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Tauopathies are neurodegenerative diseases characterized by the presence of aberrant intraneuronal aggregates
of hyperphosphorylated Tau protein. Recent studies suggest that associated chronic neuroinflammation may
contribute to the pathological Tau dissemination. However, the underlying molecular mechanisms remain

i;;romﬂammamn unknown. Since purinergic P2X7 receptors (P2X7) can sense the rise of extracellular ATP levels associated with
P2X7 neuroinflammation, its involvement in neurodegeneration-associated inflammation was suggested. We found a

P2X7 upregulation in patients diagnosed with different tauopathies and in a tauopathy mouse model, P301S
mice. In vivo pharmacological or genetic blockade of P2X7 reverted microglial activation in P301S mice leading
to a reduction in microglial migratory, secretory, and proliferative capacities, and promoting phagocytic
function. Furthermore, it reduced the intraneuronal phosphorylated Tau levels in a GSK3-dependent way and
increased extracellular phosphorylated Tau levels by reducing the expression of ectoenzyme TNAP. Accord-
ingly, pharmacological or genetic blockade of P2X7 improved the cellular survival, motor and memory deficits
and anxiolytic profile in P301S mice. Contrary, P2X7 overexpression caused a significant worsening of Tau-
induced toxicity and aggravated the deteriorated motor and memory deficits in P301S mice. Our results
indicate that P2X7 plays a deleterious role in tauopathies and suggest that its blockade may be a promising
approach to treat Tauopathies.

1. Introduction

Tauopathies are a family of neurodegenerative disorders charac-
terized by the presence of aberrant intraneuronal aggregates of
hyperphosphorylated microtubule-associated protein Tau. Tauo-
pathies include, among others, Alzheimer’s disease (AD) and Pick’s
disease (PiD) (Lee et al., 2001). In both diseases, Tau-associated pa-
thology progression correlates with neuronal loss, neuroinflammation

and cognitive decline (Bondareff et al., 1989; Lee et al., 2001).
Emerging pieces of evidence suggest that abnormal Tau accumulation
is mediated through the spreading of Tau protein from cell to cell. In
agreement with this hypothesis, it was reported that Tau protein can
be released into the extracellular space through physiological and
pathological mechanisms. In the brain parenchyma, Tau protein can
be toxic for neighbouring cells and, in this way, promotes the spread of
Tau-induced toxicity (Gomez-Ramos et al., 2006; Sebastian-Serrano

Abbreviations: AD, Alzheimer’s Disease; APP, Amyloid Precursor Protein; ATP, Adenosine-5'-triphosphate; Ap, amyloid-p peptide; CSF, Cerebrospinal fluid;
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adaptor molecule 1; IL-1, Interleukin-1; IL-1R, Interleukin-1 receptor; IL-1p, Interleukin-1f; IL-6, Interleukin-6; LPS, Lipopolysaccharide; MAPT, Microtubule-asso-
ciated protein tau; mRNA, Messenger ribonucleic acid; NLRP3, NLR Family Pyrin Domain Containing; P2X7, Purinergic receptor P2X7; PBS, Phosphate-buffered
saline solution; PiD, Pick’s Disease; Prnp, Prion protein promoter; SEM, Standard error of the mean; TNAP, Tissue-Nonspecific Alkaline Phosphatase; TNFa, Tumor
necrosis factor; WT, Wild-Type; eTau, extracellular Tau protein.

* Corresponding author at: Dpto. Bioquimica y Biologia Molecular, Facultad de Veterinaria, Universidad Complutense de Madrid, Avenida Puerta de Hierro s/n,
28040, Madrid, Spain.
E-mail address: migueldiaz@ucm.es (M. Diaz-Hernandez).

https://doi.org/10.1016/j.pneurobio.2021.102173

Received 23 March 2021; Received in revised form 2 September 2021; Accepted 7 September 2021
Available online 10 September 2021
0301-0082/© 2021 The Author(s).

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license


mailto:migueldiaz@ucm.es
www.sciencedirect.com/science/journal/03010082
https://www.elsevier.com/locate/pneurobio
https://doi.org/10.1016/j.pneurobio.2021.102173
https://doi.org/10.1016/j.pneurobio.2021.102173
https://doi.org/10.1016/j.pneurobio.2021.102173
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pneurobio.2021.102173&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Di Lauro et al.

et al., 2018a). Further studies proposed that neuroinflammation
associated with neurodegeneration also contributes to pathological
Tau dissemination (Asai et al., 2015; Maphis et al., 2015; Yoshiyama
et al., 2007).

Neuroinflammation is an active inflammatory response character-
ized by the production of inflammatory mediators and mainly mediated
by microglia cells. Under non-pathological conditions, microglia cells
show a highly ramified shape that allows them to screen the brain pa-
renchyma for invading pathogens or damage-associated molecular pat-
terns (DAMPs) (Colonna and Butovsky, 2017). In neurodegenerative
diseases, damaged or dying cells release DAMPs that cause microglial
activation, which is characterized by an amoeboid shape with fewer and
shorter ramifications (Skaper et al., 2018). When microglia remain
activated over time, the continued release of pro-inflammatory cyto-
kines negatively affects neural cells which release more DAMPs, thereby
accelerating the inflammatory process and leading to a chronic neuro-
inflammation state (Heneka et al., 2018). However, neither the molec-
ular mechanisms nor the effectors causing the chronic microglial
activation are well known at this time.

In Tauopathies, microglial activation correlates with the spread of
Tau pathology in the anatomically connected regions of the hippocam-
pus (Maphis et al., 2015). Administration of immunosuppressors atten-
uated the Tau associated pathology in the well-characterized P301S
tauopathy mouse model. These mice express 5-fold more Tau protein
and show an onset of phospho-tau pathology at around 6 months of age
in the absence of amyloid-p (Af) plaques (Yoshiyama et al., 2007).
Similarly, another work reported that microglial depletion halted Tau
spreading (Asai et al., 2015). All these findings suggest that alterations
in neuron-microglia interaction play a critical role in the spread of Tau
pathology. Supporting this hypothesis, the blockage of inflammatory
cytokine interleukin-1 (IL-1) by the administration of IL-1R1 antagonist
(interleukin 1 receptor, type 1) reduced microglia-induced Tau pathol-
ogy (Maphis et al., 2015), whereas the conditional overexpression of
IL-1p raised the pathological Tau phosphorylation (Ghosh et al., 2013).
Based on these findings, the reversion of chronic neuroinflammation
associated with Tauopathies may be considered a potential therapeutic
strategy to reduce Tau-induced toxicity.

Several reports suggest that elevated extracellular ATP behaves as a
DAMPs and is sensed by the purinergic P2X7 receptor (Burnstock, 2007;
Roh and Sohn, 2018). P2X7 was described in almost all brain cellular
lineages including microglia and neurons (Miras-Portugal et al., 2017).
In neurons, P2X7 has been reported to show a critical role in relevant
physiological events including axonal growth and branching, neuro-
transmitter release, and neuronal differentiation (Miras-Portugal et al.,
2017). Moreover, its activation was shown to promotes intraneuronal
Tau phosphorylation via GSK3 kinase (Diaz-Hernandez et al., 2008). In
microglia cells, P2X7 was found to regulate migration, proliferation
(Martinez-Frailes et al., 2019; Rigato et al., 2012; Sanz et al., 2009), and
phagocytosis (Gu and Wiley, 2018; Martinez-Frailes et al., 2019; Ni
et al.,, 2013). Besides, microglial P2X7 activation promotes NLPR3
inflammasome assembly, resulting in IL-13 maturation and release
(Facci et al., 2018; Monif et al., 2010). Sustained inflammasome acti-
vation is postulated to contribute to chronic neuroinflammation asso-
ciated with neurodegenerative diseases (Heneka et al., 2018). In
accordance, increased P2X7 expression was found in microglial cells in
AD patients (Martin et al., 2019; Martinez-Frailes et al., 2019; McLarnon
et al., 2006; Parvathenani et al., 2003). Furthermore, a higher binding of
a selective P2X7 radiotracer was observed in hippocampal glial cells of
P301S mice (Jin et al., 2018). Although all these studies suggest a
contribution of P2X7 to Tau-induced neuroinflammation, no substantial
evidence has been provided yet.

In this study, we therefore examined whether P2X7 contributes to
Tau-induced pathology. We detected increased levels of both protein and
mRNA levels of P2X7 in post-mortem brain from patients with distinct
Tauopathies. Brain samples from P301S mice showed a similar rise of
microglial P2X7 levels that impacted on the microglial functionality.
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Most importantly, genetic or pharmacological inactivation of P2X7 in
P301S mice as well as its overexpression support our hypothesis that
selective P2X7 antagonists that are permeable to the blood-brain barrier
represent a novel and promising therapeutic strategy to treat these
diseases.

2. Materials and methods
2.1. Human brain tissues

Human samples were provided by the Banco de Tejidos Fundacién
CIEN (BT-CIEN, Madrid, Spain). A written informed consent for brain
removal after death for diagnostic and research purposes was obtained
from the brain donors and/or next of kin. Procedures, information and
consent forms were approved by the Bioethics Subcommittee of Fun-
dacion Cien Madrid, Spain (S19001). Supplementary Table 1 summa-
rizes the gender and age of the patients with AD or PiD from whom the
hippocampal post-mortem samples were collected.

