 pathological upregulation towards 
the development of Tau pathology, associated neuroinflammation and 
memory deficits, we next generated Tau mice deleted for P2X7 
(TauP2x7− /− ). In order to determine the effect of P2X7-deficiency to-
wards the development of hippocampal Tau hyperphosphorylation and 
aggregation, we performed immunohistochemical and biochemical 
analysis. We first evaluated Tau misconformation using MC1 immuno-
labelling and found no significant difference between Tau and 
TauP2x7− /− mice (Fig. 2A and B). Tau bears more than 80 phosphory-
lation sites (Sergeant et al., 2008). Providing that higher phosphoryla-
tion leads to the shift of Tau to the acidic range, 2D Tau electrophoresis 
allows a global overview of the distribution of Tau proteins according to 
their isoelectric points. We therefore performed a 2D gel electrophoresis 
analysis to evaluate global charge changes of human Tau protein in the 
hippocampus of Tau mice expressing or not P2X7 and we observed a 
slight decrease of Tau species in the acidic pH range while basic species 
are more present in TauP2x7− /− compared to TauP2x7+/+ mice 
(Fig. 2C), suggestive of a reduced phosphorylation. Using 1D electro-
phoresis and Western blot, we observed a reduction of phosphorylation 
at Ser262 in TauP2x7− /− mice (− 33.4 ± 6.5%; P = 0.0072 vs 
TauP2x7+/+; Fig. 2D and E). However, we could not detect changes at 
other phospho-epitopes including Thr181, Ser199, Ser396 and Ser404 
nor changes in Tau total expression. In addition, to study the impact of 
the P2X7 knockout on Tau aggregation, biochemical fractionation was 
performed and sarkosyl-soluble/insoluble fractions analyzed. The 
amount of sarkosyl-insoluble Tau remained similar in TauP2x7+/+ and 
TauP2x7− /− mice (Fig. S2A and B). In line with MC1 immunostaining, 
pathological phosphorylation at Thr212/Ser214 and Ser422, detected 
using the AT100 and Ser422 antibodies, remained unaffected in 
TauP2x7− /− mice. Therefore, P2X7 deficiency slightly modified Tau 
phosphorylation in the hippocampus of Tau transgenic mice. 

2.3. P2X7 deficiency reduces Tau-dependent hippocampal 
neuroinflammation 

Tau mice progressively develop hippocampal neuroinflammation 
correlated with Tau pathology development (Ising et al., 2019; Laurent 
et al., 2017), in a similar manner to what is observed in the brain of 
Alzheimer’s disease patients (Ismail et al., 2020; Zotova et al., 2013). 
This inflammatory response is characterized by activation of astrocytes 
and microglia, release of pro-inflammatory cytokines and chemokines, 
and lymphocyte – but not monocyte-infiltration (Carvalho et al., 2019; 
Laurent et al., 2017). Since P2X7 has been tightly linked to immune 
response (Di Virgilio et al., 2017), we next determined the impact of 
P2X7 deficiency towards Tau-induced neuroinflammation (Fig. 3). We 
evaluated the hippocampal mRNA levels of several inflammatory 
markers known to be associated with Tau pathology in Tau mice (Lau-
rent et al., 2016; Laurent et al., 2017). As expected, we found elevated 
mRNA levels of markers of innate immunity (Cd68, Clec7a, Itgax, Tlr2 
and Tlr4), astrocytes (Gfap) and proinflammatory chemokines (Ccl3 and 
Ccl4) in TauP2x7+/+ mice as compared with P2x7+/+ mice. Strikingly, 
we were able to show significantly lower levels of microglia-related 
markers in TauP2x7− /− mice, namely Cd68 (− 58.5 ± 10.5%; 
P = 0.019 vs TauP2x7+/+), Tlr2 (− 108.9 ± 27.1%; P < 0.0001 vs 
TauP2x7+/+), Tlr4 (− 44.8 ± 14.6%; P = 0.003 vs TauP2x7+/+) and Ccl4 
(− 97.2 ± 22.9%; P = 0.045 vs TauP2x7+/+), suggesting a reduction of 
Tau-mediated microglia reactivity (Fig. 3A). To gain additional insights, 
we further evaluated microglial (Iba1) and astroglial (GFAP) immuno-
reactivities (Fig. 3B and C). Paralleling mRNA experiments showing 
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reduced glial and immune cells markers after P2x7 invalidation, 
TauP2x7− /− mice also displayed decreased Iba1-staining in the hippo-
campus (− 24.5 ± 6.8%, P = 0.027 vs TauP2x7+/+) while GFAP 
remained unaltered. In addition, we determined the number of micro-
glia and the volume occupied by these cells in the hippocampus. We 
found that the number of Iba1+ cells remained similar between 
TauP2x7+/+ (329.3 ± 9.6) and TauP2x7− /− mice (350.9 ± 15.5) while 
the volume covered by microglia is higher in TauP2x7− /− mice 
(+26.4 ± 9.2%, P = 0.035 vs TauP2x7+/+) (Fig. 3D) suggestive of a 
reduced activation. Altogether, these results showed that 
P2X7-deficiency mitigated microglial activation in Tau pathology, a 
critical aspect of Tau-mediated neurodegeneration (Carvalho et al., 
2019). 

