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Abstract

P2X receptors (P2XR) comprise a family of ATP-gated, non-selective cation channels.
Out of the seven members of the P2XR family (P2X1R-P2X7R), P2X7R presents im-
portant characteristics that make it unique. These are a) the low affinity for the ligand
ATP, b) its long, intracellular C-terminus and c) the ability to induce the formation of a
macropore under sustained stimulation that allows the passage of large molecules and
that may eventually lead to cell death. The best characterized function of the P2X7R is
the induction of NLRP3 inflammasome assembly for the activation of caspase-1 and re-
lease of pro-inflammatory cytokines IL-13 and IL-18.

The P2X7R is encoded by the P2rx7 gene and is widely expressed in immune cells,
where it has proved relevance as a drug target due to its role in inflammation and its
demonstrated modulatory effects in various diseases. For example, P2X7R involvement
has been found in infectious diseases, autoimmune disorders, and cancer. In the central
nervous system, the P2X7R was shown to modulate neuroinflammation.

However, the cell type-specific localization and functions of the P2X7R in the central
nervous system are incompletely understood. While its large intracellular C-terminus has
been proposed to serve as a platform for the interaction with mediators of signaling path-
ways, details about the identity of these interaction partners, the signaling mechanisms
and functional relevance of such interactions remain largely unknown. A physical inter-
action of P2X7R with the P2X4R subtype has been suggested, although proof of this
interaction is mostly restricted to heterologous overexpression systems and evidence for
this interaction in vivo is insufficient.

In an attempt to address these questions, two transgenic P2X7R reporter mouse models
have been generated that express EGFP under the control of the endogenous P2rx7
promoter. One of them expresses a soluble EGFP (sEGFP mouse) and the other one
expresses a P2X7-EGFP fusion protein (P2X7-EGFP mouse). However, preliminary
data revealed divergent distribution of the reporter proteins in the mouse brain.

In this project, a detailed characterization and comparison of both BAC transgenic mouse
models was performed. Biochemical and histochemical approaches have been applied
to compare the P2X4 and P2X7 expression levels in both mouse models and determine
the cell-specific distribution of the EGFP reporter. In the P2X7-EGFP mouse model, this
study confirmed that the endogenous P2X7 and P2X4 expression levels were unaffected
and that the overexpressed fusion protein is found in microglia and oligodendrocytes.
However, analysis of P2X4 and P2X7 levels in the sEGFP mouse model revealed an
unexpected overexpression of both proteins, which is explained by the use of a different
BAC clone and the respective recombination strategy. Immunohistochemistry experi-
ments demonstrated divergent expression patterns of P2X7 and the sEGFP reporter and
revealed its predominant localization in neurons. In conclusion, these results unveiled
and explained inconsistencies in the reporter expression of the sEGFP mouse model.
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In a second part of this thesis, | investigated the reported interaction between P2X7R
and P2X4R using the transgenic P2X7-EGFP mouse model. In a biochemical approach
the interaction of both receptors was evaluated by pull-down via EGFP-tag. Control ex-
periments were performed upon expression of both subunits in Xenopus laevis oocytes
and HEK293 cells. Our results confirmed a previously shown P2X4R-P2X7R interaction
in X. laevis oocytes but revealed no proof of such an interaction in mouse lung and
HEK293 cells. The possibility of a functional interrelation between P2X4R and P2X7R
was further explored by comparison of the expression levels in both subunits in wildtype,
P2X7-EGFP overexpressing mice and P2rx4” and P2rx7” knockout mouse models. To-
gether, these data did not support an interaction or mutual interrelation of both receptors
in the mouse lung.

Lastly, a preliminary comparative proteomic study was performed with wildtype, P2rx7"
and P2X7-EGFP mice to study P2X7R signaling. To this aim, protocols for sample prep-
aration were tested and samples from mouse hippocampus were submitted to liquid
chromatography coupled to mass spectrometry (LC-MS) analysis. However, statistical
analysis did not identify significantly enriched proteins. Therefore, a cell-specific ap-
proach was considered more promising and a protocol for microglia isolation from adult
mouse brain was tested for future proteomic studies.

In summary, this study provided the first detailed characterization of the sEGFP P2X7
reporter mouse model and revealed important caveats for its use in basic research. It
further showed evidence against the proposed interaction between P2X7R and P2X4R
and finally describes a comparative proteomics approach to investigate P2X7R signaling
cascades.
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1. Introduction

Adenosine triphosphate (ATP), first reported by Karl Lohmann (Langen & Hucho, 2008;
Lohmann, 1929), is known by most as the cell principal energy reservoir. The high
amount of energy that it takes to form the bond between the second and third phosphate
group can be released by breaking it, which makes this molecule a good energy cur-
rency. Over the years, understanding of this molecule was expanded as new insights
were discovered, in particular its suggested extracellular functions as a signaling mole-
cule and a neurotransmitter (Burnstock, 1972; Burnstock et al., 1970; Drury & Szent-
Gydrgyi, 1929; Emmelin & Feldberg, 1948; Holton, 1959).