2.2. Animals

All animal procedures were carried out at the Universidad Complu-
tense de Madrid (UCM), in compliance with National and European
regulations (RD1201/2005; 86/609/CEE) and following the guidelines
of the International Council for the Laboratory Animal Science. The
protocol for animal experiments was approved by the Committee of
Animal Experiments at the UCM and the Environmental Counselling of
the Comunidad de Madrid, Spain (PROEX 374/15 and PROEX 185/17).

The P301S mice were obtained from Jackson laboratory [line B6; C3-
Tg (Prnp-MAPT*P301S)PS19Vle/J; stock number 008169]. The original
B6C3H/F1 genetic background was changed to C57BL/6 J by back-
crossing them with C57 animals in our laboratory. The P301S model is
a transgenic line carrying the human 1N4R MAPT gene with the P301S
mutation under the control of the mouse prion protein promoter (Prnp).

P2X7 null mice (P2X7~/ -, B6N-P2rx7tm1d(EUCOMM)Wtsi/Ieg)
and overexpressing EGFP-tagged P2X7 (P2X7*'P-EGFP, B6N-Tg
(RP24-114E20-P2X7451 P/StrepHisEGFP)17Ani) mice were gener-
ated by Prof. Annette Nicke as previously described (Kaczmarek-Hajek
et al., 2018). Heterozygous P301S mice (P301S) were crossed with
P2X77/" and P2X7*°'P-EGFP mice, and subsequently back-crossed to
finally obtain double P301S; P2X7”" and P301S;P2X7*°!P-EGFP.

Heterozygous P301S mice were also crossed with a transgenic mouse
line expressing EGFP protein immediately downstream of P2X7 pro-
moter, "ZX’EGFP Tg(P2rx7-EGFP)FY174Gsat/Mmcd, stock 011959-UCD
(Sebastian-Serrano et al., 2016).

Animals were housed in a light and temperature-controlled humid
environment, with a 12 h light-dark cycle and a light onset at 08:00 am.
The mice were grouped 4-6 per cage and allowed free access to water and
food (ad libitum). All surgeries were performed under isoflurane anes-
thesia, and all efforts were made to minimize suffering. Investigators
were blinded to the group allocation during the animal experiments.

We used 21 wild-type mice (WT), 10 females and 11 males; 26 P301S
mice, 14 females, and 12 males; 6 P301S; P2X7 "~ 3 females, and 3
males; 5 P301S;P2X 7451P—EGFP, 3 females, and 2 males; 6 p2x7451P.
EGFP, 3 male and 3 female. When the animals were divided into the
different groups for whatever procedure, we kept the gender variable
balanced among all groups.

2.3. PCR genotyping

Genomic DNA was obtained from tail biopsies using Wizard® SV
Genomic DNA Purification System (Promega, Madison, WI, United
States) according to the manufacturer’s protocol.

Simple PCR reactions were carried out using: for P301S mice DNA
Kapa2G Fast HS Master Mix from Sigma-Aldrich (Madrid-Spain), spe-
cific primers (0.5 pM each) and 2 pL of genomic DNA in a final volume
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of 12 pL; for P301S;P2X7~/~ and P301S;P2X7*°'P-EGFP mice Econo
PLUS Green 2x Master Mix, specific primers (10 pM each) and 1 pL of
genomic DNA in a final volume of 25 pL; for P2*’EGFP mice DNA
Amplitools Master Mix (Biotools, Madrid, Spain), specific primers (0.4
uM each) and 5 mL of genomic DNA in a final volume of 25 pL. Animals
were genotyped using specific primers for P301S Fw 5'-GGC ATC TCA
GCA ATG TCT CC-3' and Rv 5'-GGT ATT AGC CTA TGG GGG ACAC-3;
for P2rx7’~ Fw 5-CTGGCAACTATCCATTTTCC-3' and Rv 5'-
GTGTGAGTGAATGAGATCGTG-3'; for PX7*'P.EGFP Fw 5'-GGT TCT
TAG CAG GCT TAA CAG CA-3' and Rv 5’-ATG GGG GTG TTC TGC TGG
TAG T-3; for P**’EGFP Fw 5'—CCTACGGCGTGCAGTGCTTCAGC-3'
and Rv 5'-CGGCGAGCTGCACGCTGCGTCCTC-3'. PCR was carried out
over 28 cycles 94 °C for 15 s, 65 °C for 15 s, 72 °C for 10 s for P301S
primers; over 35 cycles 94 °C for 30 s, 60 °C for 1 min, 72 °C for 1 min
for P2X7*°1P_EGFP primers; over 35 cycles 94 °C for 30 s, 60 °C for 1
min, 72 °C for 1 min and 45 s for P2X7”" primers; over 40 cycles of 94
°C for 30 s, 60 °C for 45 s, and 72 °C for 45 s for EGFP primers.

PCR amplification products were electrophoresed on a 1.5 % (w/v)
agarose gel and stained with SYBR® Safe DNA Gel Stain (Life Technol-
ogies CA, USA). PCR bands were visualized by gel imaging system Gel
Logic 200 Imaging System (Kodak, Rochester, NY, USA).

2.4. RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from hippocampi from human or adult
mouse brains using a Speedtools total RNA Extraction Kit (Biotools) and
following the manufacturer’s instructions. The animals were quickly
sacrificed, and the hippocampi were immediately dissected and frozen
using dry ice to proceed with total RNA isolation. After digestion with
TURBO DNase (Ambion), 1 pg of total RNA was reverse transcribed with
6 pg of random primers, 350 pM dNTPs and M-MLYV reverse transcriptase
(all from Invitrogen).

qRT-PCR reaction mixtures containing DNA Master SYBR Green I mix
(Applied Biosystems) were incubated at 95 °C for 20 s followed by 40 PCR
cycles (95 °C for 1 s and 60 °C for 20 s) in a StepOnePlus Real-Time PCR
System (Applied Biosystems). The specific primers for human P2RX7 were
Fw 5'- AAAACAGAAGGCCAAGAGCA-3' and Rv 5- CACCAGGCAGA-
GACTTCACA-3, for mouse P2rx7 Fw 5'- GGTGCCAGTGTGGAAATTG-3'
and Rv 5'- TAGGGATACTTGAAGCCACT-3'; and for GAPDH or Gapdh Fw
5'-CACCACCAACTGCTTAGCCC-3' and Rv 5'-TGTGGTCATGAGCCCTTCC
-3'. Expression levels of mRNA were represented as 2~ where average
cycle threshold (Ct) was obtained from triplicates of each sample. First,
ACt means were normalized to parallel amplification of GAPDH as
endogenous control. Next, AACt means were normalized to the average of
corresponding controls.

2.5. Drug preparation and administration

P2X7 specific negative allosteric antagonist GSK 1482160A was
diluted at 10 mg/mL in vehicle solution. Vehicle solution was calcium-
and magnesium-free sterile phosphate buffered saline (PBS) plus 20 %
hydroxypropyl-p-cyclodextrin and 0.2 % DMSO. 10 pL of GSK solution
corresponding to a dosage of 100 mg per Kg of body weight or the same
volume of vehicle solution were daily intraperitoneally injected to 9-
months-old P301S and WT mice per three weeks. The treatment proto-
col followed a single-blind design, by which the experimenter was un-
aware of the genotype and treatment applied to each mouse (n = 6-7
mice per group and condition). After treatment, mice were sacrificed,
and brain tissue was processed to perform immunoblot and immuno-
histochemical analyses.

In vivo LPS-treatment was done as previously described (Martinez--
Frailes et al., 2019).
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2.6. Behavioral assay

All mice were handled for at least 3-4 consecutive days before
testing. They were tested in random order and the experimenter con-
ducting the tests was unaware of the genotype/group. All behavioural
devices were located in a sound-proof room and the experimental area
was homogeneously illuminated around 70 Ix. All apparatus was care-
fully cleaned with alcohol (70 ° proof) after each session.

Open field test: is an experimental test used to assay general locomotor
activity levels, anxiety, and willingness to explore a novel environment.
The apparatus consists of a standard clear plastic tank (42cm x 42cm).
There is no need to habituate the mouse before the test. A single adult
mouse was gently placed into the setup and its position was video tracked
for 10 min. The analysis consisted of measuring the amount of time spent
by the mouse in the centre (17 x 17 cm) of the tank and in the periphery
(the surrounding area of the arena). The tendency to avoid the centre of a
novel environment and remain close to the wall of the tank is an index of
anxiety. Data acquisition and analysis were performed automatically using
Any-Maze software (Stoelting Co, Wood Dale, IL, USA).

Elevated plus maze test: is a test measuring the anxiety and is based
on the animal’s aversion to open spaces. The test uses an elevated, plus-
shaped (+) apparatus with two open and two enclosed arms. There is no
need to habituate the mouse before the test. A single adult mouse was
gently placed into the centre of setup (at the intersection of the open and
enclosed arms) and its position was video tracked for 5 min. The analysis
consisted of measuring the amount of time spent by the mouse in the
different arms using Any-Maze software.

Rotarod: this test is used to measure coordination and balance. The
test requires a special apparatus capable of rotating at speeds between 4
and 40 rpm. Mice needed to be trained during two days before the test
(first day: 4 rpm for 1 min, 4 repetitions; second day: 4-8 rpm for 2 min,
4 repetitions). After this trial the rod was set to accelerate from 4 to 40
rpm over 5 min for 4 repetitions. The amount of time which elapsed from
when the mice fell off was recorded and the average of the 4 rounds was
calculated.