2.4. Role of P2X7-dependent CCL4 release in Tau pathology 

Based on our observation that TauP2x7− /− expressed a lower level of 
Ccl4 compared to TauP2x7+/+ mice and given that CCL4 was one of the 
most highly upregulated chemokines in the hippocampus of Tau mice 
(Laurent et al., 2017), in the cortex of AD patients and amyloid models 
(Kanellopoulos and Delarasse, 2019), we next investigated whether 
changes in CCL4 pathway impact Tau pathology in Tau mice. First, to 
further address the specific role of P2X7 in CCL4 production, we used 
primary microglial cell cultures from P2x7+/+and P2x7− /− mice, stim-
ulated (or not) with the P2X7 agonists, ATP and benzoyl-ATP (Bz-ATP) 
and analyzed their CCL4 release by ELISA. In line with our in vivo results, 
the levels of CCL4 were significantly lower in the supernatants of 

Fig. 2. P2X7-deficiency has no major effect on hippocampal Tau phosphorylation in Tau mice. (A) Representative images (overview in left panels; areas delimited by 
black insets are magnified in right panels) of brain sections stained with anti-conformational Tau antibody (MC1) in the hippocampus of 8-month-old TauP2x7+/+

and TauP2x7− /− mice. (Left panels) Magnifications of areas indicated with black rectangles. Scale bar: 500 μm. (B) Corresponding quantification of MC1 staining in 
the hippocampus of 8-month-old TauP2x7+/+ (n = 9) and TauP2x7− /− (n = 7) mice. Mann Whitney test. (C) Representative 2D profile of total human Tau (C-ter 
antibody) in TauP2x7+/+ and TauP2x7− /− mice, showing a reduced amount of acidic Tau species and an increase of basic ones in TauP2x7− /− mice (arrows; Total 
Tau C-ter antibody), suggestive of a reduced phosphorylation. pI (Isoelectric point). (D, E) Representative western blots and quantification of Tau phosphorylation on 
Thr181, Ser199, Ser212/Thr214, Ser262, Ser396, Ser404 and Ser422 epitopes in TauP2x7+/+ and TauP2x7− /− mice (n = 4–9 per group). Results are expressed as a 
percentage of measures obtained in TauP2x7+/+ mice. Student’s t-test. **P < 0.01. 
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microglial cell cultures from P2x7− /− mice (ATP: 275 ± 48 pg/mL, 
P = 0.003 vs P2x7+/+; Bz-ATP: 205 ± 6 pg/mL, P = 0.04 vs P2x7+/+; 
Fig. 4A), compared to those from P2x7+/+ mice (ATP: 724 ± 70 pg/mL; 
Bz-ATP: 370 ± 72 pg/mL; Fig. 4A) indicating the involvement of P2X7 in 
CCL4 release. Moreover, we addressed, in vivo, the role of CCL4 through 
inhibition of its receptor CCR5 using the potent and selective antagonist 
maraviroc that crosses the blood–brain barrier (Boffito and Abel, 2008). 
Since maraviroc does not bind to murine CCR5 (Saita et al., 2007), we 
used CCR5 knock-in mice expressing human CCR5 (hCCR5ki) crossed 
with Thy-Tau22 mice. Maraviroc was then administered daily in 
6-months-old hCCR5kiTau mice for 2 months when the Tau pathology is 
already present and still ongoing. The dose of maraviroc administrated 
to the mice correspond to the high range of the human equivalent dose 
(975 mg daily for a person of 60 kg) (Nair and Jacob, 2016). Interest-
ingly, we could observe that inhibition of CCR5 with maraviroc reduced 
Tau phosphorylation at pSer404 and pSer422 in hCCR5kiTau treated 
with maraviroc (− 29.0 ± 2.7%; P = 0.014 and − 33.4 ± 10.3%; 
P = 0.04) compared to hCCR5kiTau treated with placebo (Fig. 4B and 
C). These results suggest that P2X7-dependent CCL4 release may 
contribute in part to Tau pathology. 

2.5. P2X7-deficiency rescues cognitive impairment and synaptic 
dysfunction in Tau mice 

We finally investigated whether P2X7-deficiency affects cognitive 
impairments observed in Tau mice (Van der Jeugd et al., 2013). First, we 
examined long-term spatial memory using the Morris water maze test. 
During the training sessions, all mice showed a decrease in the corrected 
integrated path length over time (P < 0.001 for training sessions and no 
effect of genotype), indicating similar spatial learning abilities between 
groups (Fig. 5A). Motor function, measured by the velocity of mice 
across all days, was similar in all groups (Fig. 5B). We next performed a 
memory probe test. P2x7+/+ and P2x7− /− mice exhibited a significant 
preference for the target quadrant over the non-target quadrants 
(P = 0.001 and P = 0.001 respectively) underlining correct memory for 
the platform location. As expected, TauP2x7+/+ mice equally explored 
all quadrants of the pool (P = 0.18), with no spatial preference, indi-
cating major spatial memory alteration. Importantly, TauP2x7− /− mice 
spent more time in the target quadrant as compared with the other 
quadrants (P = 0.002), emphasizing that P2X7-deficiency prevented 
memory impairments of Tau mice (Fig. 5C). 

