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Abstract

Sepsis is life-threatening condition that can trigger long-term neurological sequelae, including cognitive impairment in
survivors. The pathogenesis of the so-called sickness behavior is poorly understood, but sepsis-driven neuroinflammation is
thought to play a key role. Microglia are the central nervous system resident immune cells and play major roles in the induc-
tion and the control of neuroinflammatory processes. Accordingly, we recently demonstrated important microglia reaction,
characterized by dramatic microglia transcriptome remodeling, in an experimental model of sepsis. Interfering with micro-
glia pathways thus represents an interesting opportunity to tune microglia reaction towards beneficial outcomes. Purinergic
signaling is central to microglia biology and controls key microglia functions. In particular, P2X4 receptors, which are highly
permeable to calcium and de novo expressed in reactive microglia, seem to be an interesting target to modulate microglia reac-
tion. Here, we investigated the impact of P2X4 receptors on the LPS-driven microglia transcriptome remodeling. Although
we used complementary and sensitive biostatistical approaches, we did not measure significant impact of P2X4 deficiency
onto microglia transcriptome either in homeostatic nor reactive condition. Overall, our results revealed that microglia reac-
tion elicited by LPS-mediated sepsis is P2X4 independent and highlights the functional diversity of microglia reaction.
These results also promote for the search of disease-specific targets to tune microglia reaction towards beneficial outcomes.
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Introduction

Sepsis is a life-threatening multiorgan dysfunction arising
from dysregulated response to infection. Clinical signs are
diverse but generally include respiratory failure, shock and
fever [1]. The central effects of sepsis are known for a long
time but were initially thought to be caused by pathogens
themselves. However, studies have revealed that the sep-
sis-driven sickness behavior mainly results from a central
response to peripherically released cytokines produced by
immune cells and tissue resident macrophages [2—4]. In the
context of infection, sickness behavior is beneficial as it
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leads to nutriment restriction that in return limits the replica-
tion of pathogens. However, it can also affect neuropsycho-
logical functions such as learning and memory, especially
when infection is intense and/or prolonged.

Microglia are the main immuno-competent cells of the
central nervous system and play many key functions both
under physiological and physio-pathological conditions (for
review [5]). In particular, in response to perturbations of
the nervous system homeostasis, microglia become reactive.
Microglia reaction is a complex and not so well understood
mechanism. Recent studies revealed that reactive microglia
exist in multiple states that likely drive different microglial
functions which can be either beneficial or deleterious for
brain activities [6]. Yet, the role of microglia in the induction
and the maintenance of the sickness behavior remains poorly
understood. In this context, we have previously shown that
the microglia transcriptome is acutely dramatically altered
in an experimental model of sepsis based on the systemic
administration of a high dose of lipopolysaccharide (LPS),
an endotoxin from Gram™ bacteria [7]. This suggests that
microglia are critically involved in this syndrome and opens
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the way to modulate microglia reaction addressing it towards
beneficial effects.

Microglia express a large repertoire of purinergic recep-
tors, and purinergic signaling is central to microglia biology
both in physiological and disease conditions [2, 3]. Puriner-
gic receptors expression is highly dependent on microglia
state. Thus, P2ryl2 and P2ryl3 metabotropic receptors are
among the most expressed genes in homeostatic microglia,
but are strongly down-regulated in reactive states [7]. Con-
versely, P2X4 receptor (P2rx4), an ATP-gated channel, is
virtually absent from homeostatic microglia but up-regulated
in reactive microglia [8, 9]. Interestingly, each purinergic
receptor controls specific microglia functions. For exam-
ple, P2ry12 is involved in microglia processes motility
[10], whereas P2rx4 is involved in inflammatory processes
[11]. As a consequence of this switch in purinergic signal-
ing, reactive microglia loose or acquire specific functions.
In neuropathic pain models, de novo P2rX4 expression in
spinal microglia has been shown to enhance local network
excitability [8, 12]. Similarly, following status epilepticus,
P2rx4 expressing hippocampal microglia have been shown
to contribute to microglial-evoked neuroinflammation and
neuronal death [13]. Further, in a mouse model of Alzhei-
mer disease (AD), our group recently showed that genetic
blockade of P2rX4 is accompanied by a reduction of solu-
ble AP, 4, peptide level and a reversal of cognitive deficits
[14]. However, to our knowledge, the contribution of P2X4
receptors to neurological conditions characterized by strong
neuroinflammation but lack of neurodegeneration, as is the
case during sepsis, has not been studied.