This new role of ATP and the coinage of the term “Purinergic Signaling” by Geoffrey
Burnstock was a matter of discussion and faced dissention from a certain part of the
scientific community. Eventually, the first receptors for adenosine and its derivatives
ATP, adenosine diphosphate (ADP) and adenosine monophosphate (AMP) were identi-
fied through study of dose-response effects caused by their application (e.g. changes of
potential or accumulation of cyclic AMP), molecular cloning and discovery of antagonists
(Blume et al., 1973; Cobbin et al., 1974; Kostopoulos et al., 1975; Kuroda et al., 1976;
Valera et al., 1994; Webb et al., 1993). Soon, a classification was suggested for such
receptors depending on their agonists: receptors activated by adenosine or AMP were
termed P1 receptors (later named adenosine receptors), whereas those activated by
ATP or ADP were classified as P2 receptors (Burnstock, 1978; Fredholm et al., 2001).

According to the initial proposed model (Burnstock, 1978), ATP released via exocytic
vesicles would either activate P2 receptors from a neighboring cell or be rapidly cleaved
into adenosine via nucleotidases, and the resulting adenosine molecules would then
reach adenosine receptors at the prejunctional cell and modulate the release of ATP,
creating a negative feedback loop (Figure 1). Current knowledge differs from this model,
as ATP and its breakdown products are able to reach receptors both at the pre- and
post-junctional cells. While adenosine is linked to anti-inflammatory processes, ATP is
associated with inflammation. Furthermore, AMP and ADP are agonists for adenosine
receptors and P2 receptors, respectively (Abbracchio & Burnstock, 1994; Rittiner et al.,
2012; Silinsky et al., 1990; Silva-Ramos et al., 2020).

The release of ATP as a signaling molecule takes place in several types of cells across
the organism e.g. in the nervous system, where ATP can be co-transmitted along with
other neurotransmitters (Burnstock, 1976; Svensson et al., 2019). According to their
mechanism of action, P2 receptors are classified in two families (Abbracchio &
Burnstock, 1994; Burnstock & Kennedy, 1985). P2X receptors (P2XR) comprise a family
of ionotropic receptors, and P2Y receptors (P2YR) are protein G-coupled receptors. Both
families are widely distributed throughout the organism (Burnstock & Knight, 2004; Ja-
cobson & Miller, 2016).
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Pre-junctional cell
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Figure 1: Negative feedback loop involving P1 (adenosine receptors) and P2 receptors as suggested
in their first proposed classification (Burnstock, 1978).

1.1 P2X receptors

P2XRs, encoded by the P2rx genes, are a family of receptors that are non-selective
cation channels and allow the passage of Na*, K* and Ca?* ions upon activation. Seven
members of this family have been identified in and cloned from mammals (P2X1-P2X7),
having their names assigned according to their chronological order of cloning (Kaczma-
rek-Hajek et al., 2012).

P2X receptors are encoded by 379 to 595 amino acids. The structure of P2X receptors
consists of two transmembrane helical domains linked by a large extracellular loop that
contains the biding site for the ligand, as well as for modulators and antagonists (Figure
2). Both N- and C-termini are located in the intracellular region in all the isoforms and are
less conserved among the members of the family, whereas the extracellular region con-
tains segments of amino acids that are more conserved. The different degrees of homol-
ogy are responsible for the different ligand affinity and channel kinetics when comparing
the different isoforms in different organisms (North, 2002).

The quaternary structure of P2X receptors consists of three subunits. Although channel
activation was thought to require three molecules of the agonist, it was shown that only
two molecules can activate a channel at times (Stelmashenko et al., 2012). Out of the
seven isoforms, nearly all the members of the P2XR family are able to effectively show
homotrimeric assembly, with the exception of P2X6R, which also has the shortest amino
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acid sequence. In native tissues, P2X6R has been suggested to form heteromeric com-
plexes with P2X2R (Resende et al., 2007; Schwindt et al., 2011) but also with P2X4R
(Rubio & Soto, 2001). These combinations were also demonstrated via co-immunopre-
cipitation and functional studies in heterologous expression systems (King et al., 2000;
Lé et al,, 1998; Torres et al., 1999). The existence of heterotrimers expands the charac-
teristics and dynamics of P2X receptors, although the specific subunit combinations in
native tissues are incompletely understood. Aside of P2X6R, there are combinations for
which good evidence has been reported over the years e.g. P2X2/3 or P2X1/5 (Saul et
al., 2013; Torres et al., 1999), while others remain difficult to demonstrate in physiological
conditions, such as P2X4/7. For further details about P2X4/7, refer to section 1.4.

Figure 2: Schematic representation of a P2X monomer inserted in the plasma membrane. Red: Intra-
cellular N- and C-termini; green: transmembrane domains; blue: ectodomain.

1.2 P2X7R

P2X7 receptor (P2X7R), the central core of this dissertation, represents the most dissim-
ilar member within the P2XR family. The characteristics that make this channel unique
among the P2X receptors are:
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o It shows the lowest affinity for ATP (ECs0>1mM, up to 1000-fold over other isoforms).
In fact, 3'-O-(4-Benzoyl)benzoyladenosine 5'-triphosphate (Bz-ATP), is a more po-
tent agonist on this receptor (ECs~100 uM) than ATP (Kaczmarek-Hajek et al.,
2012).