We next asked whether improved spatial memory is underlined with 
changes in hippocampal synaptic plasticity. To address this question, we 
used ex-vivo electrophysiology in the hippocampus of P2x7+/+, P2x7− / 

Fig. 3. P2X7-deficiency reduces Tau-related neuroinflammation in Tau mice. (A) qPCR analysis of glial and immune cells markers (Cd68, Gfap, Clec7a, Itgax, Cd3), 
Toll-like receptors (TLR2 and TLR4) and chemokines (Ccl3, Ccl4 and Ccl5) in the hippocampus of 8-month-old P2x7+/+ (n = 7–8), P2x7− /− (n = 5–6), TauP2x7+/+

(n = 4), and TauP2x7− /− (n = 8–9) mice. One-Way ANOVA followed by a post-hoc Fisher’s LSD test. *P < 0.05, **P < 0.01, ***P < 0.001 vs P2x7+/+ and #P < 0.05, 
##P < 0.01, ###P < 0.001 vs TauP2x7+/+ (B, C) Representative images and quantification of brain slices stained with anti-Iba1 or anti-GFAP in the hippocampus of 
8-month-old TauP2x7+/+ (n = 5–6) and TauP2x7− /− (n = 6–7) mice. Scale bar: 50 μm. (D) Quantification of Iba1+ positive cells and of the area covered by Iba1+

cells in the hippocampus of TauP2x7+/+ (n = 10) and TauP2x7− /− (n = 7) mice. Mann Whitney test. *P < 0.05. (Below) Representative images of 3D volume of 
hippocampal microglia from TauP2x7+/+ and TauP2x7− /− mice. 
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− , TauP2x7+/+ and TauP2x7− /− mice. Basal synaptic transmission was 
evaluated by measures of Input/Output (I/O) curves and of Paired-Pulse 
Facilitation (PPF). I/O curves were constructed to assess the respon-
siveness of the AMPAR subtype of glutamate receptors to electrical 
stimulation in the different groups of mice. They were not statistically 
different in the three groups (Fig. 5D). In addition, the PPF ratio were 
comparable in the groups, indicating that there was no change in the 
probability of glutamate release (Fig. 5E). Long-term potentiation (LTP) 
induced by theta-burst stimulation was impaired in acute brain slices 
obtained from TauP2x7+/+ mice (120.0 ± 7.7%; P = 0.015) as compared 
with slices from age-matched P2x7+/+ mice littermates (149.5 ± 7.2%) 
(Fig. 5F and G). In contrast, a robust LTP was induced in slices from 
P2x7− /− and TauP2x7− /− mice with persistent potentiation 
(131.6 ± 3.1%; P = 0.07 and 141.1 ± 6.0%; P = 0.47) to a level similar 
than control mice (Fig. 5F and G). We also compared long-term 
depression (LTD) induced by low frequency stimulation in slices from 
TauP2x7+/+ and TauP2x7− /− mice. Slices from TauP2x7+/+ mice were 
found unable to maintain LTD (91.4 ± 3.1% of the baseline) while slices 
from TauP2x7− /− mice developed a robust LTD (75.2 ± 4.2%; P = 0.009 
(Fig. S3). 

3. Discussion 

In the present study, we investigated the pathophysiological role of 
P2X7 in a transgenic mouse model of Tauopathy. We first found an 
increased expression of P2X7 in the brain of FTLD-Tau patients. We also 
found increased P2X7 levels in others Tauopathies, PSP and Pick’s dis-
ease as well as in the hippocampus of transgenic mice developing a 

Tauopathy supporting a link between Tau pathology and P2X7. P2X7 
deficiency mildly affected Tau phosphorylation itself but significantly 
mitigated Tau-related microglial response resulting in the restoration of 
long term synaptic plasticity and spatial memory. 

P2X7 is a highly regulated protein and its expression is dependent on 
external stimuli. P2X7 is globally upregulated in neurological diseases 
(Kanellopoulos and Delarasse, 2019; Martin et al., 2017; Sperlagh and 
Illes, 2014) as we observed in the brain of FTLD-Tau patients but it may 
play different roles in neurodegeneration depending on underlying 
pathological mechanisms. Thus, we analyzed the mechanism underlying 
the effects of P2X7 deficiency in Tau mice. In this work, we could 
demonstrate that P2X7 deletion reduced Tau-induced inflammation in 
the hippocampus of these mice. We previously reported that, in Tau 
mice, hippocampal Tau pathology is associated with the development of 
a neuroinflammatory signature characterized by both astrocytic and 
microglial response, as reported in other Tau models (Laurent et al., 
2018; Laurent et al., 2017). We showed that P2X7 deficiency in Tau mice 
mostly affected microglia with decreased of Iba1 load and modulation of 
microglia-related genes upregulated in Tau mice (Cd68, Tlr2, Tlr4 and 
Ccl4) (Fig. 3). These results are consistent with the predominant 
expression of P2X7 in microglial cells (Kaczmarek-Hajek et al., 2018) 
and in agreement with findings in an another Tau model, P301S Tau 
mice, where treatment with the P2X7 antagonist GSK1482160 reduced 
Tau pathology via modulation of microglial function (Ruan et al., 2020). 
Interestingly, whereas in this study P2X7 inhibition also improves hip-
pocampal memory impairments, the effect has been associated with a 
reduced secretion of Tau-containing exosomes while no reduction of 
microglia activation was found (Ruan et al., 2020). These differences 

Fig. 4. Effect of pharmacological inhibition of CCR5 on Tau phosphorylation. (A) ELISA results show CCL4 release in primary cultures of microglia from P2x7+/+and 
P2x7− /− mice. Cells were stimulated for 4 h with Bz-ATP (300 μM), or with ATP (1 mM). Student’s t-test. *P < 0.05, **P < 0.01. Data are representative of two 
independent experiments. (B, C) Representative western blots and quantification of Tau phosphorylation on Ser199, Thr212/Ser214, Ser262, Ser396, Ser404 and 
Ser422 epitopes, as well as dephosphorylated Tau in 8-month-old hCCR5kiTau/Placebo and hCCR5kiTau/Maraviroc mice (n = 8 per group). Results are expressed as 
a percentage of Placebo. Student’s t-test. **P < 0.01. 
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could be explained by the different phenotypes/time course of the Tau 
models studied (P301S Tau and THY-Tau22 mice) and the different 
approaches used to inhibit P2X7. 