Here, building on our previous study [7], we performed
whole transcriptome profiling of purified cortical microglia
from individual adult mice to investigate the extent to which
P2X4 receptors expression contributed to the microglial
transcriptome in a model of sepsis. Using a wide range of
complementary bioinformatic approaches, we characterized
the impact of P2rX4 on the repertoire of genes expressed by
microglia in both physiological conditions and in a model
of peripheral sepsis, induced by intraperitoneal administra-
tion of LPS.

Materials and methods
Animals, LPS treatments

In this study, we used female CX3CRIYCFP and
P2X47~:CX3CRI™C"" mice aged 60-80 days (C57BL6/J
background). Generation of CX3 CRI1C¢FP [15] and
P2X47/~:CX3CRICI? is described in [8, 16]. For simpli-
fication CX3CRI™%"F and P2X4™~:CX3CRI“*" mice are
thereafter referred to as P2X4™* and P2X4~'~ mice respec-
tively. Mice were bred in our IGF animal facility that holds
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an institutional license approved by the French Ministry of
Agriculture (N° D34-172-13). They were housed in a 12 h
light—dark schedule with food and water ad libitum. All
experiments followed European Union (Council directive
86/609EEC) and institutional guidelines for the care and use
of laboratory animals. The animal experiment protocols used
in this study were approved by the Comité d’Ethique pour
I’Expérimentation Animale Languedoc Roussillon (CEEA-
LR; APAFiS#5253).

LPS administration To induce a neuroinflammatory reac-
tion, a dose of 4 mg/kg of LPS (Escherichia coli 026;
#1.2654; Sigma-Aldrich, Lyon, France) diluted in PBS was
intraperitoneally (i.p.) injected. Control mice received an i.p.
injection of PBS. Mouse body weights were measured just
before and 24 h after i.p. injection. Mice were euthanized
24 h after i.p. administration.

Tissue collection

Tissue collection and preparation After induction of deep
anesthesia with 2 pg/g pentobarbital (Euthasol Vet, TVM),
mice were perfused intracardially with 10 ml of phosphate
buffer saline (PBS). For gene expression studies, the cortex
was dissected, immediately frozen and stored at — 80 °C
until use. For histological studies, the brains were fixed
with 4% paraformaldehyde (PFA, Sigma-Aldrich, P6148)
for 2 h at room temperature (RT) and then overnight at
4 °C in fresh 4% PFA. Fixed brains were stored at 4 °C
in PBS containing 0.1% sodium azide until they were cut
into 40 um sections using a Vibratome (Microm Microtec,
Brignais, France).

Immunohistochemistry, image acquisition
and quantification

Vibratome floating sections were incubated overnight at
4 °C with the appropriate primary antibody: Rabbit-IBA1
(1:2000, Wako, MNK4428) diluted in 2% BSA, 0.1% Triton
X-100, PBS solution. Sections were then rinsed 3 times with
PBS and incubated for 2 h at RT with Goat anti-Rabbit Cy3
secondary antibody (1:500, Jackson, 111-165-144). After a
final rinsing session, sections were then mounted using Dako
Fluorescent Mounting Medium (Dako, S3023) and stored at
4 °C until imaging.

Slides were viewed using a classical epifluorescence
microscope, and images were acquired using an Imager
Z1 microscope (Zeiss) equipped with an AxioCam MR
R3 camera under a 20X/0.50 M27 Zeiss Plan-Neofluar air
objectives. IBA1 staining was quantified by acquiring, for
each field, 11 images (corresponding to 10-pum-thick optical
sections). All images were acquired with the same expo-
sure time. Stacked images were projected on the Z-axis and
analyzed using a custom ImageJ] macro to determine the
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percentage of immunopositive surface. For each animal,
quantifications were performed in four to five randomly
selected fields per section with at least five sections per ani-
mal. Three (PBS injected) and five (LPS injected) mice were
analyzed.