Novel object recognition test: this test is commonly used to test the
ability of learning and memory in animals. The test consisted of a
training phase, during which the mice were trained to explore two
identical objects for ten minutes, and a testing phase (10 min) during
which one of the familiar objects was replaced with a new one. A normal
animal should spend more time investigating the new object instead of
the familiar one. Time spent exploring the different objects was recorded
and analyzed using Any-Maze software.

2.7. Collection of cerebrospinal fluid (CSF) samples

CSF samples from all genotypes and condition were randomly
collected in a blinded way as previously described (Sebastian-Serrano
et al., 2018b). Briefly, mice were anesthetized with isoflurane diluted in
50 % O and placed in a stereotaxic frame with the head forming a near
135° angle with the body. Mice were kept under anaesthesia during the
surgery. The CSF was collected from the cisterna magna with a pulled
capillary. Blood vessels were carefully avoided when penetrating the
dura mater with the capillary tube in order to prevent contamination by
plasma proteins. CSF was immediately frozen on dry ice.

2.8. Phagocytosis assay

In vivo phagocytosis assays were done as previously described
(Martinez-Frailes et al., 2019). 9-month-old WT and P301S mice treated
either with vehicle and GSK solution were randomly anesthetized with
isoflurane (1-chloro-2, 2, 2-trifuoroethyl-difluorormethylether; Isovet®,
BRAUN, Rubi, Barcelona, Spain) diluted in 50 % O, and the experi-
menter was blinded to the genotype of mice. The scalp was incised along
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the midline, and one hole was made at the appropriate stereotaxic co-
ordinates from Bregma (mediolateral, 1 mm; anteroposterior, 2 mm;
dorsoventral, 1.8 mm). 2 pL of 0.02 % red Fluorescent 2 pm micro-
spheres in PBS was intracranial administrated (i.c.) at a rate of ~0.5
pL/min.

Brain sections were stained with a rabbit polyclonal anti-Iba-1
(1:200) and revealed with goat anti-rabbit IgG labelled with Alexa
488 (1:400) obtained from Molecular Probes. For each coverslip, 4
random pictures were taken, using the TCS SPE confocal microscope
(Leica Microsystems, Wetzlar, Germany). Images were analysed using
ImageJ software (US National Institutes of Health, Bethesda, MD, United
States). The number of fluorescent beads inside each cell was counted,
and the average number of phagocyted microspheres per microglial cell
was calculated for each experiment and treatment. Experiments were
repeated at least 3 times for each condition.

2.9. Tissue processing for immunohistochemistry and
immunofluorescence

2.9.1. Mouse brain

Mice were sacrificed by cervical dislocation and their forebrain
removed. Brains were fixed in 4% paraformaldehyde and cryoprotected
in 30 % sucrose solution. The samples were embedded in OCT com-
pound (Sakura) and frozen using dry ice. Finally, 30 pm floating sections
were cut in coronal planes with a cryostat (CM1950, Leica Micro-
systems) and stored in a solution of 30 % ethylene glycol, 30 % glycerol
and 0.1 M PBS at —20 °C until processed.

2.9.2. Human brain

Whole brain from control, AD, and PiD subjects was separate into
two hemispheres, through a sagittal interhemispheric incision, and fixed
in 10 % buffered formalin for at least 3 weeks. Samples (2-mm-thick) of
the hippocampus were then obtained through dissection, embedded in
paraffin following standard protocols (Leica, HistoCore Pearl), and later
sectioned (5 pm) by using a microtome (Microm HM 355 S) and stored at
—80 °C until use.

2.10. Immunohistochemistry and immunofluorescence

2.10.1. For immunohistochemical analysis

Mouse sections were pre-treated for 45 min with 1 % Ho05 in PBS to
inactivate endogenous peroxidase and then boiled in citrate buffer (citric
acid 1 M in distillate H,0) pH 5.9 for 5 min. Afterwards, sections were
washed in PBS, blocked for 1 h. in block solution (1 % bovine serum
albumin (BSA), Sigma-Aldrich, 5 % fetal bovine serum (FBS), and 0.2 %
TritonX-100, Sigma-Aldrich, in PBS) and finally incubated ON at 4 °C
with rabbit anti-P2X7 (1:100), rabbit anti-cleave caspase-3 (1:50), mouse
anti-phospho tau (1:100). Later sections were incubated with avidin-
biotin complex using the Elite Vectastain kit (Vector Laboratories, Bur-
lingame, CA, USA) and chromogen reactions were performed with dia-
minobenzidine (DAB; Sigma-Aldrich) and 0.003 % H05 for 10 min.

2.10.2. For immunofluorescence studies

Mouse slices were boiled in citrate buffer, washed in PBS, blocked
for 1 h at room temperature (RT) with blocking solution and then
incubated at 37 °C for 1 h or overnight at 4 °C with primary antibodies
diluted as follows: rabbit anti-P2X7 (1:100), chicken anti-GFP (1:500),
mouse anti-GFAP (1:200), rabbit anti-Iba-1 (1:100), mouse anti-NeuN
(1:100), rabbit anti Ki-67 (1:600) in blocking solution. Subsequently,
brain sections were washed with PBS buffer and incubated with sec-
ondary antibodies at the following dilutions: anti-chicken IgG labelled
with Alexa 488 (1:400), anti-rabbit IgG labelled with Alexa 555
(1:400), anti-rabbit IgG labelled with Alexa 488 (1:400), anti-mouse
IgG labelled with Alexa 555 (1:400) and 4/,6-diamidino-2-phenyl-
indole (DAPI) staining (1:1,000). Finally, brain sections were washed
with PBS and mounted in FluorSave (Calbiochem).
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2.10.3. For immunohistochemical and immunofluorescence studies

Human sections were pre-incubated at 55 °C ON and then sequen-
tially washed for 10 min in Xylene (catalog 131769.1611, Panreac),
ethanol 100 %, ethanol 96 %, ethanol 70 % and finally distilled H2O in
order to remove paraffin and rehydrated them. Later, the same protocols
described for mouse samples were followed.

2.11. Image acquisition

Confocal images were acquired at RT with a TCS SPE microscope
from Leica Microsystems equipped with a Plan Fluor 10x dry objective
lens NA = 0.30, 40x Apochromat NA = 1.15 oil objective lens and 63 x
Apochromat NA = 1.3 oil objective lens (Leica Microsystems GmbH) and
4 different lasers lines (405, 488, 565 and 647 nm). Pictures were ac-
quired using the Leica software LAS AF v2.2.1 software (Leica Micro-
systems GmbH) and representative slices converted to TIFF files using
ImageJ software.

Transmitted light images were acquired using a microscope (DM
1000, Leica) with DFC450 CCD camera (Leica Microsystems GmbH)
using Leica Application Suite (v4.1). Sections were photographed with
Plan 4 x dry objective lens (NA = 0.1) and insets with Plan S-Fluor 20x
or 40x dry objective lens (NA = 0.90, Nikon) at RT.

2.12. Analysis of microglial morphology

Brain sections were stained with a rabbit polyclonal anti-Iba-1 (Wako
1:200) and revealed with goat anti-rabbit IgG labelled with Alexa 488
(1:400) obtained from Molecular Probes. For each slice, 4 random pic-
tures were taken, using the TCS SPE confocal microscope (Leica
Microsystems, Wetzlar, Germany). Images were analysed using FIJI
software (US National Institutes of Health, Bethesda, MD, United States).

Skeleton analysis binary images were obtained from z-stack acqui-
sition using a 40x objective. Binary images were then skeletonized and
analysed through FIJI AnalyzeSkeleton (2D/3D) plugin, as previously
described (Young and Morrison, 2018). The number of cell ramifications
and the branch length were calculated for each experiment and treat-
ment (at least 4 animals for experimental condition, each dot in the
graphs represents the average of a minimum of 12 microglia cells).

For fractal analysis at least 18 random microglia cells from each
experimental condition were analysed using FracLAc FLJI plugin. The
area covered by cells was calculated for each experiment and treatment.

2.13. Tissue processing for Western blot

2.13.1. Mouse samples

Extracts for Western blot analysis were prepared by homogenizing
fresh dissected mouse hippocampal area in ice-cold extraction buffer
containing 20 mM Hepes, 100 mM NaCl, 50 mM NaF, 5 mM EDTA, 5 mM
NagVOy4 (all from Sigma-Aldrich), 1 % Triton X-100, okadaic acid
(Calbiochem), and Complete TM Protease Inhibitor Cocktail Tablets
(Roche Diagnostics GmbH), pH 7.4. The samples were homogenized at 4
°C, and protein content was determined by Bradford assay

2.13.2. Human samples

Fresh samples of the hippocampus were obtained at the time of the
autopsy, and they were immediately frozen in dry ice and stored at —80
°C for biochemical studies. Control, AD and PiD brain samples were
processed following the same protocol as described for mouse samples.