In Tau mice, Tau pathology development is particularly associated 
with a progressive upregulation of various microglial inflammatory 
mediators notably chemokines, complement C1q as well as NLRP3 
inflammasome (Carvalho et al., 2019; Ising et al., 2019; Laurent et al., 
2017). P2X7-expressing microglia was shown to be involved in patho-
logical processes in several model of neurodegenerative disease via 
regulation of NLRP3 inflammasome leading to IL-1β secretion (Hu et al., 
2015; Kanellopoulos and Delarasse, 2019). In Tau mice, loss of Asc or 
Nlrp3 decreases Tau pathology and prevents cognitive decline (Ising 
et al., 2019). However, in TauP2x7− /− mice, we did not observe sig-
nificant changes in the levels of each component of the Nlrp3 complex 
(Asc, Nlrp3, Caspase1 & Il-1β) compared to TauP2x7+/+ mice (Fig. S4). 
Similarly, in our previous study, we did not see/highlight any effect of 
P2X7-deficiency in IL1β release in amyloid mouse model while knockout 
of Asc or Nlrp3 ameliorated amyloid plaque pathology (Heneka et al., 
2013; Martin et al., 2019). Microglia are resident macrophages of the 
brain with similar activation states. Interestingly, studies by the group of 
Pelegrin and Surprenant (Pelegrin and Surprenant, 2009) showed that 
P2X7-downstream signaling depends on the activation state of macro-
phages. P2X7 induced release of IL-1β from LPS + IFNγ polarized 
macrophages but not from IL-4-polarized (Pelegrin and Surprenant, 
2009). This illustrates clearly that depending on the activation/polari-
zation state of macrophages or microglia, P2X7 activates various 
signaling pathways (de Torre-Minguela et al., 2016). Overall, synaptic 
and memory improvements found in TauP2x7− /− mice might be 
therefore unrelated to NLRP3-dependent regulation in Tau mice. In the 
same line, while microglia-released C1q has been suggested to mediate 

Tau-dependent synaptic loss and subsequent memory alterations (Car-
valho et al., 2019; Dejanovic et al., 2018), we could not evidence any 
change in C1q expression in our experiments (data not shown). 

Another P2X7-dependent inflammatory process that could be 
involved in Tau-induced memory impairments is chemokine release. In 
an amyloid model of Alzheimer’s disease, we have shown that P2X7- 
deficiency affects the release of chemokines CCL3, CCL4, and CCL5 
and decrease the recruitment of pathogenic T-cells (Martin et al., 2019). 
In Tau mice, CCL4 is one of the most highly upregulated chemokines in 
the hippocampus of Tau mice whose level is tightly correlated to the 
development of Tau pathology and cognitive deficits (Laurent et al., 
2017). CCL4 upregulation has also been described in the cortex of Alz-
heimer’s disease patients and amyloid models (Kanellopoulos and 
Delarasse, 2019). Interestingly, we found that TauP2x7− /− mice 
demonstrated reduced CCL4 expression and maraviroc, a competitive 
antagonist of the CCL4 receptor, reduced Tau pathology supporting that 
the reduced Tau hyperphosphorylation seen in TauP2x7− /− mice could 
be, at least in part, ascribed to the reduction of CCL4. 

Our data suggest that the primary impact of P2X7 deletion stands at 
microglial cell level with subsequent neuronal modulation attested by 
change in phosphorylation of Tau, selectively expressed by neurons in 
THY-Tau22 mice as well as by improvement of plasticity and spatial 
memory abilities. In support of this interpretation, in Tau mice, modu-
lation of Tau-induced microglial inflammation was likely associated to 
the development of synaptic disturbances and memory impairments 
(Carvalho et al., 2019; Ising et al., 2019; Laurent et al., 2016; Laurent 
et al., 2017). Moreover, this view is in accordance with recent data 
obtained in a mouse model of Rett syndrome, a neurodevelopmental 
disorder, where P2X7-deficiency improves both synaptic and behavioral 
deficits via reduction of inflammatory cells in the cortex (Garre et al., 

Fig. 5. P2X7-deficiency rescues memory impairments and LTP deficits in Tau mice. (A) Analysis of learning performances in the Morris water maze, assessed with 
the mean corrected integrated path length taken to reach the hidden platform by 8-month-old P2x7+/+ (n = 11), P2x7− /− (n = 10), TauP2x7+/+ (n = 11), and 
TauP2x7− /− (n = 11) mice. Two-way ANOVA with training session and genotype as the principal factors. (B) Velocity of mice in the Morris water maze across all 
days. One-way ANOVA followed by Kruskal–Wallis post hoc test. (C) Percentage of time spent exploring the target quadrant (TQ) where the platform was previously 
located vs the non-target quadrants (NT) during the memory probe test. P2x7+/+ (n = 11), P2x7− /− (n = 10), TauP2x7+/+ (n = 12), and TauP2x7− /− (n = 11) mice. t- 
test. **P < 0.01: difference between T and NT. (D) Mean fEPSP/Afferent Volley slope ratio of synaptic responses plotted against current intensity in 12-month-old 
P2x7+/+ mice (n = 28), P2x7− /− (n = 15), TauP2x7+/+ mice (n = 17) and TauP2x7− /− mice (n = 25). Two-way ANOVA with intensity and genotype as the principal 
factors. (E) Paired-pulse facilitation (PPF) ratio of synaptic transmission in P2x7+/+ mice (n = 31), P2x7− /− (n = 27), TauP2x7+/+ mice (n = 25) and TauP2x7− /−