Microglia isolation

The procedure to isolate microglia from brain is described
in details in [7]. After induction of deep anesthesia, mice
were perfused intracardially with 10 ml of PBS. The cor-
tex was dissected and mechanically homogenized in Hank’s
Balanced Salt Solution containing 0.6% glucose and 15 mM
HEPES using a glass-teflon dounce homogenizer. After fil-
tration through a 70 um cell strainer the cell suspension is
mixed in 1:3 proportions with a 100% Percoll solution. The
resulting 75% Percoll solution was then overlaid with 25%
Percoll solution and further with PBS. The gradients were
then centrifuged at 4 °C for 25 min at 800 g in swinging
buckets. After centrifugation, the top layer containing mye-
lin and debris (interface PBS/25% Percoll) was removed,
and the cellular layer at the 25%/75% interphase was col-
lected and washed by a series of centrifugation/resuspen-
sion steps. The final pellet was resuspended in PBS and sub-
jected to flow cytometry. Microglia sorting was performed
at the Montpellier Rio Imaging (MRI) Core Facility at the
Institute for Regenerative Medicine and Biotherapy (IRMB,
Montpellier) using a FacsAria (BD Biosciences) cell sorter.
Microglia cells were sorted following the gating scheme
presented in Fig. 1A. Sorted cells were GFP*™ events from
which doublets were eliminated. Characterization of GFP**
isolated cells was described in details in [7]. In brief, iso-
lated cells were 99% pure, showed homogeneous size and
granularity, had intermediate CD45 and CD11b expression
and were CD4~, CD8™ and MHCII™. The isolation process,
from dissection to final sorting, lasted between 3.5 and 4 h.
Sorted cells were directly collected in RLT buffer (Qiagen),
and lysates were frozen and stored at — 80 °C until total RNA
extraction.

RNA isolation and RNA-Seq

Total RNA was extracted from sorted microglial cells using
the RNeasy micro kit (Qiagen). All RNAs samples were
treated with DNase I according to the manufacturer’s recom-
mendations. The quality of the total RNA was checked using
the Agilent 2100 Bioanalyzer (Agilent). All RNAs had RNA
Integrity Numbers (RINs) higher than 8.0. Five individual
replicates per experimental condition were used.

Library preparation and RNA sequencing were performed
by the ProfileXpert core facility (Lyon, France). cDNAs
were synthetized and amplified (12 cycles) from 5 ng of
DNase-treated total-RNA using the SMARTer™ Ultra

Low RNA kit for Illumina sequencing (Clontech). Library
preparation was performed using the Ovation ultralow kit
(NuGEN) according to the manufacturer’s instructions.
Libraries were sequenced using an Illumina HiSeq2500 plat-
form, and 50 bp single-end sequencing data was obtained
with approximately 20-26 million reads passing filters per
sample.

Reads were aligned to the mouse genome (GRCm38
mm10) with a set of gene model annotations (i.e. genes.gtf
downloaded from UCSC on May 23 2014; GenelDs come
from the NCBI: gene2refseq.gz downloaded on September
14 2015) using the CRAC software [17]. In mean 21 million
reads were mapped to the genome. The featureCounts tool
was used to determine the number of reads mapping to each
gene [18]. Between 11.5 and 15.3 (13.6 + 1.3) million reads
were mapped on genes. Before normalization and statistical
analysis, genes with less than 12 reads in at least 5 samples
were filtered out.

Bioinformatics analyses

Differential gene expression Samples to be included in the
different analyses were selected according to the question
addressed. After selection, gene expression normaliza-
tion was performed using Relative Log Expression (RLE)
normalization implemented in the EdgeR 3.8.6 R package
[19]. Generalized Linear Models (GLM) with tagwise dis-
persion was applied to detect the differentially expressed
genes (DEG) depending on either the genotype (P2X4~/~
vs P2X4**) or the treatment (LPS vs PBS). Fold-change,
p value and False Discovery Rate (FDR) were com-
puted. Counts per million mapped reads (Cpm) were also
determined.

Principal component analysis (PCA) was performed using
FactoMiner R package [20].

Functional and pathways enrichment analysis To study the
biological mechanisms and gene ontology associated with
DEG, we used the g:Profiler software (https://biit.cs.ut.ee/
gprofiler/gost). For these analyses, Gene Ontology (GO)-
biological processes associated with the selected genes
were listed; nodes (GO-biological process) with adjusted
p value less than 5% were reported as important. Kyoto
Encyclopedia Gene and Genomes (KEGG [21]) and Reac-
tome [22] databases were also used to perform pathway
enrichment analyses. To avoid overly specific and general
processes, only processes with between 30 and 300 genes
were considered.