2.14. Western blot analysis

Total protein (20 pg) from mouse or human samples was electro-
phoresed on 10 % Tris-Glycine-SDS gels and transferred to nitrocellulose
membranes (Amersham Biosciences). The experiments were performed
using the following primary antibodies: rabbit anti-P2X7 (1:1,000),
mouse anti-a-Tubuline (1:10,000), mouse anti-AT8 (1:500), mouse anti-
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TAU1 (1:500), mouse anti-PHF1 (1:1,000), mouse anti-TAU5 (1:10,000),
rabbit anti-phospho-GSK-3 (pS21/9) (1:1,000), mouse anti-GSK3 o/
(1:1,000), rat anti-IL-1$ (1:200), mouse anti-IL10 (1:200), mouse anti-IL6
(1:500), anti-GAPDH (1:20,000), rabbit anti-TNFa (1:500), mouse anti-
B-actin (1:10,000), rabbit anti-TNAP (1:10,000), mouse anti-connexin 43
(1:100). The membranes were washed for 10 min with PBS-Tween three
times and incubated with secondary antibodies for 1 h at room temper-
ature. Secondary antibodies used were goat anti-mouse (1:1,000;
1:10,000) or goat anti-rabbit (1:1,000) or goat anti-rat (1:1,000) to horse-
radish peroxidase (HRP, Amersham GE Healthcare) followed by enhanced
chemo luminescence detection (PerkinElmer, Waltham, MA, USA). Pro-
tein expression was standardized by the expression of a-Tubulin, B-actin,
GAPDH, TAUS, or GSK3 from the same experiment. For CSF samples, total
protein levels detected by Ponceau staining were used for normalization
purpose (Collins et al., 2015).

Gel band images were captured with ImageQuant LAS 500 (GE
Healthcare Life Sciences) and analyzed using ImageJ software (v1.52n,
NIH, Bethesda, MD, United States). In the figures, the representative
Western blot images show only the quantified bands.

2.15. ATPase activity

It was visualized as previously described (Sebastian-Serrano et al.,
2018b). Briefly, hippocampal sections from adult P301S or WT mice
were washed in PBS and pre-treated with TMS (0.25 M sucrose, 50 mM
Tris-maleate, 2 mM MgCly, pH 7.4) for 30 min at RT. The enzymatic
reaction was carried out in TMS-buffered substrate solution stabilized
with 3 % dextran T 40 (Roth) [TMS-S; 2 mM Pb(NO3),, 5 mM MnCly, 2
mM MgCl,, 50 mM Tris-maleate, pH 7.4, plus 0.25 M sucrose] con-
taining the substrate 1 mM ATP (Sigma-Aldrich) for 90 min at 37 °C. The
lead the dark orthophosphate precipitated, as a result of nucleotidase
activity, was visualized as a brown deposit after to incubate sections for
1 min in an aqueous solution of (NH4)2S (1 % v/v) (Sigma-Aldrich).
Subsequently, sections were washed twice with PBS and mounted on
glass slides with an anti-fading solution. To quantify the enzymatic re-
action, we measured the amount of orthophosphate precipitate depos-
ited on the hippocampus of WT and P301S mice. Values correspond to
the mean intensity value of the pixel in eight bytes images containing the
hippocampus (0-255 scale with 0 = white and 255 = black).

2.16. Statistics

Data are shown as mean values + SEM. The numbers of mice per
group used in each experiment are annotated as “n” in the corresponding
figure legends. Figures and statistical analyses were generated using
GraphPad Prism (v6.00, www.graphpad.com). To assess whether the
data met the normal distribution, the Shapiro-Wilk or Kolmogorov-
Smirnov tests were used. For two-group comparison, data were ana-
lysed with two-tailed unpaired Student’s t test. For multiple compari-
sons, when only one variable was compared data were analysed by one-
way ANOVA followed by Tukey’s post hoc test, but when we analysed
two independent variables, a two-way ANOVA followed by Tukey’s post
hoc test was used. The statistical test used, and p-values are indicated in
each figure legend. Significance was considered at *P<0.05, **P<0.01,
***P<0.001 or ****P<0.0001 throughout the study.

3. Results

3.1. Microglial P2X7 is upregulated in Tauopathy patients and in the
P301S mouse model

To confirm that the P2X7 upregulation found in AD patients is a
common factor in Tauopathies, we analysed the expression levels of this
receptor in post-mortem human hippocampal samples from two
different Tauopathies, PiD and AD. We focused on this specific brain
area because it is one of the most affected in Tauopathies. Results
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revealed that PiD patients show an increase in P2X7 protein levels
similar to those observed in AD patients (227.5 + 40.1 % for PiD patients
and 190.2 + 19.6 % for AD patients, Fig. 1A-B, supplementary Fig. 1A).
A similar rise of P2RX7 transcript levels was found in post-mortem
hippocampal samples of PiD and AD as well (152.0 + 8.7 % and 153.4
+ 1.3 % in PiD in AD respectively, Fig. 1C). Later immunohistological
studies revealed that P2X7 positive cells mainly present a neuronal-like
morphology in the hippocampus of healthy controls, observing a lower
incidence in hippocampi from AD and PiD patients (Fig. 1D). Consid-
ering that previous studies have reported an enrichment of microglial
cells expressing P2X7 in AD patients (Martin et al., 2019; Martinez--
Frailes et al., 2019; McLarnon et al., 2006; Parvathenani et al., 2003),
initially we co-stained the hippocampal post-mortem samples from
Tauopathy patients with the antibodies anti-P2X7 and anti-Iba-1 (a
specific microglial marker). Our results showed that PiD and AD patients
presented a higher incidence of hippocampal microglial cells expressing
P2X7 than the healthy controls (specifically 2-fold increase in P2X7
positive microglial cells in AD patients and 2.5-fold increase in PiD pa-
tients, Fig. 1E). Further studies using the specific astroglia marker GFAP
revealed that AD and PiD patients also show an enrichment in hippo-
campal astrocytes expressing P2X7 (1.6-fold and 1.8-fold increase in
astrocytes expressing P2X7 in AD and PiD patients respectively sup-
plementary Fig. 1B).

Next, we investigated whether this condition was phenocopied in
one of the most widely used mouse models of tauopathy, namely the
P301S mouse (Yoshiyama et al., 2007). Our analysis revealed that
hippocampi of 9-months-old heterozygous P301S mice (P301S) show an
increase of 160.2 + 3.2 % of P2X7 protein and 154.1 + 0.2 % of P2rx7
mRNA respect to protein and messenger levels detected in their WT
littermates (Fig. 1F-H). Immunofluorescence studies confirmed that
P301S mice present a higher incidence of microglial cells and astrocytes
expressing P2X7 than WT mice (Fig. 11 and supplementary Fig. 1C). To
confirm that glial P2X7 upregulation was the result of increased P2rx7
gene transcription, we crossbred P301S mice with P2X7 reporter mice
(P2X7EGFP) that express soluble EGFP under the control of the P2X7
promoter (Sebastian-Serrano et al., 2016). Comparative analysis of
cell-type specific expression by immunofluorescence demonstrated that
P2X7EGFP;P301S mice presented a higher transcription of P2rx7 gene in
hippocampal glial linages, especially in microglial cells (three times
more), than P2X7EGFP mice (supplementary Fig. 2B, D and E). Interest-
ingly, although ®*’EGFP;P301S mice showed higher expression of P2X7
protein than their corresponding P2*’EGFP littermates (supplementary
Fig. 2A), a significant reduction on Prx7 gene transcription was found in
neuronal cells (supplementary Fig. 2B and C).

Finally, to elucidate the activation degree of the upregulated
P2X7Rs, we evaluated different parameters controlling the levels of its
native ligand, extracellular ATP. Thus, we measured the hippocampal
ATPase activity to assess the extracellular degradation capacity of ATP
and hippocampal Connexin-43, a protein-related with the non-vesicular
ATP release. Our results revealed that P301S mice presents lower hip-
pocampal ATPase activity and higher expression of Connexin-43 than
those observed in the hippocampus of their corresponding age-matched
WT mice (supplementary Fig. 3A-D).

3.2. Pharmacological inhibition of P2X7 improves cognitive and motor
deficiencies associated with P301S mice

To study the effect of P2X7 upregulation on Tau-induced toxicity, we
analysed whether in vivo pharmacological inhibition of this receptor
affects the characteristic behavioural alterations of P301S mice. To this
aim, a set of 9 months old P301S and WT mice were treated daily with
the blood-brain barrier permeable selective P2X7 antagonist GSK
1482160A (GSK, 100 mg/kg, i.p) (Martinez-Frailes et al., 2019; Territo
et al., 2017) or the same volume of vehicle solution (Veh) for 3 weeks
(Fig. 2A). After the treatment, the cognitive status of the four generated
groups was evaluated by a battery of behavioural tests. The anxiety-like
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Fig. 1. Upregulation of P2Xx7 expression in microglia cells from AD and PiD diagnosed patients and in the P301S Tauopathy mouse model. (A), Representative
immunoblots of P2X7 using homogenates from hippocampal necropsies from Alzheimer’s disease (AD) or Pick’s disease (PiD) patients and non-affected individuals
(Control). (B), Quantification of P2X7 protein levels in homogenates from hippocampal necropsies from AD (n = 9) and PiD patients (n = 4) and non-affected
individuals (n = 6). Levels of a-Tubulin (a-Tub) were used as loading control for normalization purposes. (C), Quantification of P2RX7 mRNA in the hippocam-
pus from human controls (n = 4), AD patients (n = 8) and PiD patients (n = 4). In all cases, the 100 % value corresponds to the averaged amount of protein or
messenger of P2X7 detected in the hippocampi of non-affected individuals. * P £ 0.05 using a One-way ANOVA followed by Tukey’s post hoc test. (D) Representative
images of immunohistochemical staining for P2X7 in hippocampi from human controls, AD and PiD patients. Asterisks point to brain cells showing neuronal-like
morphology. Scale bar = 50 pm. (E) Hippocampal sections from human controls, AD and PiD patients stained with specific microglial marker (Iba-1, red chan-
nel), P2X7 (green channel) and DAPI (grey channel). Merged images showing DAPI channel in blue are also showed. Arrowheads indicate microglial cells expressing
P2X7. Scale bar: 50 pm. (F) Representative immunoblot of P2X7 protein levels in homogenates from hippocampi of 9-month-old P301S and wild-type (WT) mice of
the same age. a-Tub was used as loading control. (G) Graph show P2X7 proteins levels in P301S and WT mice (n = 5 mice per genotype). (H) Quantification of P2rx7
mRNA in the hippocampus from P301S (n = 7) and WT (n = 7) mice. (I) Parasagittal sections of hippocampus from P301S and WT mice stained with specific
microglial marker (Iba-1, red channel), P2X7 (green channel) and DAPI (grey channel). Merged images showing DAPI channel in blue are also showed. Arrowheads
indicate microglial cells expressing P2X7 and asterisks indicate P2X7 positive cells that are not microglia. Scale bar: 50 pm. Data represent the mean =+ standard error
(SEM). * P £ 0. 05 using unpaired two tailed Student’s t-test.