mice (n = 33). One-way ANOVA followed by Kruskal–Wallis post hoc. Above: representative recording of a PPF in P2x7+/+ mouse. (F, G) Long-term potentiation 
(LTP) during 60 min after application of a theta-burst stimulation. Quantification of the percentage of variation of the fEPSP slope during the LTP maintenance phase, 
in the last 10 min, in P2x7+/+ mice (n = 14), P2x7− /− (n = 14), TauP2x7+/+ mice (n = 11) and TauP2x7− /− mice (n = 13). One-way ANOVA followed by Krus-
kal–Wallis post hoc. *P < 0.05 vs P2x7+/+ mice. 
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2020). Replacement of the bone-marrow with one from P2X7-deficient 
mice show that this effect was mainly mediated by the infiltration of 
macrophages expressing P2X7 and not by yolk-sac derived microglial 
cells. This is unlikely the case in the present study since, we previously 
demonstrated the lack of macrophage infiltration in Tau mice and thus 
the observed effects were mostly related to resident microglia (Laurent 
et al., 2017). 

Microglia plays an essential role in brain development and CNS ho-
meostasis by maintaining the proper function of the neuronal networks 
(Kierdorf and Prinz, 2017; Salter and Beggs, 2014). Several works 
showed a direct implication of microglia on synaptic plasticity and 
memory in the hippocampus. Pro-inflammatory cytokines released by 
microglia such as IL-1β, IL-6 and TNFα were shown to impair LTP (Jones 
and Lynch, 2015) and LPS-induced pro-inflammatory cytokines 
expression in the hippocampus affects hippocampal-dependent spatial 
memory in old mice (Chen et al., 2008). Mice-deficient for CX3CR1, 
which is exclusively expressed by microglial cells in the CNS, exhibit 
impairments in LTP and memory deficits as assessed by Morris water 
maze (Rogers et al., 2011). Also, conditional deletion of the microglial 
IL-33 receptor leads to impaired synaptic plasticity and decreased 
memory precision (Nguyen et al., 2020). Among actors controlling 
neuro-glial crosstalk that can control plasticity in health and disease, 
increasing evidence point to purinergic receptors (Salter and Beggs, 
2014). For instance, the purinergic microglial receptors P2Y12 were 
recently showed to be essential for the maintenance of microglia–neuron 
somatic junctions under physiological conditions (Cserep et al., 2020). 
Transgenic mice with increased surface density of neuronal P2X4, 
observed in pathological conditions, exhibited alterations of hippo-
campal LTD and LTP, and impaired spatial memory (Bertin et al., 2020). 
Further, upregulation of neuronal A2A receptor in Tau mice leads to 
synaptic loss in the hippocampus and long term memory impairments 
linked to modifications of the microglial transcriptional profile (Car-
valho et al., 2019). In accordance with such view that purinergic re-
ceptors are instrumentally involved on plasticity dysregulations 
encountered in allostatic conditions, our data support that 
P2X7-dependent activated microglia participate to Tau-induced synap-
tic impairments. 

Overall, our study is the first showing that P2X7 contributes to the 
cognitive deficits linked to the development of Tauopathy. This study 
illustrates once again the complex neuro-glial function of P2X7 in 
neurodegenerative conditions (Kanellopoulos and Delarasse, 2019). 
Importantly, our present and previous (Martin et al., 2019) studies 
highlight that P2X7 deficiency has a major beneficial effect in both 
amyloid and Tau context. Thus, the pharmacological inhibition of P2X7, 
impacting both amyloid and Tau-dependent cognitive deficits, needs to 
be further considered in a translational perspective for patients with 
Alzheimer’s disease and Tauopathies. 

4. Materials and methods 

4.1. Human brain samples 

Post-mortem brain tissues were obtained from the French National 
Brain Bank, GIE NeuroCEB and brain banks at university medical centers 
in Lille (France), Paris (France) and Geneva (Switzerland), following 
approval by the local institutional review board and the provision of 
written, informed consent by the donor’s family. The collection was 
declared to the Ministry of Research and Higher Education, and the 
Brain Bank was officially authorized to provide samples to project sci-
entists. The project was approved by the Scientific Committee of the 
Brain Bank. 

For immunohistochemistry, a total of nine post-mortem brain sam-
ples (temporal cortex) were used; five from individuals with clinically 
and neuropathologically diagnosed Frontotemporal lobar degeneration 
with Tau-coding gene MAPT P301L mutation (FTLD-Tau) (Forrest et al., 
2018) and four from non-demented controls, neuropathologically free, 

and, in particular, devoid of Tau-positive lesions (Table S1). Samples 
were fixed in 10% formalin solution and embedded in paraffin. Brain 
sections (5-μm thick) were cut on a microtome. 

For mRNA analysis, a total of thirty post-mortem brain samples 
(Brodmann area 10 prefrontal cortex) were used; 20 sporadic FTLD-Tau 
patients (five corticobasal degeneration, CBD; five Pick’s disease and 10 
progressive supranuclear palsy, PSP) and 10 other age-matched controls 
with no signs of cognitive decline, no history of stroke or chronic brain 
pathology. Most participants and methods have been described previ-
ously (Huin et al., 2016) (Table S2). Fresh frozen grey matter tissue 
(about 100 mg) retrieved at autopsy and stored at − 80 ◦C was used for 
mRNA analysis. 