Gene set enrichment analysis (GSEA) [23] was performed
on all 10,778 expressed genes using the Cpm values obtained
from EdgeR as expression values. GSEA analyses were
run for either control or LPS-treated samples, comparing
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«Fig. 1 Microglia isolation procedure and overall effects of LPS
administration. A. Schematic overview of microglia sorting pro-
cedures. Percoll gradient-isolated leukocytes from control and
LPS-injected CX3CR1*¢" mice were gated based on high GFP
expression (GFP++). After elimination of the doublets and further
refinement based on cell size (Forward Scatter, FSC) and granularity
(Side Scatter, SSC), the sorted cells were immediately lysed before
RNA extraction and RNA-seq. B. Body weight loss measured 24 h
after i.p. administration of 4 mg/kg LPS in P2X4** and P2X4~"~
mice treated with either PBS (light colors) or LPS (dark colors).
Statistics: two-way ANOVA with LPS-Treatment and Genotype as
between subjects’ factors LPS-treatment: p < 0.001; FDR corrected
post hoc tests LPS vs PBS: **** p < (0.0001. Data are mean + SEM.
C. Quantification of cortical IBA1 positive area (in % of total area) in
P2X4** and P2X47/~ mice treated with either PBS or LPS. Statis-
tics: two-way ANOVA with LPS-Treatment and Genotype as between
subjects’ factors; LPS-treatment: p < 0.05. Data are Mean + SEM.
D. Number of microglia cells sorted in each experimental condi-
tion. E Principal component analysis of gene expression in P2X4*"*
and P2X4~~ homeostatic or reactive microglia, based on the 10,788
expressed genes

microglia isolated from P2X4™* and P2X4~/~ mice respec-
tively. GSEA was conducted with the GSEA software (http:/
software.broadinstitute.org/gsea/index.jsp). GSEA analyses
were performed on gene sets from the Mouse MSigDB Col-
lections (https://www.gsea-msigdb.org/gsea/msigdb/mouse/
collections.jsp). Namely, we interrogated gene sets of (1)
MH mouse-orthololog hallmark; (2) M2 canonical path-
ways; (3) M3 Regulatory target and (4) M5 Biological path-
ways gene sets. Parameters for GSEA were set to include
gene sets with between 15 and 200 genes to avoid overly spe-
cific or general terms. As recommended in the GSEA user
guide, enrichment gene sets with an FDR (g value) <25%
were considered relevant as they are more likely to generate
interesting hypotheses and drive further research. However,
we also reported enrichment gene sets with an uncorrected
p value lower than 1%.

qPCR

Reverse transcription of 500 ng amplified RNA (cell
sorted samples) or total RNA (whole cortex samples)
was performed using an iScript kit (BioRad). Real-time
PCR was performed in 384-well plates in a final volume
of 10 pl using SYBR Green dye detection on the Light-
Cycler480 system (Roche-Diagnostic). The primers pairs
were designed using Primer 3 software. Lists of genes
analyzed and primers sequences/references are given in
Table S1. The results were expressed as Cq and normal-
ized to the Cq value of the microglia Hexb housekeeping
gene (cell sorted samples) or Ddx17 (whole cortex sam-
ples). Normalized values are reported as (— ACq).

Statistics

All data are presented as mean + standard error of the mean
(SEM). They were analyzed using two-way analysis of
variance (ANOVA) in GraphPad Prism (9.0) to determine
significant main effects and interactions. Post hoc analy-
ses for multiple comparisons were performed with Benja-
mini, Krieger and Yekutieli False Discovery Rate (FDR)
corrections.

Results

P2rX4 deficiency had no global impact
on LPS-mediated sickness behavior

Peripheral immune challenges are known to lead to a wide
range of effects such as anorexia, anhedonia, decreased
activity and metabolic changes. Body weight loss can be
used as an integrative parameter of all the above-mentioned
effects and is useful to compare the intensity of sickness
behavior in different experimental conditions [24]. To
evaluate if P2rx4 deficiency had an overall impact on the
development of the sickness response in mice, we injected
P2X4** and P2X4~’~ adult (~ 3-month-old) female mice
intraperitoneally with LPS and measured their body weight
loss 24 h later. As previously described [24], we observed a
significant weight loss in P2X4™* animals (— 11.8 +3.5%; ¢
value <0.001; Fig. 1B). Body weight loss in P2rX4-deficient
mice was also significant (— 12.6 +£3.5%; ¢ value <0.001;
Fig. 1B) but not different from that in P2X4**, indicating
no overall behavioral contribution of P2rX4 to sickness
response in adult female mice.