behaviour of P301S mice was evaluated in the open field test (OF). Our mice was assessed using the rotarod apparatus. As shown in Fig. 2C,
analysis revealed that vehicle-treated P301S (Veh-P301S) mice spent Veh-P301S mice exhibited a deteriorated motor performance. On the
more time in the central area than their vehicle-treated WT littermates contrary, GSK-P301S mice showed a similar motor coordination to Veh-
(Veh-WT) but did not present significant differences in the total distance or GSK-WT mice (Fig. 2C). Finally, at the tested age, P301S mice began
travelled (Fig. 2B). The decreased anxiety-like behaviour was confirmed to show a tendency to reduced memory capacity, which was detectable

in the more specific elevated-plus maze test (EPM) (Supplementary by the novel object recognition test (NOR) (Fig. 2D). Interestingly,
Fig. 4A). Interestingly, the P2X7 antagonist treatment prevented this pharmacological blockade of P2X7 not only prevented this trend but
reduction in P301S mice (Fig. 2B). The motor coordination of P301S significantly improved the memory capacity of P301S mice (Fig. 2D). All



C. Di Lauro et al.

Start
treatment

9 months 1 week 2 weeks 3 weeks 4 weeks

i)

Progress in Neurobiology 208 (2022) 102173

Fig. 2. In vivo pharmacological blockage of

Behavioural P2X7 rescues some of the behavioural deficits
assesment associated with Tauopathies in P301S mice. (A)
Schematic timeline of the experimental
schedule. WT and P301S mice were intraperi-
. toneally treated with either a vehicle solution or
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with the P2X7 antagonist GSK 1482160A (GSK)
for 3 weeks. At the end of the treatment all mice
(Veh-WT n = 6, GSK-WT n = 6, Veh-P301S n =
6, GSK-P301S n = 6) underwent the open field
test (OF), the rotarod test (RT), and the novel
object test (NOR) paradigms. (B) OF; graphs
represent the time(s) spent by the mice in the
centre of the arena (left graph) and the total
distance travelled by mice in the apparatus
(right graph). (C) RT; graph represents the time
(s) spent by the mice holding on the rod before
falling dawn. (D) NOR; graph represents the
time(s) that the mice spent exploring the new
object. Data represent the mean + standard
] error (SEM). * P < 0.05; *** P < 0.001; **** P <
0.0001 using a two-way ANOVA followed by
Tukey’s post hoc test. # P < 0.05 using unpaired
two tailed Student’s t-test.
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these data indicate that P2X7 antagonists improve anxiety-related and
memory deficits as well as motor coordination in P301S mice.

3.3. In vivo P2X7 blockade affects the microglial functionality

After behavioural assessment, the mice were sacrificed and analysed
to assess the impact of P2X7 inhibition on Tauopathy. We initially focused
on the effects of P2X7 blockade on microglia. Therefore, microglial
properties including phagocytic, migratory, secretory and proliferation
capacities, were analysed. Microglia proliferation was initially evaluated
by counting the number of hippocampal microglia cells identified by the
microglial marker Iba-1. As shown in Fig. 3A, Veh-P301S mice presented a
significant higher number of hippocampal microglia cells than Veh-WT
mice (475.5 + 38.8 in Veh-P301S mice vs 290.8 + 22.0 in Veh-WT
mice). Increased microglial proliferation rate in P301S mice was
confirmed using the proliferation marker Ki-67 (Veh-P301S mice showed
51.4 + 8.3 % more Iba-1 and Ki-67 positive cells than Veh-WT, supple-
mentary Fig. 4B-C). Interestingly GSK-P301S mice presented a similar
number of both hippocampal microglia cells and Ki-67 positive microglial
cells as Veh-WT mice or GSK-WT mice (Fig. 3A and supplementary
Fig. 4B-C). Conversely, pharmacological P2X7 blockage did not modify

the increased astroglial proliferation rate found in P301S mice (supple-
mentary Fig. 4D-E)

To estimate microglial phagocytic capacity, five micron-diameter
fluorescent microspheres were intrahippocampally (i.h.) administered
to a new set of WT and P301S mice. 8 days before the injection the mice
were treated with GSK 1482160A or vehicle solution every 24 h. Three
days after microsphere injection, mice were sacrificed, and hippo-
campal sections were stained with anti-Iba-1 antibody to identify
microglia cells (Fig. 3B). Importantly, although we did not detect an
enrichment of microglia cells phagocytosing microspheres in the
analyzed groups (Fig. 3B and C), P2X7 blockade caused a significant
increase in microglial phagocytic capacity in both WT and P301S mice
(1.4 £ 0.2 and 1.6 + 0.3 phagocyted beads per microglia in Veh-WT and
Veh-P301S mice respectively versus 2.5 + 0.4 and 3.0 + 0.6 phagocyted
beads per microglia in GSK-WT and GSK-P301S mice respectively
Fig. 3B-D).

We next evaluated the microglial migration capacity analysing the
injection-induced microglial recruitment to the injury site in vivo
(Fig. 3E). The results revealed that P2X7 inhibition reduced the number
of microglia at the injection injury site in P301S mice, observing a
similar tendency in WT mice (Fig. 3E).
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Fig. 3. Pharmacological P2X7 blockade reverts microglial proliferation, secretion, and migration caused by Tau-induced toxicity and promotes microglial phago-
cytosis. (A) Representative images of hippocampal sections from P301S and WT mice treated with vehicle solution or the P2X7 antagonist GSK 1482160A (GSK), 100
mg/kg, i.p) stained with the microglial marker Iba-1. Dash lines indicates the granular layer of the dentate gyrus (DG). Scale bar: 100 pm. The graph represents the
quantification of Iba-1 positive cells in the hippocampus (n=4 mice per genotype and treatment with n>4 sections/mouse). (B) Representative confocal images and its
corresponding orthogonal views of hippocampal sections from 9 months-old WT and P301S mice intraperitoneally treated with either vehicle solution or GSK for 3
weeks before intracranial administration of fluorescent microspheres to the hippocampus. Yellow lines represent the location where an orthogonal view was ob-
tained. Sections were stained with antibodies against microglial marker Iba-1 (green) and nuclear marker DAPI (blue). Fluorescent microspheres are visualized in red.
Scale bar: 25 pm. Graphs represent the % of microglial cells taking up microspheres (C) and the number of incorporated fluorescent microspheres per microglia (D)
(n24 mice per genotype and treatment and, n 24 sections per mouse). (E) Representative immunofluorescence images of hippocampal sections stained with
microglial marker Iba-1 used to evaluate the microglial migration toward the site of injection (yellow line). Distances of 40 and 80 pm from the injured site are
identified with dash red lines. The graph represents the number of hippocampal microglial cells found in every delimitated area (n=3 mice per genotype and
treatment and, n>4 sections per mouse). (F) Representative images showing the binary image of microglia cells (upper panels) with their corresponding outline and
associated convex hull (blue) and enclosing circle (pink) for the corresponding outline shapes (bottom panels). Graphs show the percentage of brain area covered by
microglia cells for each condition. The 100 % value corresponds to the brain area covered by microglia cells in WT mice (n = 10 random microglia cells per genotype
and experimental condition). Data represent the mean + standard error (SEM). * P < 0.05; ** P < 0.01; *** P < 0.001 using a two-way ANOVA followed by Tukey’s
post hoc test.
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To evaluate the microglial secretion, we analysed hippocampal
levels of different cytokines. As expected, Veh-P301S mice showed
higher levels of IL-1p (49.6 + 11.7 % more, supplementary Fig. 4F-G)
and IL-6 (158.6 + 35.3 % more, supplementary Fig. 4F and H) than Veh-
WT mice. Additionally, a non-significant difference in hippocampal
TNF-a levels was detected (Supplementary Fig. 4F and I). P2X7 blockade
reverted the increased in IL-1p levels but did not affect the elevated IL-6
levels detected in P301S mice (supplementary Fig. 4F-H). Remarkably,
pharmacological inhibition of P2X7R did not significantly modify the
levels of the analyzed cytokines in WT mice (supplementary Fig. 4F-I).