4.2. Human tissue immunostaining 

For immunostaining, brain tissue sections were deparaffinized and 
pretreated with an antigen retrieval procedure (5 min in citrate buffer at 
100 ◦C in a decloaking chamber) to unmask hidden epitopes. Then, 
tissue sections were incubated with a goat polyclonal anti-P2X7 anti-
body (Novus Biologicals, 1/100 dilution) overnight at 4 ◦C. Sections 
were then incubated with a secondary biotinylated rabbit anti-goat IgG 
for 30 min (Vector Labs, 1/250 dilution). Immunoreactivity was 
detected with the peroxidase-avidin-biotin technique (ABC Elite Kit, 
Vector Labs) and 3,3′-diaminobenzidine (DAB, Sigma-Aldrich) as the 
chromogen. Images were acquired with a slide scanner (Nanozoomer, 
Hamamatsu). In each case, the digitized gray matter of the temporal 
cortical sample was segmented, based on a fixed [0:230] threshold 
(ImageJ). Areas that displayed a signal above the threshold were sum-
med and expressed as a percentage of the overall surface area of the 
cortical ribbon to calculate the P2X7-labeled load. 

For immunofluorescence, after antigen retrieval procedure, tissue 
was permeabilized with 0.2% Triton XT-100 for 10 min. Nonspecific 
binding was blocked by incubation for 2 h in 4% BSA at room temper-
ature (RT). Sections were then incubated at 4 ◦C overnight with goat 
polyclonal anti-P2X7 antibody (Novus Biologicals, 1/100 dilution) in 
normal horse serum (S2000, Vector Laboratories). After washing with 
PBS, sections were incubated with normal horse serum (1/100) for 1 h 
and then with mouse monoclonal anti-pTau antibody (clone AT100, 1/ 
500) and either rabbit polyclonal anti-GFAP antibody (Santacruz, 1/ 
200) or rabbit polyclonal anti-Iba1 antibody (Wako, 1/200) and mouse 
monoclonal anti-HuD antibody (Santacruz, 1/200) in normal horse 
serum overnight. Subsequently, sections were incubated with Alexa 
Fluor 647 donkey anti-mouse, Alexa Fluor 488 donkey anti-rabbit and 
Alexa Fluor 568 donkey anti-goat secondary antibodies (1/500; Life 
Technologies) for 1 h at RT. Cell nuclei were stained with DAPI (1/500; 
Thermofisher) for 10 min and sections were incubated in Sudan Black 
Buffer (Millipore) for 10 min to reduce tissue autofluorescence. Z-stack 
images were acquired with a Zeiss scanning confocal microscope 
equipped with a 40× objective. 

4.3. Animals 

Mice were treated in accordance with the ARRIVE guidelines for the 
care and use of experimental animals of the European Union. All pro-
cedures were approved by the Regional Ethics Committee and the 
French Ministry of Research and Higher Education (No. 01118.02). 
P2X7 knock-out (P2x7− /− ) mice generated by Gabel’s group at Pfizer 
were obtained from Jackson Laboratory (number 005576) (Solle et al., 
2001). THY-Tau22 mice (Tau) express the 4-repeat isoform of human 
Tau (1N4R) mutated at sites G272 V and P301S under the control of the 
neuronal Thy1.2 expression cassette (Schindowski et al., 2006). The Tau 
mice were heterozygous. Heterozygous Tau P2x7+/− mice were crossed 
with P2x7+/− mice to obtain the different groups of mice studied: 
P2x7+/+, P2x7− /− , Tau and TauP2x7− /− . P2x7+/+ served as control 
mice. Mice were housed under specific-pathogen-free conditions at the 
PHENO-ICMice facility of ICM. For the different experiments, we 
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selected animals at an age that displayed a significant phenotype dif-
ference between WT and Tau animals, due to genotype: 8-month-old for 
histological, biochemical, quantitative-PCR and behavioral experiments 
and 12-month-old for ex vivo electrophysiological experiments. Since no 
overt gender differences were reported (Laurent et al., 2016), data from 
both males and females were analyzed as a single group. 

Mice expressing human CCR5 (hCCR5ki mice) were generated and 
provided by Pfizer, Briefly, the hCCR5ki mice were obtained by ho-
mologous recombination with the sequence encoding human CCR5 as 
previously described (Amsellem et al., 2014). The hCCR5ki mice were 
homozygous. First, Tau mice were crossed with hCCR5ki mice. Their 
progeny was crossed to obtain hCCR5ki mice (homozygous) and 
hCCR5ki (homozygous) Tau (heterozygous) mice. Maraviroc, an 
antagonist of CCR5, was administered 5 days a week during 8 weeks by 
oral gavage (200 mg/kg). This dose is very well tolerated in mice with 
no side effect reported (Amsellem et al., 2014). Treatment was started at 
6 months of age, an age at which Tau pathology and memory impair-
ments are already significant in Tau mice. hCCR5ki mice served as 
control mice. All mouse lines had a C57BL/6 background. 

4.4. Morris water maze 

Spatial memory was evaluated in 7-month-old P2x7+/+ (n = 11), 
P2x7− /− (n = 10), TauP2x7+/+ (n = 11), and TauP2x7− /− (n = 11) male 
mice with the Morris water maze (MWM) paradigm. The MWM relied on 
a 150-cm diameter pool filled with opacified water (21–22 ◦C). A 10-cm 
diameter platform was submerged 0.5 cm below the water surface in the 
center of one of the pool quadrants. The hidden platform remained at a 
constant position throughout the trials. Training consisted of one session 
(4 trials/session; start positions pseudo-randomly varied among the four 
cardinal points) every day for 5 consecutive days. Each trial ended when 
the animal reached the platform. The animal had a maximum of 60-s to 
reach the platform, after which it was manually guided to the platform. 
Once on the platform, the animal was given a 30-s rest before being 
returned to its cage. The inter-trial interval was approximately 1 h. On 
the 6th training session, a probe test was performed. During this memory 
test, the platform was removed, and the mouse was allowed to freely 
navigate for 60-s. 