¢ It has along intracellular C-terminus, which has been reported to serve as a platform
for the interaction with partners that might trigger signaling cascades not usually re-
lated to ion channels (Kopp et al., 2019).

e The P2X7 channel is the only member of the family that does not show desensitiza-
tion upon sustained ligand application (Koshimizu et al., 1999; McCarthy et al., 2019).
In fact, it has been demonstrated that, upon prolonged stimulation, the channel is
able to induce membrane permeabilization by opening a macropore that allows the
passage of large cations and fluorescent dyes such as YO-PRO1 or ethidium bro-
mide. Although the molecular events that govern the opening of such macropore are
not completely understood, it is known that it may lead to cell death (Kopp et al.,
2019).

P2X7R activation enables the opening of a channel for the inward passage of Ca?* and
Na* (Miller et al., 2011). In spite of studies arguing in favor of P2X7R being a channel for
K* efflux, it was shown that this is at least partially mediated by the two-pore domain K*
channel TWIK2 (Di et al., 2018) with functional relevance (refer to section 1.2.2.1). The
presence of divalent cations (e.g. Cu?*, Cd?*, Ni%*, Zn?*, Ca?") lowers the ability of ATP
to activate P2X7, possibly acting as allosteric inhibitors (Virginio et al., 1997).

1.2.1 Structure of P2X7R

With 595 amino acids, P2X7R is the largest protein in the P2XR family. When compared
with other P2X isoforms, P2X7 shows the most variable sequence in the large extracel-
lular loop (ectodomain) and the intracellular C-terminus (Chessell et al., 1998), which
represents around 40% of the protein (Kopp et al., 2019). The structure of this domain
was resolved recently for the rat P2X7R in vitro via single particle electron microscopy
(Figure 3) and renamed as “ballast domain” (McCarthy et al., 2019). This study was a
major breakthrough which revealed motifs and folds that opened new routes for P2X7R
research (Figure 3). For example, residues of C- and N- termini form a “cap” in the cyto-
plasm that determines P2X7R desensitization rate. In relation with this, a cytoplasmic
“anchor” C-cys domain undergoes palmitoylation that prevents desensitization. As for
the ligand binding site, P2X7R ectodomain owns a binding pocket with a more narrow
space that protects it from ligands and solvents in comparison with other P2XR isoforms,
thus giving a reason for the low affinity that P2X7R has for ATP. The ballast domain was
proved to be necessary for the opening of the so-called macropore e.g. through study of
a naturally occurring truncated human P2X7R isoform called P2X7B that lacks from this
domain and is unable to induce macropore formation (Adinolfi et al., 2010). Previously,
it was suggested that the opening of this pore might require other interacting proteins
such Pannexin-1 (Pelegrin & Surprenant, 2006).
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Alternative splicing products apart from P2X7B have been characterized, studied, and
compared to the canonical P2X7A (Andrejew et al., 2020; Jimenez-Mateos et al., 2019).
Other isoforms lacking the carboxyterminal end are the human P2X7E or P2X7J. The
latter, similarly to P2X7L, also lacks from part of the ectodomain (de Salis et al., 2022).
Furthermore, P2X7J forms non-functional heterotrimers with other P2X7 subunits in a
suggested protective role against ATP-related cell death, which is relevant in cancer cell
survival (Y. H. Feng et al., 2006; Y.-H. Feng et al., 2006). Interestingly, P2X7k is a mouse
isoform that expresses an alternative exon 1 (exon 1’) and escapes deletion in a P2X7"-
mouse model (Nicke et al., 2009).

Figure 3: P2X7 trimer as described by McCarthy et al. (2019) (A) Observation of the channel across the
plasma membrane. (B, C) Observation of the channel from the outer side of the membrane in the (B) apo
(PDB ID 6U9V) and (C) open (PDB 6U9W) states.

1.2.2 Cellular and physiological functions of P2X7R

Some of the best described P2X7R functions include the synthesis and release of pro-
inflammatory cytokines, activation of lipases, transcription factors, apoptosis, and induc-
tion of changes in the plasma membrane, among others (Kopp et al., 2019).