Transcriptome analysis to assess the contribution
of microglial P2rX4 to LPS-induced inflammatory
response

Peripheral immune challenges induce a central reaction
characterized notably by a complex microglial reaction
that is known to play a key role in the establishment of the
neuroinflammatory response. To determine if P2rX4 has an
overall impact on microgliosis, we first quantified the LPS-
induced increase in IBA1 staining. Figure 1C revealed that
4 m/kg LPS administration induced an overall increase in the
IBA17" surface (Treatment fixed effect: p value <0.05; two-
way ANOVA), but with no significant impact of the genotype
(Genotype fixed effect: p value >0.05; two-way ANOVA).
Next, to establish whether P2rx4 deficiency may affect the
LPS-induced microglial reaction at the molecular level, we
used a flow cytometry approach to isolate microglia from
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both P2X4** or P2X4™~ mice that received either LPS or
PBS [7]. The number of microglial cells recovered was about
150 thousand cells per cortex (156 +8.2 [100 — 240]) and
was similar in all the experimental conditions (Fig. 1D). As
in our original experiment, mouse samples were sequenced
individually. In total, we identified 10,778 genes expressed
in at least five of the 20 microglial samples. Expression
values for all expressed genes are reported in Table S1a.
Comparison of gene expression profiles among individuals
within a same experimental group revealed strong correla-
tion within both the P2X4"* and P2X4~'~ control groups
(P2X4**: r=0.984+0.003; P2X4™": r=0.981+0.003).
Slightly lower correlation was measured within the LPS-
treated samples (P2X4%*: r=0.961+0.006; P2X4~/":
r=0.916+0.014). This likely reflects inter-individual treat-
ment-response variability, which appears more pronounced
in P2rX4-deficient mice (LPS-P2X4** vs LPS-P2X4™~: p
value =0.008). The higher interindividual variability among
LPS-treated samples, especially in P2rX4-deficient mice, is
also highlighted in the principal component analysis (PCA)
with all samples and expressed genes (Fig. 1E). Overall,
the high correlation within each of our experimental groups
ensures that transcriptomic remodeling is not masked by
interindividual variability.

Lack of P2rX4 only weakly affects microglia
transcriptome in homeostatic conditions

As an initial step towards deciphering the contribution of
the P2X4 receptor to the microglial reaction induced by
peripheral immune challenge, we evaluated whether P2rx4
deficiency affects the microglial transcriptome in homeo-
static condition. Thus, we compared genes expression in
control microglia isolated from the cortex of either P2X4™*
or P2X4~~ mice injected with PBS.

Both PCA analysis (Fig. 2A) and unsupervised hierar-
chical clustering (Fig. 2B) on all expressed genes failed to
segregate P2X4~/~ from P2X4** control microglia sug-
gesting that, under homeostatic conditions, P2X4 receptor
deficiency had minor impact on the microglia transcrip-
tome. To go further, we performed differential expression
analysis to search for differentially expressed genes (DEG).
We identified only 11 DEG with FDR < 0.05, among which
six were up-regulated and five down-regulated (including
P2rx4) (Fig. 2C). Of note, among those Capnli, Ccnb2,
Oasll and Slc15a2 were only weakly expressed in microglia
(i.e. cpm-WT-PBS < 10, Table S1b) and are thus unlikely
to play major roles in these cells. Down-regulation of the
expression of Ubc, P2rX7 and Ccdc62 in sorted microglia
was confirmed by qPCR (Sup-Fig. 1A—C). Interestingly and
consistently with its preferential expression in microglia [25]
(https://www.brainrnaseq.org/), Ubc down-regulation was
also demonstrated in cortical samples (Sup-Fig-1E). Finally,
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to identify whether the DEG were functionally related, we
performed functional analysis using gProfiler. We interro-
gated several databases, namely GO-Biological processes,
KEEG-pathways and Wiki-pathways, but could not associate
these 11 genes to any specific pathway or process.

Although differential expression is the gold standard in
transcriptomic analyses, it only captures abrupt changes in
gene expression. Gene Set Enrichment Analysis (GSEA)
is an alternative computational method that determines
whether an a priori defined set of genes shows statistically
significant concordant differences between two biological
states [23]. Interestingly, GSEA uses all expressed genes
making it possible to detect situations where all genes in
a predefined set change in a small, but coordinated way.
This is important for functional analysis as it is likely that
many relevant phenotypic differences are manifested by
small but consistent changes in a set of genes. Here, we
performed GSEA analyses using all expressed genes and
comparing P2X4~'~ to P2X4™* control microglia. We ana-
lyzed a wide range of gene sets of the Mouse MSigDB Col-
lections (see materials and methods) and only identified a
weak enrichment of the Reactome “Opioid signalling path-
way”, the Biocarta “HCMV pathway” and the “Chemokine
signalling wikipathway” in P2X4~~ homeostatic microglia
(FDR <0.25; see detailed results in Table S2). Our analysis
also revealed an enrichment for genes predicted to be targets
of miR_1843b_5p in P2X4~/~ microglia. Overall, however,
these results as well as those of clustering and differential
expression analyses indicated that P2X4 receptor deficiency
has only minor effect on microglia biology in homeostatic
conditions.