Data were collected, analyzed, and stored with Any-Maze software 
(Stoelting Co., Wood Dale, IL, USA). For assessing learning, we deter-
mined the unbiased measure “corrected integrated path length” (CIPL) 
parameter for each trial, which is the sum of the distances traveled by 
the mouse, from its start position to the platform, minus the distance the 
mouse would have traveled, swimming at its mean speed, along the 
shortest possible path between the start position and the platform 
(Barnes et al., 1997). During the probe test, the percent of time spent in 
each quadrant was calculated to evaluate memory-related bias for the 
platform location. 

4.5. Ex vivo electrophysiology 

Electrophysiological experiments were performed with 12-month- 
old mice. Previously described methods were used for generation of 
hippocampal sections, recordings of presynaptic fiber volleys (PFV) and 
field excitatory postsynaptic potentials (fEPSPs), construction of Input/ 
Output (I/O) curves and measures of paired-pulse facilitation (PPF) 
(Potier et al., 2010). Long-term potentiation (LTP) was induced by 
theta-burst stimulation, consisting of five trains of four 100 Hz pulses 
each, separated by 200 ms and delivered at the test intensity (repeated 
four times with an interburst interval of 10 s). Testing with a single pulse 
was then resumed at 0.33 Hz for 60 min. Long-term depression was 
induced by applying a low-frequency stimulation at 2 Hz (1200 pulses 
for 10 min). 

4.6. Mouse tissue preparation 

For immunohistochemistry, 8-month-old mice were deeply anaes-
thetized and perfused transcardially with 50 mL of PBS. The brains were 
removed and fixed by immersion in 4% paraformaldehyde, then cry-
oprotected. Brains were sliced on a freezing microtome (40 μm serial 
sections). 

For biochemical and mRNA analyses, 8-month-old mice were quickly 
killed by decapitation, as anesthesia promotes Tau hyper-
phosphorylation (Planel et al., 2007). The brains were removed from the 
skulls and snap-frozen. 

4.7. Mouse tissue immunostaining 

For MC1 immunostaining, free-floating 40 μm sections were incu-
bated overnight at 4 ◦C with mouse monoclonal anti-MC1 antibodies 
(Peter Davies, 1/1000 dilution). Then, the sections were incubated with 
biotinylated goat anti-mouse IgG antibodies for 1 h at room temperature 
(Vector Labs, 1/400 dilution). MC1 immunoreactivity was detected with 
the peroxidase-avidin-biotin technique (ABC Elite Kit, Vector Labs) with 
DAB as the chromogen. The time of revelation in DAB was the same for 
all tissues. Images were acquired with a slide scanner (Axioscan, Zeiss). 

For glial cell immunofluorescence, free-floating 40 μm sections were 
incubated overnight at 4 ◦C with anti-Iba1 (Wako, 1/1000 dilution) and 
anti-GFAP (Dako, 1/1000 dilution) rabbit polyclonal antibodies. Sec-
tions were subsequently incubated with the appropriate Alexa Fluor 
secondary antibodies (Life Technologies, 1/1000 dilution, 2 h at room 
temperature). Images were acquired with a fluorescent microscope 
(DM5500, Leica). 

Images were quantified for labelled area fraction (%) by automated 
counting using ImageJ software. Briefly, images were normalized by 
subtracting background. A fixed [0:160] threshold for MC1 or an 
automatic thresholding for Iba1 and GFAP was applied as previously 
described (Martin et al., 2017). Mean values of area fraction (%) were 
obtained from images of each mouse hippocampus. Z-stack images were 
acquired with a Zeiss scanning confocal microscope equipped with a 
40× objective. The volume covered by Iba1+ cells were determined 
using Imaris software. 

4.8. Hippocampal protein homogeneization 

Tissue was homogenized in 200 μL Tris buffer (pH 7.4) containing 
10% sucrose and protease inhibitors (Complete; Roche Diagnostics), 
sonicated and kept at − 80 ◦C until use. Protein amounts were evaluated 
using the BCA assay (Thermo Scientific). 

4.9. Western blot analyses 

Proteins samples were diluted with lithium dodecyl sulphate buffer 
(2×) supplemented with reducing agents (Invitrogen) and then sepa-
rated on Criterion XT Bis-Tris protein gel 4–12% (Bio-Rad). Proteins 
were transferred to nitrocellulose membranes, which were then satu-
rated with 5% non-fat dry milk or 5% bovine serum albumin in TNT 
(Tris 15 mM pH8, NaCl 140 mM, 0,05% Tween) and incubated at 4 ◦C 
for 24 h with the primary antibodies directed against phosphoepitope of 
Tau protein as followed: phospho(p)-Thr181 (AT270, Thermo Scientific, 
1/1000 dilution), pThr212/pSer214 (AT100) (Thermo Scientific, 1/ 
1000 dilution), pSer199 (Millipore, 1/2000 dilution), pSer262 (Invi-
trogen, 1/1000 dilution), pSer396 (Invitrogen, 1/10 000 dilution), 
pSer404 (Invitrogen, 1/10 000 dilution), pSer422 (Invitrogen, 1/2000 
dilution), total Tau C-ter (homemade, 1/10 000 dilution), GAPDH 
(Santa Cruz, 1/10 000 dilution) and Actin (Sigma-Aldrich, 1/10 000). 
Appropriate HRP-conjugated secondary antibodies were incubated for 
1 h at room temperature and signals were visualized using chem-
iluminescence detection kits (ECL, Amersham Bioscience) and a 
LAS3000 imaging system (Fujifilm). Results were normalized to Total 
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Tau or GAPDH and quantifications were performed using ImageJ 
software. 