1.2.2.1 Role in inflammation

The most recognized function of P2X7R is its role in inflammatory processes and the
synthesis and release of interleukin-13 (IL-1B). IL-1B is a pro-inflammatory cytokine that
derives from the inactive form pro-interleukin-1B (pro-IL1B) that is cleaved by caspase-1
(Albalawi et al., 2017; Di Virgilio, 2007; Ferrari, Pizzirani, et al., 2006). Having a very low
affinity for ATP means that P2X7R will be activated when the ATP concentration in the
extracellular medium is high. In this situation, ATP acts as a Damage-Associated Molec-
ular Pattern (DAMP) (Tanaka et al., 2014). DAMPs act upon tissue damage or recogni-
tion of Pathogen-Associated Molecular Patterns (PAMPS) such as bacterial lipopoly-
saccharide (LPS) (Di Virgilio et al., 2023). This is important for the recruitment of factors
that play a role in immunity (Vénéreau et al., 2015).
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Transcription of the NOD-like receptor family pyrin domain containing 3 (NLRP3) protein
begins as a result of the signaling cascades triggered by toll-like receptors (TLRs) upon
interaction with PAMP molecules such as LPS or biglycan (Babelova et al., 2009; De
Nardo et al., 2014; Qu & Dubyak, 2009). As mentioned earlier, activation of P2X7R leads
to Na* and Ca?* influx and there is a compensatory K* efflux produced by P2X7R itself
and the TWIK2 channel. Although the specific mechanisms of NLRP3 activation prior to
NLRP3 inflammasome assembly are not clear, it has been suggested that NLRP3 in-
flammasome oligomerizes following K* depletion and/or Ca?* increase in the cytoplasm
(Figure 4). The complex is formed when NLRP3, that act as a sensor, recruits ASC
(mediator), the apoptosis-associated speck-like protein containing a caspase activation
and recruitment domain CARD. ASC oligomerizes creating the NLRP3 inflammasome
complex (Lopez-Castejon & Brough, 2011). ASC recruits pro-caspase-1 forming the so-
called ASC speck. This enables the self-catalytic activity of pro-caspase-1. Cleavage of
pro-caspase-1 releases caspase-1 into the cytoplasm (Guo et al., 2015; Swanson et al.,
2019). Caspase-1 cleaves both pro-IL1pB into its active form IL-1(3, and the auto-inhibited
gasdermin D (GSDMD) into active GSDMD, which forms a membrane pore that allows
secretion of mature IL-1pB into the extracellular space. Once at the extracellular medium,
IL-18 mediates inflammation by initializing the innate immunity (de Sa et al., 2023;
Dubyak, 2012; Giuliani et al., 2017; Wang et al., 2021). GSDMD pores have been re-
ported to trigger pyroptosis, a cellular process that involves death without affecting the
surrounding cells (Liu et al., 2016). Additional aspects of P2X7R involvement in this pro-
cess have been suggested, such as a possible direct interaction of P2X7R and NLRP3
prior to the NLRP3 inflammasome assembly (Franceschini et al., 2015; Silverman et al.,
2009), which may allow an intrinsic ATPase activity of NLRP3 protein that it requires in
order to oligomerize and begin the inflammasome assembly (Minkiewicz et al., 2013).
The structure of the human NLRP3 inflammasome protein complex was resolved re-
cently in vitro via cryogenic electron microscopy (cryo-EM) (Xiao et al., 2023).

The role of P2X7R in the synthesis and release of IL-13 was confirmed by the use of a
knockout mouse model (P2rx7'-) whose macrophages showed impairment of IL-1B re-
lease after ATP stimulation (Solle et al., 2001b). As pro-IL1[3 levels remained stable, a
conclusion of the study was that P2X7R activation by ATP plays a role in the cleavage
of pro-IL1pB into the active form IL-1B3. However, that effect was compensated when ap-
plying LPS as a PAMP together with nigericine, a potassium ionophore that induces K*
release from the cytoplasm to the extracellular environment. Therefore, both the Ca?*
uptake following P2X7R activation, and K* depletion seem to be mechanisms that can
act independently to induce the assembly of NLRP3 inflammasome.
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Figure 4: NLRP3 inflammasome assembly and release of IL-18 upon P2X7 activation by extracellular
ATP (Guo et al., 2015; Giuliani et al., 2017). K* depletion and Ca?* increase resulting from ATP-mediated
P2XT7R activation induces recruitment and assembly of the NLRP3 inflammasome, leading to breakdown of
pro-caspase 1 into its active form, which in turn generates IL-13 and GSMD. This allows the formation of the
GSDMD pore and IL-1p release.

1.2.2.2 Dual roles in cell death and growth

A dual role has been proposed for P2X7R in cell survival and death. Studies have sug-
gested that the promotion of either one of these processes depends on the activation
levels of this receptor (Adinolfi et al., 2005; Orioli et al., 2017). On the one hand, basal
or low activation of P2X7 leads to changes in cell shape, growth and protective, trophic
activity. On the other hand, high activation levels or prolonged stimulation of the receptor
leads to cytotoxic activity that results in cell death.