Microglia transcriptome remodeling is minimally
affected by P2rx4 deficiency

To analyze the contribution of P2X4 to sepsis-induced
microglia reaction, we then compared gene expression in
microglia isolated from the cortex of either P2X4%* or
P2X4~"~ mice injected with 4 mg/kg LPS.

Both PCA analysis (Fig. 3A) and unsupervised hierarchi-
cal clustering (Fig. 3B) failed to segregate P2X4~'~ from
P2X4%* LPS-treated microglia suggesting that P2X4
receptor deficiency had no strong impact on LPS-induced
microglia remodeling. However, to investigate further and
analyze whether P2X4 impacted only on very specific
pathways, we performed differential expression analysis
to identify DEGs. Because of the slightly higher interindi-
vidual variability among experimental groups and because
PCA had revealed little impact of the genotype, we reduced
the stringency of our analysis and applied a cutoff of 0.1
(instead of 0.05 in homeostatic conditions) for the FDR.
Even with these more relaxed conditions, we identified
only six DEG, among which one was up-regulated and five
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Fig.2 Impact of P2rx4 deficiency in homeostatic microglia. A. Prin-
cipal component analysis of gene expression in P2X4** and P2X4~/~
homeostatic microglia, based on the 10,788 expressed genes. B.
Hierarchical clustering of gene expression in P2X4™* and P2X4~/~
homeostatic microglia, based on the 10,788 expressed genes. C. Vol-
cano plot displaying the 11 genes that are deregulated (FDR <0.05)

down-regulated (including P2rx4) (Fig. 3C). From these
genes only Anapc5 up-regulation appears P2X4-dependent
(sup-Fig. 1D and Table S1b). We then performed functional
analysis on the DEG using gProfiler to determine whether
the DEG were functionally related. Despite querying several
databases (i.e. GO-Biological processes, KEEG-pathways

in P2X4~/~ compared to P2X4™"* homeostatic microglia. x-axis: log2
of fold-change in expression between P2X4"* and P2X4™'~ reactive
microglia. y-axis: —log,, of p value; the horizontal dotted line rep-
resents a p value=10"* corresponding to FDR=0.1. Light green:
down-regulated in P2X4~/~ Light purple: up-regulated in P2X4~/~

and Wiki-pathways) reporting thousands of pathways and
biological functions, we were unable to associate the DEGs
with any specific pathway or process.

To identify whether P2X4 may impact on many genes
associated to a specific process or pathway, but with
each gene of this process/pathway making only small
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Fig. 3 Impact of P2rx4 deficiency in reactive microglia. A. Principal
component analysis of gene expression in P2X4** and P2X4™/~ reac-
tive microglia, based on the 10,788 expressed genes. B. Hierarchical
clustering of gene expression in P2X4** and P2X4 ™/~ reactive micro-
glia, based on the 10,788 expressed genes. C. Volcano plot displaying
the six genes that are deregulated (FDR <0.1) in P2X4™~ compared
to P2X4** reactive microglia. x-axis: log2 of fold-change in expres-
sion between P2X4™and P2X4~/~ reactive microglia. y-axis: —log;,
of p value; the horizontal dotted line represents a p value=10"*, cor-

contribution (that would remain non-significant in differ-
ential expression analysis), we performed GSEA analy-
sis in reactive microglia isolated from either P2X4%* or
P2X4~~ mice. Despite analyzing several genes set catego-
ries of the Mouse MSigDB Collections, we only identified
a weak enrichment of the “Wang response to bexarotene
(up)” (i.e. Genes up-regulated in the mouse lung cancer
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responding to FDR=0.1. Dark green: down-regulated in P2X4~/~.
Dark purple: up-regulated in P2X4~~. D. Comparison of LPS-
induced fold-change (FC) in P2X4™* and P2X4~~ microglia. Each
dot represents a gene which x/y coordinates correspond to FC in
P2X4** (WT) and P2X4"* (KO) respectively. The first bisector
(plain purple line) represents equal FC in LPS-induced gene expres-
sion variations in P2X4*"* and P2X4~/~. Dotted purple lines represent
95% interval confidence

model and which reverted to normal levels upon treat-
ment with bexarotene) in the P2X4 ™/~ reactive microglia
(detailed results in Table S3).