For sarkosyl-soluble/insoluble protein preparations, hippocampi 
were homogenized by sonication in a lysis buffer containing 10 mM Tris- 
HCl, pH 7.4, 0.32 M sucrose, 800 mM NaCl and 1 mM EGTA with pro-
tease inhibitors (Complete w/o EDTA, Roche Diagnostics), and centri-
fuged at 12 000 g for 10 min at 4 ◦C. The supernatant incubated 1 h in 
1% sarkosyl (N-laurylsarkosine sodium salt, Sigma) at room temperature 
was then centrifuged at 100 000 g for 1 h at 4 ◦C, thus forming the su-
pernatant and pellet containing sarkosyl-soluble and -insoluble Tau 
species, respectively. Sarkosyl-insoluble proteins were directly resus-
pended in LDS 2× and sarkosyl-soluble samples were mixed with LDS 
2×, supplemented with reducing agents (Invitrogen). Sarkosyl-soluble 
and -insoluble samples were loaded onto NuPage Novex (Invitrogen) 
gels at a ratio of 1:2 (v:v). 

4.10. Bi-dimensional electrophoresis 

Protein lysates were precipitated with methanol/chloroform. Fifteen 
micrograms of proteins were dissolved in 2D buffer (7 M urea, 2 M 
thiourea, 4% CHAPS and 0.6% pharmalytes). Lysates were loaded on 
immobilized pH gradient strip 3–11 ReadyStrip (Amersham GE) and 
isoelectrofocused with the Protean IEF cell (Amersham GE) according to 
the manufacturer’s instructions. The strips were layered onto a Criterion 
XT Bis-Tris protein gel 4–12%, 11 cm IPG/prep (Bio-Rad). Membranes 
were incubated with total Tau antibody (C-ter). 

4.11. mRNA extraction and quantitative PCR analysis 

Total mRNA was extracted from hippocampi and purified using the 
RNeasy Lipid Tissue Mini Kit (Qiagen). One microgram of total RNA was 
reverse-transcribed using the High-Capacity cDNA reverse transcription 
kit (Applied Biosystems). Quantitative real-time reverse transcriptase- 
PCR analysis was performed on Applied Biosystems™ StepOnePlus™ 
Real-Time PCR Systems using Power SYBRGreen PCR Master Mix 
(Applied Biosystems) or TaqMan™ Gene Expression Master Mix 
(Applied Biosystems). The thermal cycler conditions were as follows: 
95 ◦C for 10 min, then 40 cycles at 95 ◦C for 15 s and 60 ◦C for 25 s for 
SYBRGreen; and 95 ◦C for 10 min, then 40 cycles at 95 ◦C for 15 s and 
60 ◦C for 1 min for Taqman. Sequences of the primers and reference of 
Taqman probes used are given in Supplementary Table 1. Cyclophilin A 
(PPIA) was used as internal control. Amplifications were carried out in 
duplicate and the relative expression of target genes was determined by 
the ΔΔCT method. 

4.12. RNAscope in situ hybridization (ISH) 

RNAscope ISH (Advanced Cell Diagnostics) was performed with 18- 
μm sections of frozen brain embedded in cryo-embedding medium. 
Tissues were fixed in 4% paraformaldehyde, and then the slides were 
processed with the RNAscope multiplex fluorescent assay, according to 
manufacturer instructions. We used the probes designed by the manu-
facturer including Mm_P2X7R-C1, and positive and negative controls, 
Mm-PPIB and DapB (of the Bacillus subtilis strain), respectively. 
Immunofluorescence images were captured with a Olympus scanning 
confocal microscope. Quantifications were performed with ImageJ 
software. 

4.13. Primary cell culture and stimulation of chemokine release 

Primary cultures of microglia were prepared from the brain hemi-
spheres of 1–3 days old. Cells were grown in culture medium containing 
DMEM, Glutamax, nonessential amino acids, sodium pyruvate, genta-
mycin, and 10% endotoxin-free fetal calf serum (Life Technologies). 
Cells were then plated in 10 cm culture dishes coated with poly- 
ornithine and incubated at 37 ◦C in a humid atmosphere with 5% 

CO2. The medium was changed weekly. After 2 weeks, microglia were 
recovered from the astrocyte layer by shaking (325 rpm) on an orbital 
shaker for 1 h at room temperature. Cells were washed and seeded at a 
density of 50,000 cells/well in 96-well plates. These conditions yielded 
nearly pure microglia populations. For cell stimulation, the medium was 
replaced with DMEM containing 0.5% BSA. Then, cells were stimulated 
with ATP or Bz-ATP (Sigma-Aldrich) for 4 h at 37 ◦C and 5% CO2. CCL4 
levels in the supernatant were assessed with mouse CCL4 DuoSet ELISAs 
according to the manufacturer’s instructions (R&D Systems). 

4.14. Statistics 

All data are expressed as the mean ± SEM. Differences between two 
groups were determined using the Student’s t-test or Mann Whitney test. 
Comparisons between several groups were analyzed using two-way 
analysis of variance (ANOVA) or one-way ANOVA, followed by Krus-
kal–Wallis or Fisher’s LSD post hoc test using GraphPad Prism 8 
(GraphPad Software). Each figure legend specifies the statistical test 
used. Statistical significance was defined as: *P < 0.05, **P < 0.01, and 
***P < 0.001. Outlier values detected with Grubbs’ test (GraphPad 
Software) were excluded from the analyses. Animals were allocated to 
experimental groups according to the genotype. Data analyses were 
performed blinded to the genotype. 
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