Given that P2X7 was shown to promote elongation and branching of
neuronal processes (Diaz-Hernandez et al., 2008), we also assessed the
impact of P2X7 pharmacological blockade on microglial morphology.
Our analysis revealed that Veh-P301S mice present less ramified hip-
pocampal microglia than Veh-WT mice and thus cover less hippocampal
area in Veh-P301S mice than in Veh-WT mice (Fig. 3F and supplemen-
tary Fig. 5). It is to note that the in vivo P2X7 blockage reverted these
differences, indeed, the GSK-P301S mice showed hippocampal micro-
glial cells with a similar number of ramifications and length than those
observed in Veh-WT mice, thus enabling them to cover a similar hip-
pocampal area as in WT mice (Fig. 3F and supplementary Fig. 5). To
confirm the critical role that P2X7 seems to have on microglia, we
evaluated the effect of its genetic overexpression. To this end, we
compared the microglia cell morphology in a BAC transgenic mouse line
overexpressing an P2X7 receptor fused to EGFP (P2X7*1PEGFP)
(Kaczmarek-Hajek et al., 2018) and their WT littermates. Remarkably,
P2X7 overexpressing microglia cells presented shorter processes,
smaller cellular size and nuclei area than WT microglia, and conse-
quently covered a smaller hippocampal area (supplementary Fig. 6A-E).

Altogether, the functional and morphological changes observed in
microglial cells from P301S mice support the hypothesis that these cells
are in an activated state and that the blockade of P2X7 reverts this state.
Moreover, our results are indicating that P2X7 overexpression is suffi-
cient to cause the morphological changes associated with microglial
activation.

3.4. Pharmacological P2X7 blockade reverts cellular death, reduces
intracellular Tau phosphorylation and promotes extracellular Tau (eTau)
phosphorylation in vivo

Since previous studies reported that P2X7 inhibition reduces
neuronal death associated with different neurodegenerative diseases,
including Huntington disease (HD) and AD (Diaz-Hernandez et al.,
2012, 2009), we decided to elucidate if P2X7 inhibition generally im-
proves neuronal survival in Tauopathies. Our studies revealed that
Veh-P301S mice present a significant reduction of hippocampal neurons
compared to Veh-WT mice (38.3 + 2.2 % less than Veh-WT mice,
Fig. 4A). Accordingly, Veh-P301S mice showed a higher number of
hippocampal cleaved-Caspase-3 positive apoptotic cells than Veh-WT
mice (5.4 + 2.4 times more than Veh-WT mice, Fig. 4B). However,
P2X7 antagonist-treated GSK-P301S mice neither showed the reduction
in hippocampal neurons nor the increase in apoptotic cells detected in
Veh-P301S mice (Fig. 4A-B).

As it was reported that pharmacological inhibition of P2X7 reduced
the intraneuronal Tau phosphorylation via glycogen synthase kinase-3
(GSK3) in cultured hippocampal neurons (Diaz-Hernandez et al.,
2008), we next analyzed the status of different intracellular Tau phos-
phorylation sites related to Tau-induced toxicity. P2X7 blockade
significantly reduced the phosphorylation rate of Tau protein in
Ser202/Thr305 sites and Ser 396/404, detectable by AT8 and PHF1
antibodies respectively (50.1 + 1.7 % and 27.2 + 12.3 % lower than in
Veh-P301S mice respectively, Fig. 4C-E). In agreement with these re-
sults, a significantly increased dephosphorylation was detected in Ser
195/198/199/202 with TAU1 antibody (72.3 &+ 20.4 % higher than in
Veh-P301S mice, Fig. 4C and F). Noteworthy, later immunodetection
studies confirmed that P2X7 inhibition caused a significant reduction in
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the number of positive AT8 stained neurons (Fig. 4G-H). Supporting the
importance that P2X7 plays in regulating the phosphorylation rate of
intraneuronal Tau protein, we found that mice overexpressing P2X7
(P2x7*'PEGFP) have significantly higher levels of phosphorylated
Ser202 and Thr205 sites than their corresponding WT littermate mice
(Supplementary Fig. 6F-G). But they showed neither an alteration in the
total amount of Tau protein nor a significant neuronal loss (Supple-
mentary Fig. 6F-J). Remarkably, we also found that P301S mice pre-
sented a lower phosphorylated rate of GSK3 in Ser 9/21 sites than WT
mice (25.2 + 1.5 % minor, Fig. 4I-K). It is to note that the i.p. admin-
istration of GSK 1482160A raised the phosphorylation rate of GSK3 in
the indicated serine residues (89.4 + 14.2 % higher than in Veh-P301S
mice Fig. 4L-N). Since phosphorylation of Ser 9/21 sites in GSK3 has
been related to a decreased GSK3 enzyme activity (Diaz-Hernandez
et al., 2012, 2008), we can hypothesize that P2X7-blockade promotes
Tau dephosphorylation by inhibiting GSK3.

Furthermore, given that previous studies reported that extracellular
Tau protein (eTau) dephosphorylated also contributes to Tau-induced
toxicity (Diaz-Hernandez et al., 2010), we decided to measure the
phosphorylated eTau levels in CSF collected from P301S mice treated or
not with GSK 1482160A. Our results revealed that the P2X7 blockade
raised the phosphorylated rate of eTau protein in Ser202/Thr205 sites
(Fig. 40). Considering these results, we analysed the levels of the
tissue-nonspecific alkaline phosphatase (TNAP), an ectoenzyme that
dephosphorylates the eTau (Diaz-Hernandez et al., 2010). We found that
P301S mice presented higher hippocampal TNAP levels than WT mice
(supplementary Fig. 7A). Interestingly, in vivo pharmacological P2X7
blockage caused a significant reduction of hippocampal TNAP levels in
P301S mice (Fig. 4L and P). Finally, to investigate if there was a causal
relationship between Tau-induced neuroinflammation and the observed
TNAP upregulation in the hippocampus of P301S mice, we analysed the
expression levels of this ectoenzyme in the hippocampus of WT mice
after LPS-induced neuroinflammation. Our results revealed that
LPS-induced neuroinflammation causes a significant increase in hippo-
campal TNAP expression (supplementary Fig. 7B).

3.5. P2X7 knockout ameliorates Tau-induced toxicity whereas its
overexpression aggravates it

To confirm the potential therapeutic role of P2X7 in Tauopathies, we
evaluated how the genetic depletion or overexpression of P2X7 affects
Tau-induced toxicity. To this end, P301S mice were crossbreed with
P2X7 knock-out mice (P2X7 /") or with P2X7*'PEGFP mice (Kacz-
marek-Hajek et al., 2018). These newly generated transgenic lines,
P301S;P2X7/~ and P301S;P2X7*°'PEGFP, were evaluated using a
similar battery of behavioural tests than that used in the pharmacolog-
ical approach. In agreement with the data from P2X7 antagonist-treated
mice, P301S;P2X7 /™ mice showed lower scores than the ones detected
for P301S mice in EPM test (Supplementary Fig. 8A). Similarly, P301S;
P2X7 /" mice spent more time than littermates P301S mice both in the
rotarod apparatus and exploring the novel object in the NOR test
(Fig. 5A-B). In contrast, P301S;P2X7**'"PEGFP mice obtained opposite
results in both tests (Fig. 5A-B) but they did not spend more time in the
open arms in the EPM test than P301S mice (Supplementary Fig. 8A).