Thus, DE and GSEA analyses show little if any contri-
bution of P2X4 receptor to microglia reaction in this sepsis
model. Yet, these two types of analyses do not consider the
intensity of the changes, and we reasoned that P2X4 could
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alter the intensity of gene deregulations but without affecting
the pathways involved. We thus compared, for the DEGs in
either and both P2X4™* or P2X4~~ microglia, the meas-
ured fold-change. Figure 3D revealed that almost all DEGs
exhibit comparable fold-change in both genotypes as shown
by their proximity to the first bisector of the graph. Only a
few genes slightly deviated, with for example Cybb, Cxcl10
and CclI2 being more up-regulated in P2X4~'~ microglia
while Oasl2, Ifi204 and Adamtsl4 are less up-regulated. The
detailed results of LPS-induced gene expression changes in
P2X4** and P2X4~"~ are shown in Table S4 (restricted to
the ~ 50% most expressed genes; i.e. log(cpm) > 4).
Finally, to assess whether P2rx4 deficiency may affect
specific microglia states already described in the litera-
ture, we calculated in each experimental condition the
gene signature activity using the Z-score method [26].
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Fig.4 Impact of P2rx4 deficiency on specific microglia signatures.
Plots indicating distribution of the signature activities in P2X4**
and P2X4~~, homeostatic and reactive microglia. Each dot indicates
the mean Z-score of the microglia sample for each signature. The
signatures are activities of Reactome up- and down-regulated gene
signatures A. IAM up- and down regulated gene signatures B. DIM

More specifically, we assessed the Reactome [7], the con-
served DIM (Disease Inflammatory Macrophages) and
DAM (Disease Associated Microglia) [27], and the IAM
(Inflammatory Associated Microglia) [28] signatures.
As expected, LPS treatment affected both Reactome,
IAM and DIM microglia signatures in P2X4** microglia
(Fig. 4A-C). However, our analysis also revealed that
P2rx4 deficiency had no measured impact on these signa-
tures. Of note, only the expression of Spp/ from the DAM
signature was altered after LPS administration. Impor-
tantly, it was affected similarly in WT and P2rx4-deficient
microglia (Fig. 4D).

Overall, all of our analyses of the effects of P2X4 on
the LPS-induced microglia reaction confirmed that this
receptor had little, if any impact, on the remodeling of the
microglia transcriptome in our mouse model of sepsis.
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post hoc tests LPS vs PBS: * p <0.05; ** p<0.01; **** p <0.0001 or
actual p values. Lines indicate the median Z-score
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Discussion

Whether bacterial, viral, fungal or parasitic in origin,
infections can lead to sepsis, a clinical syndrome char-
acterized by a dysregulated host response to the infection
[29]. Sepsis is life-threatening, and accumulating evidence
suggests that sepsis survivors display long-term neuro-
logical sequelae, including cognitive impairment [30]. In
the elderly, who, due to physiologic frailty and immune
senescence, are more susceptible to infection, the preva-
lence of sepsis is increased and may affect the progression
of neurodegenerative diseases, such as Alzheimer disease.

The pathogenesis of long-term cognitive impairment
after sepsis is still poorly understood, but several mecha-
nisms, including Blood-Brain Barrier (BBB) dysregula-
tion, neuroinflammation, neurotransmitter dysfunction and
neuronal loss are likely to play substantial roles [31]. Neu-
roinflammation is a major component of the pathogenesis
of numerous neurological and neurodegenerative diseases,
and microglia play a key role in the induction, the propa-
gation and the maintenance of these neuroinflammatory
processes [32]. Interestingly, it has been shown that inhi-
bition of microglial reaction by minocycline can alleviate
long-term memory impairment in mice with cecal ligation
puncture, an animal model of sepsis [33], thus provid-
ing proof of principle that targeting microglia may repre-
sent a useful therapeutic strategy to prevent the adverse
effects of the sickness behavior syndrome. Further, recent
studies have highlighted that reactive microglia exist in
different states, which can have either beneficial or detri-
mental impact on brain functioning [6]. Thus, modulating
microglia reaction by interfering with important signal-
ling pathways offers the theoretical opportunity to tune
the microglial reaction towards beneficial functions for
the disease outcome.