P2X7R is involved in processes related to cell migration, survival and cell proliferation.
Heterologous expression in P2X7R-lacking cells such as human embryonic kidney cells
(HEK293) (Amoroso et al., 2012) and lymphoid cells that do not express this receptor
(Baricordi et al., 1999) showed that, in absence of serum or low glucose conditions, P2X7
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induces an increase of lactate production and activation of the Akt/HIFa axis in an auto-
crine/paracrine feedback loop that reprograms the cell metabolism as a way to meet the
needs and allow cell survival. In human T lymphocytes, P2X7R shows mitogenic activity
that can be reversed by the P2X7R antagonist oxidized ATP (oATP) (Baricordi et al.,
1996). In microglia, P2X7R is involved in cell migration and proliferation (Bianco et al.,
2006), an effect seen even when P2X7R is not activated, but only overexpressed (Monif
et al., 2009). Also, P2X7R was shown to allow cell growth as reported in cancer cell lines
CT26 (Adinolfi et al., 2012) and C6 (Wei et al., 2008). The induction of tumor growth was
also reported for trimers of co-assembled P2X7B and P2X7A variants (Adinolfi et al.,
2010). This effect was reversed by blockade of the receptor with antagonists that down-
regulated the Akt/HIFa axis mentioned earlier (Amoroso et al., 2015).

However, P2X7R activation has been mainly linked to processes related to cell death,
including pyroptosis, autophagy, necrosis, and apoptosis. As previously mentioned, pro-
longed stimulation of P2X7R induces pore formation that allows the passage of larger
molecules. This may lead to depletion of intracellular ions and metabolites that are crucial
for cell survival (Ferrari et al.,, 1997). In the dystrophic muscle, the opening of the
macropore and cell death are linked to autophagy in myoblasts, but apoptosis in macro-
phages (Young et al., 2015). Phosphatidylserine (PS) flip, cytokine shedding and mem-
brane blebbing are characteristic features of apoptotic processes mediated by P2X7R.
It has been proposed that these and other processes induced by P2X7R activation such
as Ca?" increase in cytoplasm and mitochondria, cytoskeletal rearrangement and mito-
chondrial swelling are reversible processes that only lead to irreversible apoptosis once
cytochrome-c is released from the mitochondria, which requires the Rho-associated pro-
tein kinase (ROCK) pathway to take place in parallel (Mackenzie et al., 2005). Upon
priming with LPS, P2X7R cytotoxic effects are potentiated (Di Virgilio et al., 2023). Other
studies on cell death induced by P2X7R activation showed certain pathways leading to
cell death that are unrelated to IL-13 synthesis and release, in line with the reported cell
death involving the SAPK/JNK pathway independently from caspase-1 (Humphreys,
2000; le Feuvre et al., 2002; Verhoef et al., 2003).

1.2.3 Localization of P2X7R

P2X7Rs are found widespread throughout vertebrate organisms. They are highly ex-
pressed in many immune cells, and also in cells of the nervous system. Controversy
exists around this topic, as P2X7R expression in cell types such as neutrophils has been
accepted although certain studies have shown the contrary (Karmakar et al., 2016; Mar-
tel-Gallegos et al., 2010; Suh et al., 2001). Existence of neuronal P2X7R is also widely
accepted in the purinergic signaling field, although it has been challenging to demon-
strate in biochemical or functional studies due to the lack of efficient antibodies and the
low specificity of the available ligands (Kaczmarek-Hajek et al., 2018). Thus, the pres-
ence of P2X7 protein in neurons is still a subject of debate, with reports against and in
favor of such localization (llles et al., 2017; Teresa Miras-Portugal et al., 2017). Table 1
summarizes cell types in which P2X7 expression has been reported.
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Cell type References
(Bartlett et al., 2014; Jacob et al., 2013;
Macrophages Monif et al., 2009; Savio et al., 2018;

Wewers & Sarkar, 2009)

Dendritic Cells (DCs)

(Bartlett et al., 2014; Mutini et al., 1999)

Lymphocytes T and B

(Adinolfi, Giuliani, de Marchi, et al., 2018; Yip
et al., 2009)

(Bartlett et al., 2014; Lenertz et al., 2011; Sa-

Monocytes .
vio et al., 2018)
(Idzko et al., 2014; Jiang et al., 2020; Monif
Mast cells ,
et al., 2009; Savio et al., 2018)
, (Karmakar et al., 2016; Suh et al., 2001) (see
Neutrophils
Martel-Gallegos et al., 2010)
) i (Ferrari, la Sala, et al., 2006; Mohanty et al.,
Eosinophils

2001; Mdller et al., 2011)

Osteoblasts/Osteoclasts

(Bartlett et al., 2014; Lenertz et al., 2011)

Fibroblasts

(Bartlett et al., 2014; Morandini et al., 2014;
Schilling et al., 1999)

Epithelial cells

(Bartlett et al., 2014; Morandini et al., 2014)

Endothelial cells

(Bartlett et al., 2014; Morandini et al., 2014;
Wilson et al., 2007)

Salivary glands

(Morandini et al., 2014; Tenneti et al., 1998)

Pancreatic exocrine glands

(Morandini et al., 2014; Novak, 2008)

Neural Progenitor Cells (NPCs)

(Delarasse et al., 2009; Kanellopoulos &
Delarasse, 2019; Messemer et al., 2013)

Microglia

(Bartlett et al., 2014; Cisneros-Mejorado et
al., 2020; Idzko et al., 2014; Jacob et al.,
2013; Jiang et al., 2021; Lenertz et al., 2011;
Monif et al., 2009)

Oligodendrocytes

(Bartlett et al., 2014; Cisneros-Mejorado et
al., 2020; Jiang et al., 2021)

Astrocytes

(Bartlett et al., 2014; Cisneros-Mejorado et
al., 2020; Lenertz et al., 2011)

Neurons

(Teresa Miras-Portugal et al., 2017) (see llles
et al., 2017)

Table 1: Cell lines in which P2X7 localization has been reported
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1.2.4 Pathophysiological roles of P2X7R

Taking into account the P2X7R functions and the cell types that show P2X7R expression,
it has been taken as a potential drug target in several health conditions that range from
infectious diseases to neurodegenerative disorders, cancer and cardiovascular or res-
piratory conditions, to name a few (Burnstock & Knight, 2018; Fuller et al., 2009;
Sperlagh & llles, 2014).