After their behavioural assessment, mice were sacrificed for
biochemical analysis. Firstly, these analyses allowed to confirm both the
absence of hippocampal P2X7 in P301S;P2X7/~ mice and P2X7 over-
expression in P3015;P2X7*1PEGFP mice (supplementary Fig. 7C-D). In
agreement with the pharmacological studies, the absence of P2X7
caused a significant rise of GSK3 phosphorylation (54.4 + 7.6 % higher
than P301S mice, Fig. 5C) and a reduction in the intracellular Tau
phosphorylation rate in P301S mice (60.1 + 15.2 % lower than P301S
mice, Fig. 5D). Accordingly, a significant reduction in the number of
positive AT8 stained neurons was observed in P301S;P2X7 '~ mice as
well (Fig. 5E-F). Interestingly, P301S;P2X7 /™ mice presented a 38.4 +
6.5 % more hippocampal neurons than in P301S mice (Fig. 5G-H).
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Fig. 4. In vivo P2X7 inhibition enhances neuronal survival by causing opposite effects in intra- and extracellular Tau proteins. (A) Representative immunofluo-
rescence images of hippocampal CA3 area stained with NeuN from WT and P301S mice treated with vehicle solution or the P2X7 inhibitor GSK 1482160A (GSK, 100
mg/kg, i.p). Scale bar = 100 pm. Graph represents the quantification of neuronal hippocampal cells identified as NeuN positive (n>4 mice per genotype and
treatment and n>4 sections per mouse). (B) Cleaved Caspase-3 immunostaining in hippocampus from WT and P301S mice treated with vehicle solution or GSK. Scale
bar = 100 pm. Graph represents the quantification of hippocampal cleaved Caspase-3 positive cells (n=4 mice per genotype and treatment and n24 sections per
mouse). *** P £ 0.001; **** P < 0.0001 using a two-way ANOVA followed by Tukey’s post hoc test. (C) Western blot detection of the different Tau phosphorylation
sites in hippocampal protein extract. Graphs show the quantification of phosphorylated Tau protein levels identified by the selective antibodies AT8 (D), PHF-1(E),
TAU1 (F) in homogenates of hippocampus from P301S mice treated with vehicle solution (n = 5-4 mice) or P2X7 inhibitor GSK (n = 6-5 mice). Total Tau protein
levels were identified using the antibody Tau5 and were used as a loading control for normalization purposes. The 100 % value corresponds to the amount of
phosphorylated Tau levels detected in the hippocampi of vehicle treated P301S mice. (G)AT8 immunostaining in hippocampus from P301S mice treated with vehicle
solution or GSK. Insert represent a x2 magnification of the indicated area. Scale bars = 100 pm. (H) Graph represents the quantification of AT8 positive cells both in
Veh-P301S and GSK- P301S mice (n=4 mice per genotype and treatment and n24 sections per mouse). ** P < 0.01 using an unpaired two tailed Student’s t-test. (I-K)
Quantification of p-GSK3p levels in the hippocampus from WT and P301S mice (n = 5 mice per genotype), or (L-N) P301S mice treated with vehicle or GSK (n = 5
mice per treatment). Levels of total-GSK3 were used as loading control for normalization purposes. The 100 % value corresponds to p-GSK3f/t-GSK3 levels detected
in the hippocampi of WT mice or vehicle treated P301S mice respectively. Data represent the mean + standard error (SEM). * P< 0.05 ; ** P < 0.01 using an unpaired
two tailed Student’s t-test. (O) Representative immunoblot and quantification of phospho-Tau (Ser202/Thr205) protein levels in CSF samples from P301S mice
treated with vehicle or GSK (n = 3 mice per genotype and treatment). Total protein level detected by ponceau staining were used as loading control for normalization
purposes. The 100 % value corresponds to phospho-Tau protein levels detected in CSF from vehicle treated P301S mice. (P) Graph shows the quantification of TNAP
levels detected both in Veh-P301S and GSK-P301S mice. The 100 % value corresponds to TNAP levels detected in Veh-treated P301S mice. * P £ 0.05 using an
unpaired two tailed Student’s t-test.
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Fig. 5. Genetic P2X7 knockdown rescues behavioural deficits associated with Tauopathies in P301S mice whereas its overexpression worsens them. (A) 6 months-old
P3018S, P301S;P2X7 /", and P301$;P2X7451P—EGFP mice underwent the rotarod test (RT) and the novel object test (NOR). (A) RT; graph represents the time(s) spent
by the mice holding on the rod before falling dawn. (B) NOR; graph represents the time(s) that mice spent exploring the new object. Data represent the mean +
standard error (SEM) (n = 4 P3018;P2X7451P—EGFP mice,n=6 P3OIS;P2X7’/ “mice and n = 6-4 P301S mice). * P < 0.05 using unpaired two tailed Student’s t-test.
(C) Representative immunoblots and quantification of p-GSK3 and total GSK3 (tGSK3) protein levels in hippocampal homogenates from P301S, P301S;P2X7”", and
P301S;P2X7*°'P-EGFP mice (n = 5-3 mice per genotype). Levels of tGSK3 and GAPDH were used as loading control for normalization purposes. The 100 % value
corresponds to p-GSK3p/t-GSK3 or tGSK3/GAPDH levels detected in the hippocampi of P301S mice respectively. * P< 0.05 ; ** P £ 0.01; **** P < 0.0001 using a
One-way ANOVA followed by Tukey’s post hoc test. (D) Representative immunoblot and quantification of phosphorylated Tau protein levels in hippocampal ho-
mogenates from P301S, P301S;P2X7”", and P301S;P2X7**'P-EGFP mice (n = 3 mice per genotype). Levels of total Tau proteins were used as loading control for
normalization. The 100 % value corresponds to AT8/TAUS5 levels detected in the hippocampi of P301S mice. * P< 0.05 using an unpaired two tailed Student’s t-test.
(E) Representative images of hippocampal slices from P301S, P301S;P2X7”", and P301S;P2X7**'*-EGFP mice stained with antibodies anti phospho-Tau (AT8, n = 3
mice per genotype and n=4 sections per mouse). Scale bars: 100 um. Insert represent a x2 magnification of the indicated area. (F) Graph represents the quantification
of AT8 positive cells. * P £ 0.05 using a One-way ANOVA followed by Tukey’s post hoc test. (G) Representative images of hippocampal CA3 area slices from P3018S,
P301S;P2X7”", and P301S;P2X7**1P-EGFP mice stained with NeuN (n = 3-5 mice per genotype and n>4 sections per mouse). Scale bars: 100 pm. (H) Graph rep-
resents the quantification of NeuN positive cells. *** P < 0.001; * P £ 0.0001 using a One-way ANOVA followed by Tukey’s post hoc test. (I) Representative
immunoblot and quantification of phospho-Tau (Ser202/Thr205) protein levels in CSF samples from P301S, P301S;P2X7”", and P301S;P2X7**'P-EGFP mice (n = 3
mice per genotype). Total protein level detected by ponceau staining were used as loading control for normalization purposes. The 100 % value corresponds to

blot detection of IL-1p and TNAP levels in hippocampal protein extract from P301S, P301S;P2X7”", and P301S;P2X7*°'P-EGFP mice (n = 3 mice per genotype).
Graphs show the quantification of TNAP (K) and IL-1p (L) levels in homogenates of hippocampus from P301S, P301S;P2X7”", and P301S;P2X7**'*-EGFP mice (n = 3-
5 mice per genotype). Total B-actin protein levels were used as a loading control for normalization purposes. The 100 % value corresponds to the amount of TNAP (K)
zind IL-1p (L) levels detected in the hippocampi of P301S mice. * P< 0.05; ** P < 0.01; *** P < 0.001 using a One-way ANOVA followed Tukey’s post hoc test.

Furthermore, P301S;P2X7 /~ mice presented significantly lower TNAP but also promoted the phosphorylation of eTau by decreasing the TNAP

levels and higher phosphorylated eTau levels than P301S mice (Fig. 5I- ectoenzyme expression. Accordingly, a reduction of neuronal loss, an
K). Finally, we observed that P301S;P2X7 /™ mice secreted less IL-1p improvement in motor and memory capacities, and amelioration in the
than the P301S mice (Fig. 5J and L). In good agreement, we observed anxiety profile were observed in P301S mice upon P2X7 blockade. In
that P301S;P2X7-/- mice showed lower number of hippocampal this line, an additional P2X7 overexpression caused a significant wors-
microglial cells than P301S mice, but no differences were found in the ening of the Tau induced toxicity in P301S mice aggravating the motor
number of astrocytes (supplementary Fig. 8B-C, and H-I). Moreover, and memory deficits of these mice.
microglial cells from P301S;P2X7-/- mice showed a higher number of In AD, it is assumed that accumulation of A in senile plaques initi-
more extended ramifications than P301S mice leading them to cover a ates the inflammatory process (McGeer et al., 2000), by activating sur-
wider hippocampal area (supplementary Fig. 8D-G). Altogether, the rounding microglial cells (Selkoe, 2002). Therefore, the finding of P2X7
above data indicate that genetic P2X7 knockout results in i) a reduced upregulation in microglia cells surrounding the senile plaques in AD
phosphorylation rate of intraneuronal Tau protein in a GSK3 dependent patients suggested the involvement of this receptor in microglial acti-
way, ii) a rise of phosphorylated eTau by decreasing TNAP expression vation in an Ap-dependent way (McLarnon et al., 2006; Parvathenani
and iii) reverts the microglial activation. et al., 2003). However, in the present work besides the P2X7 upregu-
On the other hand, P2X7 overexpression caused a significant reduc- lation in AD patients, as previously reported (McLarnon et al., 2006;

tion in the phosphorylation of GSK3 protein in P3018;P2X7451PEGFP Parvathenani et al., 2003; Ryu and McLarnon, 2008), we also found a
mice (343 + 10.4 % lower than in P301S mice, Fig. 5C) and a rise in similar P2X7 upregulation in PiD patients and P301S mice, where a

intracellular phospho-Tau protein levels (37.4 + 7.0 % higher than significant Af accumulation was not present. In accordance with these
P301S mice, Fig. 5D). Noteworthy, P301S;P2X7*>'PEGFP mice did not results, in a previous work we have reported that LPS-induced neuro-
show either an increase in positive AT8 neurons nor reduction in the inflammation causes a change in P2X7R distribution pattern, increasing
number of hippocampal neurons (Fig. 5E-H). Of note, although P301S; its transcription and expression on microglial cells and decreasing it in
P2X7*'PEGFP mice presented significantly lower phosphorylated eTau neurons (Martinez-Frailes et al., 2019). Supporting our findings,
levels (Fig. 5I), they only showed a tendency, but not a significant in- different single-nuclei RNA sequencing studies have corroborated that in
crease on TNAP levels (Fig. 5J-K). Unexpectedly, P301S;P2X74°'PEGFP AD patients microglial cells present elevated P2RX7 transcript levels
mice neither showed an increase in the number of hippocampal micro- while neurons show a clear reduction (Del-Aguila et al., 2019; Grubman
glial and astroglial cells nor a more prominent activation state of et al., 2019). Furthermore, as the pharmacological or genetic blockade
microglia, or more IL-1f secretion than P301S mice (Fig. 5J and L and of P2X7 in P301S mice re-established the resting state in activated
supplementary Fig. 8). These unexpected results may be explained by a microglia, we postulated that increased P2X7 expression in microglial
basal activation state of the microglial linage in P2X7*>'PEGFP mice cells plays a critical role in the activation of this linage in Tauopathies.
(supplementary Fig. 6), which might affect the grade of Tau-induced Supporting this hypothesis, P2X7 overexpressing mice showed micro-
microglia activation detected in P301S;P2X7*>'PEGFP mice. glial cells with a morphology similar to the activated one present in the
symptomatic P301S mice. Likewise, previous in vitro studies reported