ATP plays a key role as danger signal mediating inflam-
mation at the periphery and in the brain [34]. P2X recep-
tors, which are ATP-gated ion channels, can efficiently
sense ATP concentration changes. P2rX4 and P2rX7
are the main P2X receptors expressed in microglia, with
P2rX4 showing at least 10 times higher affinity than P2rX7
for ATP [35]. Targeting P2rX4 receptors seems particu-
larly interesting since, first it is highly permeable to cal-
cium and has been shown to be involved in neuropatho-
logical processes [8, 13, 16, 36, 37], and second because
it is virtually absent in homeostatic conditions but de
novo expressed in reactive microglia [38]. Therefore, we
hypothesized that targeting P2rX4 receptors may provide a
mean to alter the microglia state and to redirect it towards
a more protective, less inflammatory phenotype.

Consistent with its low expression in homeostatic
microglia, our results demonstrate that P2rx4 deficiency
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does not significantly affect the microglial cell biology in
physiological conditions. This lack of impact is unlikely
due to a lack of the sensitivity in the methods used as
all approaches, including the sensitive GSEA one, led
to the same conclusion. Further, as the P2X4~~ mice
used are global knock-out, our results also highlight that
absence of P2X4 receptors in neurons, oligodendrocytes
and astrocytes, which also express P2X4 receptors, does
not strongly impact on the brain functioning. Indeed, if
this was the case one would expect that the transcriptome
of microglia, which constantly monitors and senses the
brain environment, would be affected. Of note, most of the
genes (9/11) whose expressions are affected in P2X4~/~ are
located within 7.8 Mbase from the P2rx4 gene on chromo-
some 5 [39]. It cannot therefore be ruled out that altera-
tions in gene expression are due to the introduction of
B-galactosidase or the neomycin cassette, and to chromatin
modification.

Our model of LPS-induced microglia reaction consisted
in intraperitoneal administration of high dose of LPS and
was associated with a sickness behavior syndrome character-
ized by important body weight loss. At the cellular level, it
induces a strong remodeling of the microglia transcriptome
as highlighted by the large number of deregulated genes (i.e.
about 40% of the microglia expressed genes; [7]). Surpris-
ingly, while P2rx4 was indeed up-regulated in LPS-treated
mice, we did not detect any coordinated effects of P2X4
deficiency on the LPS-induced microglia reactivity, and
deregulated genes between P2X4*+ and P2X4~'~ mice were
the same in LPS-treated and control animals. Of note, even
the very sensitive GSEA approach failed to identify any gene
set significantly impacted by P2X4 deficiency.

These results are contrasting with those of Vazquez-
Villoldo et al. [36] who showed that P2X4 receptors control
the microglial survival. While the route of administration
and doses match between the two studies (i.e. intraperitoneal
administration of either 3 mg/kg (Vazquez-Villoldo study)
or 4 mg/kg (present study)) there are other important differ-
ences between both studies. First, Vazquez-Villoldo used
young adult male Lewis rats, whereas we used C57BL6/J
young adult female mice; second, they investigated either
the spinal cord or the dentate gyrus microglia, whereas we
analyzed cortical microglia. It is known that the transcrip-
tome and the general state of microglia differ depending
on the species [40], the sex [41] and/or the brain area [42].
This may explain the difference observed between the two
studies.

These results also contrast from results from our own
lab showing an involvement of P2X4 receptors in the
microglial response in either neuropathic pain [8] and in
epilepsy [13]. The reasons for these differences are not
clear but may indicate that microglial P2X4 receptors are
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involved in microglia reaction only in case of intense stim-
uli or when neurodegeneration occurs. This is also consist-
ent with the observation that in different neuropathological
models, only a subset of reactive microglia are positive for
P2rX4 by immunohistochemistry [8, 13, 14].

Ubc and Anapc5 are two genes involved in the control
of ubiquitination and proteasome-mediated degradation
[43, 44]. The strong Ubc down-regulation we observed in
both homeostatic and reactive P2X4~~ microglia, as well
as the blunting of LPS-mediated up-regulation of Anapc5
in P2X4~~ microglia, suggests that P2X4 may be involved
in the protein degradation both under physiological and
pathological conditions. Complementary studies are how-
ever needed to further explore this hypothesis. Yet Anapc5
and Ubc are located within 80 Kbase and 2.6 Mbase from
P2rx4 on chromosome 5, respectively, suggesting that the
presence of the 3-galactosidase and neomycin cassette can
alter the expression of a subset of nearby genes.

Overall, although negative our results highlight that
P2X4 receptors do not represent a universal target to mod-
ulate microglia reaction. On the opposite, targeting P2X4
receptors might be relevant to specific neuropathological
conditions. Whether microglial P2X4 receptors are mobi-
lized only under neurodegenerative conditions needs to be
investigated in further studies.
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