From the genetic perspective, P2rx7 polymorphisms have been involved in mood disor-
ders, as well as in the susceptibility and resistance to parasite invasion and infections
provoked by intracellular pathogens (Fuller et al., 2009; Miller et al., 2011; Savio et al.,
2018).

In immune cells, P2X7R is involved in pathological processes. ATP is released due to
activation of antigen presenting cells (APCs) during processes of allograft rejection and
subsequent graft versus host disease leading to systemic inflammation and life threat. In
this regard, it has been suggested that P2X7R blockade might reduce the exacerbated
immune response improving the patients’ prognosis (Wilhelm et al., 2010). Similarly to
its previously discussed role in cell death and survival, P2X7R is linked to either protec-
tion or susceptibility to infection depending on the severity of the pathogen’s virulence.
This dual involvement has been discussed in tuberculosis (Savio et al., 2018; Wirsching
et al., 2020), while P2X7R has proved to be protective against other bacterial pathogens
such as chlamydia and mycobacteria (Biswas et al., 2008; Darville et al., 2007; Morandini
et al., 2014).

In the central nervous system, P2X7R activation and its role in neuroinflammation takes
part in numerous pathologies. While its blockade has beneficial effects against glioblas-
toma progression (Delarasse et al., 2011; Drill et al., 2020), it showed again a dual neu-
roprotective and neurocytotoxic activity upon mild and severe cerebrovascular disease
(CVD), respectively (Cisneros-Mejorado et al., 2020). Furthermore, P2X7R involvement
in mood disorders (Deussing & Arzt, 2018; Ribeiro et al., 2019) and neurodegenerative
diseases has been under extensive study during the recent years. The role of this recep-
tor has been investigated in epilepsy (Conte et al., 2021; Dona et al., 2009; Engel et al.,
2012), multiple and lateral amyotrophic scleroses (Bartlett et al., 2017; Ruiz-Ruiz, Cal-
zaferri, et al., 2020; Ruiz-Ruiz, Garcia-Magro, et al., 2020), Alzheimer’s disease (Fran-
cistiova et al., 2020), schizophrenia (Calovi et al., 2020), and others (Calzaferri et al.,
2020; Jimenez-Mateos et al., 2019). Therefore, it is considered as a potential therapeutic
target (Calzaferri et al., 2021; A. Sebastian-Serrano et al., 2019).

1.3 The BAC transgenic approach

Bacterial Artificial Chromosome (BAC) transgenic mice have been proved to represent
powerful tools in basic and preclinical research since this technology was first developed
(Yang et al., 1997) and applied to genetically modify laboratory mice. It has been widely
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used because it allows the insertion of full genes along with their regulatory elements
permanently into a mouse line. Taking advantage of this, the functions of an individual
gene as well as the localization of a protein can be tested in vivo, e.g. by the use of
appropriate reporter tags (Heintz, 2001; Kasatkina & Verkhusha, 2022; Roguev &
Krogan, 2008).

This technology has been developed and used for multiple purposes and proved useful
in the research on epithelial tissue (Kanayama et al., 2019; Birbach et al., 2009), and the
immune system (Sparwasser & Eberl, 2007), among others. BAC transgenic mice ex-
pressing reporter genes are found in multiple studies e.g. AmCyan or GFP (Schmdle et
al., 2015; Tsuda et al., 2017). In the CNS, this tool has allowed the visualization of protein
targets in localization studies from specific cell types or regions of the brain, such as the
spiny neurons or basal ganglia, as well as full expression patterns over the whole cere-
brum (Shuen et al., 2008; Xu et al., 2016; Yang & Gong, 2005).

The proven utility of the BAC transgenic approach led to the creation of large scale pro-
jects such as the GENSAT project (http://www.gensat.org), which aimed to a) develop a
database of BAC transgenic clones that include genes encoding EGFP-tagged versions
of proteins that are expressed in the CNS; and b) to analyze the expression patterns of
these proteins throughout the brain (Gong et al., 2010). The project was carried out in
order to create a mouse brain atlas with images of region and cell specific expression for
specific proteins, aiding in the research regarding their function in cell and tissue devel-
opment (Gong et al., 2003; Zoghbi, 2003). The BAC transgenic mouse lines developed
within this project have been used and reported in the literature using tissue-specific
(Gerfen et al., 2013) as well as cell-specific (Srinivasan et al., 2016) approaches to ana-
lyze the distribution and functions of protein targets of study.