4. Discussion that P2X7 overexpression in microglia cells cause both microglial acti-
vation and proliferation (Monif et al., 2009). Accordingly, in vivo

In this study, we describe, for the first time, how P2X7 plays a critical pharmacological or genetic P2X7R blockade reduced microglia activa-
role in Tau-induced toxicity by regulating microglia functionality and tion and proliferation and IL-1p secretion in P301S mice. In this same
Tau phosphorylation rate both in the intracellular and extracellular line Mancuso et al. have recently reported that blockage of microglial
compartments. Supporting this claim, we found that both in vivo phar- proliferation led to an attenuation of Tau-induced neurodegeneration
macological inhibition and genetic knockout of P2X7 revert the micro- resulting in a functional improvement in P301S mice (Mancuso et al.,
glial activation in P301S mice, leading to a decrease of microglial 2019). Besides, we detected lower extracellular ATPase activity and
migratory and secretory capacities, reducing the microglial proliferation higher Connexin-43 levels in the hippocampus of P301S mice. Both
and promoting its phagocytic ability. Furthermore, the genetic or events can promote an increase extracellular ATP levels, and would
pharmacological P2X7 blockade reduced GSK3 enzyme activity, leading favor the activated state of the upregulated P2X7s, resulting in chronic
to a significant reduction of intraneuronal phosphorylated Tau levels, microglial activation in P301S mice. In agreement with this hypothesis,
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it was reported that the activated microglia, but not microglia in the
resting state, overexpresses Connexin-43 (Sanchez et al., 2020). More-
over, an extracellular environment enriched in purines would also favor
the activation of other purinergic receptors impacting microglia func-
tionally. For example, adenosine A2A receptor, involved in the retrac-
tion of microglial processes occurring during neuroinflammation (Orr
et al., 2009). Interestingly, since it was recently reported that P2X7
blockade attenuates the upregulation of A2A receptors in microglial
cells (Dias et al., 2021), we cannot discard that some of the beneficial
effects induced by P2X7 blockade in P301S mice may be due to their
indirect regulation of the A2A receptor. However, additional studies
should be done to evaluate this possibility. Altogether our results suggest
that P2X7 upregulation in microglial cells is one of the molecular
mechanisms causing their chronic activation and proliferation contrib-
uting to the neuroinflammation state associated with Tauopathies.
Supporting this hypothesis, pharmacological or genetic blockade of
P2X7 reduced the anxiety-related behavior of P301S mice. However,
since neuroinflammation may also contribute to the depressive-like
behavior associated with dementia patients (Korczyn and Halperin,
2009; Zheng et al., 2021), additional studies should be done to evaluate
the potential beneficial effect of P2X7 blockage on these behavioral
alterations.

In addition to microglia cells, P2X7 was also found in neurons
(Miras-Portugal et al., 2017), where it regulates critical functions, such
as axonal elongation and branching or APP processing via GSK3-f
signaling (Diaz-Hernandez et al., 2012, 2008). In accordance with pre-
vious in vitro studies carried out in cultured hippocampal neurons, we
noted that pharmacological or genetic P2X7 blockade reduced the
intraneuronal Tau phosphorylation rate by inhibiting GSK3-p in P301S
mice (Diaz-Hernandez et al., 2012, 2008). Therefore, involvement of
neuronal P2X7 in the beneficial effects described above, can be assumed.
Nevertheless, a contribution of microglia to the reduced phosphoryla-
tion rate of intraneuronal Tau cannot be ruled out. It has recently been
reported that NLRP3 activation induces Tau hyperphosphorylation and
aggregation, at least partially through Tau kinases in an IL-1f-dependent
manner (Ising et al., 2019). In accordance, another study also reported
that IL-1p overexpression promotes Tau phosphorylation in a GSK3-p
dependent way (Ghosh et al., 2013). Considering these studies, it is
reasonable to think that the decrease in the intraneuronal Tau phos-
phorylation rate induced by the genetic or pharmacological P2X7
blockade might be caused by the reduction in IL-1f secretion from
microglia. In line with these results, we found that P2X7 overexpression
is sufficient to increase the intraneuronal phosphorylated Tau levels
even in the absence of Tau-induced toxicity. Along these same lines, we
found that an P2X7 overexpression aggravated the associated behavioral
defects in P301S mice. Nevertheless, P2X7 overexpression neither
exacerbated morphological-changes associated with microglial activa-
tion nor their proliferation and also did not enhance the IL-1f secretion.
Although the basal microglia activation found in P2X7 overexpressing
mice might explain the absence of a stronger microglial activation and a
more robust IL-1p release in P301S;P2X7*°'PEGFP mice, additional
studies are necessary to clarify this point. Since the observed effects
could not be explained considering only the contribution of microglia
P2X7, we propose that P2X7 blockade in other cellular linages like
neurons could contribute to reducing the intracellular phosphorylated
Tau levels.

Several studies have reported that in vivo pharmacological blockade
or genetic depletion of P2X7 leads to a significant improvement of both
symptomatology, and neuropathology in different AD animal models by
reducing the APP-induced toxicity (Chen et al., 2014; Diaz-Hernandez
et al., 2012; Martin et al., 2019; Ryu and McLarnon, 2008). However,
the efficiency of this therapeutic approach to treat Tauopathies has not
been evaluated yet. Here, we reported for the first time, that the
blockade of P2X7 is a potential therapeutic strategy to treat Tauo-
pathies. Notably, the neuroprotective effect induced by P2X7 blockade
was linked to an increase in phosphorylated eTau. Interestingly, a recent
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work reported that eTau hyperphosphorylation occurs very early in
Tauopathies, when cellular loss is not yet detected but decreases
significantly near the onset of cognitive decline (Barthelemy et al.,
2020). In agreement, previous studies reported that dephosphorylated
eTau but not the hyperphosphorylated eTau causes neuronal toxicity
(Diaz-Hernandez et al., 2010), and triggers the pro-inflammatory profile
in microglia (Perea et al., 2018). Considering these contributions, we
can speculate that one of the molecular mechanisms by which P2X7
blockade causes beneficial effects might be by maintaining high levels of
the phosphorylated eTau. Supporting this hypothesis, previous studies
reported that P2X7 inhibition reduces the TNAP transcription, an
ectoenzyme that dephosphorylates the eTau (Diaz-Hernandez et al.,
2010; Diez-Zaera et al., 2011). In agreement, we found that the cellular
survival induced by genetic deletion or pharmacological blockade of
P2X7 was linked with a reduction in TNAP expression and an increase in
phosphorylated eTau levels. Furthermore, we found that P2X7 blockade
raises the microglial phagocytic capacity, as previously reported (Mar-
tinez-Frailes et al., 2019). Since eTau can be taken up by microglia cells
(Luo et al., 2015), it is reasonable to think that Tau-induced P2X7
upregulation in microglia cells might contribute to Tauopathy progres-
sion by reducing the phagocytosis of eTau. However, additional exper-
iments should be performed to confirm this hypothesis. Conversely,
P301S;P2X7*1PEGFP mice showed lower phosphorylated eTau levels
than P301S mice, but this reduction was not coupled with a significant
increase in hippocampal TNAP levels. Since neuroinflammation seems
to be a causing factor for the increased TNAP expression, the lack of a
more pronounced neuroinflammation in P301S;P2X 7*51PEGFP mice
suggests that other P2X7-dependent mechanisms might be contributing
to the regulation of the phosphorylated eTau levels.

In recent years, different therapeutic strategies, based on targeting
directly eTau protein, revealed unexpected results. These clinical trials
were focused on reducing the intracellular phosphorylated Tau rate
(Dominguez et al., 2012), avoiding Tau aggregation (Wisniewski and
Goni, 2015), or promoting Tau removal through active and passive
immunotherapy approaches. Nevertheless, active immunotherapy may
have harmful effects (Rozenstein-Tsalkovich et al., 2013), and passive
immunotherapy, although reducing Tau-induced pathology, failed to in-
crease the life expectancy in Tauopathy mouse models (d’Abramo et al.,
2013; Wisniewski and Goni, 2015). Our results show that P2X7 blockage
reverted microglial activation, intracellular Tau hyperphosphorylation,
improved neuronal survival, and associated-behavioural deficits. Besides,
as we used symptomatic mice, our results indicate that this strategy could
be effective in order to revert the pathophysiological hallmarks and
behavioural alterations associated with Tauopathies, even in symptomatic
patients in the advanced stages of the disease. However, we demonstrate
the improvement in some aspects of the pathology induced by a
three-week treatment with P2X7 antagonist, but additional studies could
be done to evaluate if longer treatments maintain or improve even more
the pathology.

5. Conclusions

Here, we provide evidence that P2X7 is involved in Tau-dependent
pathological processes. Therefore, the behavioural alterations associ-
ated with Tauopathies improve or worsen by depleting or augmenting
the genetic load of P2X7 in P301S mice respectively. Moreover, using this
experimental strategy, we demonstrate for first time that microglial P2X7
plays a critical role in Tau-induced toxicity by regulating microglial cells’
functionality. In addition, we found that P2X7 regulates Tau phosphor-
ylation rate in intracellular and extracellular compartments by modu-
lating the GSK3 signalling pathway and TNAP expression, respectively.
Furthermore, our studies indicate that the pharmacological P2X7
blockade might be considered a promising treatment for Tauopathies
since it reduces neuroinflammation, improves neuronal survival, and
ameliorates behavioural deficits associated with these diseases.
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