As part of the GENSAT project, a BAC transgenic mouse line (Tg(P2rx7-
EGFP)FY174Gsat) is available and expresses a soluble EGFP protein under the control
of the endogenous P2rx7 promoter. The BAC clone was designed by insertion of the
EGFP coding sequence inside exon 1 of the P2rx7 gene with a stop codon and a poly-
adenylation site (pA) that was used to prevent additional overexpression of the P2X7
receptor (Figure 5A). Initial characterization of this model revealed EGFP localization in
glia-like cells throughout the brain as well as neuronal expression. This mouse model
has been described and used by several laboratories (Jimenez-Pacheco et al., 2013;
Ortega et al., 2021).

In our laboratory, a BAC transgenic mouse model was created (Tg(RP24-
114E20P2X7451P-StrepHis-EGFP)Ani) which expresses EGFP fused to P2X7 via a
Strep-tag and a His-tag under the control of the endogenous P2rx7 promoter (Figure
5B). Therefore, this mouse model shows an overexpression of P2X7 that overlaps with
that of the wildtype mouse brain (Kaczmarek-Hajek et al., 2018). However, characteri-
zation of this model revealed no expression of P2X7-EGFP in neurons, but rather in
microglia, oligodendrocytes and Bergmann glia, as well as a sparse distribution in astro-
cytes, unlike the GENSAT mouse model. Comparison of this model with the available
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data from the GenSat mouse indicated differences in P2X7R localization in both models.
However, a careful characterization of the GenSat mouse has not been performed.
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Figure 5: Schematic representation of the constructs used for the design of the reporter BAC trans-
genic mouse models used in this study. In both cases, the gene Ift81 encoding for the intraflagellar
transport protein 81 (IFT81) is inserted as a passenger gene. (A) The GENSAT P2X7 mouse line was de-
signed by integration of the SEGFP squence (including the polyadenylation signal) at the start ATG codon
of P2rx7 gene’s exon 1. In this case, P2rx4 was also inserted as a passenger gene. (B) the P2X7-EGFP
mouse model was designed by insertion of the Strep-His linker tags immediately upstream of the stop TGA
codon of exon 13. Here, the Ift81 was erased by Sacll linearization.



Introduction 29

1.4 P2X4R - interaction with P2X7R?

P2X4 is the member of the P2X family that shares the highest similarity with P2X7 (47%
amino acid identity in humans). The P2rx7 and P2rx4 genes are located on the same
chromosome in mice, rats and humans (Kopp et al., 2019; Saul et al., 2013). They also
share a similar distribution, as P2X4R is present in immune cells, epithelial cells and
cells from the nervous system such as microglia but also in neurons (Bowler et al., 2003;
llles et al., 2020; Ma et al., 2006; Xiang & Burnstock, 2005). However, P2X4R subcellular
localization has been shown as predominantly lysosomal (Qureshi et al., 2007), where
P2X4R might regulate lysosome Ca?* trafficking and membrane events (Cao et al., 2015;
Murrell-Lagnado, 2018). P2X4R is involved in processes related to release of pro-inflam-
matory cytokines, autophagy, and neurological disorders, like P2X7R. P2X4R is also
involved in cardiac function and alcohol effects (Suurvali et al., 2017).

Heteromeric assembly of P2X4R with other P2XR isoforms has been reported e.g. with
P2X6R (Lé et al., 1998). However, co-assembly with P2XR7 (Figure 6A) has been chal-
lenging to demonstrate in vivo and has been a subject of debate (Guo et al., 2007; Nicke,
2008). The question was raised first for P2XRs of airway ciliated cells, described as
complexes that contain at least one P2X4 subunit, although characteristics of these re-
sulted similar to those of P2X7R channels. Therefore, an interaction between P2X4 and
P2X7 subunits, or a modulation of cilia P2X4R complexes by P2X7R, was suggested
(Ma et al., 2006). This is in line with the findings of suggested heterotrimers in bone
marrow-derived macrophages and HEK293 cells (Guo et al., 2007). Other studies point
at a close interaction of P2X7R and P2X4R homotrimers (Figure 6B) rather than the
heteromeric assembly (Antonio et al., 2011; Boumechache et al., 2009). These possibil-
ities were also proposed after FRET analyses of heterologously expressed receptors in
Xenopus laevis oocytes (Schneider et al., 2017) and HEK293 cells (Pérez-Flores et al.,
2015).

Figure 6: Representation of the models for P2X4/P2X7 interaction as (A) heterotrimers and (B) inter-
acting homotrimers. Note that the N and C-termini have been removed for simplification.
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Furthermore, a functional interrelation between P2X4R and P2X7R has been postulated.
For example, P2X7R-induced macropore formation was reported to be negatively af-
fected by P2X4R in HEK293 cells, but positively affected in murine macrophages
(Casas-Pruneda et al., 2009; Kawano et al., 2012). It has also been discussed how si-
lencing one of the P2rx genes induces an increase of the other as a compensatory effect
(Weinhold et al., 2010).

1.5 Aim of the study

P2X7R localization and functions have been extensively studied through the last years.
However, most of the available data that exists today are either inconclusive or only
applicable in vitro or for heterologous expression systems due to the lack of reliable an-
imal models and specific antibodies and ligands (Anderson & Nedergaard, 2006; Kopp
et al., 2019). Therefore, involvement of P2X7R in health and disease remains under dis-
cussion because of the insufficient information about interactions and signaling pathways
that are triggered or mediated by P2X7R. Through this project we focused on three aims:

¢ Comparison of the BAC transgenic mouse models that are available in our labora-
tory: As pointed out, previous reports mentioned region-specific and cell-specific dis-
tribution of the EGFP reporter that were divergent when comparing both models (Ka-
czmarek-Hajek et al., 2018). We aimed to provide a more detailed characterization
and comparison of both mouse lines that will be useful for future research in the field.

¢ Investigation of the P2X4/P2X7 interaction: Heteromeric assembly of P2XRs has
been shown for different isoforms, but evidence of functional interaction or interrela-
tion between P2X4 and P2X7 receptors in vivo is lacking (Guo et al., 2007; Nicke,
2008). The recently generated P2X7-EGFP mouse model has been used in this pro-
ject with the aim of studying the reported physical interaction or functional interrela-
tion of P2X4 and P2X7 receptors, comparing it with heterologous expression systems
that have been used in the past such as X. laevis oocytes and HEK293 cells (Pérez-
flores et al., 2015; Schneider et al., 2017).

¢ Implementation of a proteomic approach to study P2X7R signaling pathways: As dis-
cussed, P2X7R involvement in health and disease has been studied, although the
specific molecular mechanisms that govern P2X7R signaling pathways are not com-
pletely understood. Quantitative proteomics is a powerful tool in the investigation of
cell signaling. It allows precise measurement of intermediaries from a signaling net-
work under different genotypical backgrounds or under the environment of cells that
respond to a certain stimulus (Woo et al., 2017). The last objective of this project was
to develop a strategy to study general protein expression patterns in mice under dif-
ferent levels of P2X7 expression. We used our BAC transgenic P2X7-EGFP mouse
model and compared it with the wildtype mouse and a P2rx7”- mouse as a knockout
model, in search for known or postulated P2X7R signaling intermediaries and aiming
at the discovery of new ones. For this, we counted on the collaboration of Dr. Thomas
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Frohlich at the Gene Centre (Munich), who gave advice and performed the needed
liquid chromatography coupled to mass spectrometry (LC-MS) experiments and sta-
tistical analysis.
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2. Materials and Methods

2.1 Materials

2.1.1 Mouse models

Mouse line

Information References

Tg(P2rx7-EGFP)FY174Gsat

sEGFP reporter,
FVB/N background

Males and females

(Gong et al., 2003;
Jimenez-Pacheco et
al., 2013; Ortega et

al., 2021)

Tg(RP24-114E20P2X7451P-StrepHis-
EGFP)17Ani

P2X7-EGFP re-

porter
FVB/N and C57BL/6 <Kagfg",ar§('§;'§‘;"ek
backgrounds K

Males and females

P2 7tmid(EUCOMM)Wisi

p2rx7

C57BL/6 back- European Mutant
ground Mouse Archive

Males and females

P2rx4tm1Rass P2rx4- (Sim et al., 2006)
Table 2: Mouse lines used in this study.
2.1.2 Chemicals
Item Manufacturer
Isoflurane (IsoFlo®) Abbot
Precision Plus Protein™ All Blue Standards Bio-Rad
n-dodecyl-B-D-maltoside Calbiochem
4’,6-diamidino-2-phenylindole (DAPI) Carl Roth
Ampicilin Carl Roth
Gentamicine Carl Roth
Haematoxylin Carl Roth
Kaiser's glycerol gelatine phenol-free Carl Roth
Roti®-GelStain Carl Roth
Tween® 20 Carl Roth
GFP-Trap® A Chromotek
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Xylazine (Xylariem®) Ecuphar N.V.
PefaBlock Fluka
Ketamine Medistar
Immobilon®-FL PVDF membrane Merck

CD11b (Microglia) MicroBeads

Miltenyi Biotec

Gel Loading Dye Purple (6X)

New England Biolabs

Quick-Load® Purple 2-Log DNA Ladder

New England Biolabs

Dpn | enzyme

New England Biolabs

Bgl Il enzyme New England Biolabs

cOmplete™ EDTA-free Protease Inhibitor Cocktail Roche
LightCycler® 480 multiwell plate 96 Roche
Tissue-Tek® O.C.T.™ compound Sakura
Collagenase type lla Serva

Digitonin Sigma-Aldrich

Low melting point agarose Sigma-Aldrich

Nonidet™ P-40 (NP-40) Sigma-Aldrich

Penicillin-Streptomycin (100x) Sigma-Aldrich

SigmaFast™ DAB tablets Sigma-Aldrich

Triton X-100 Sigma-Aldrich

Trypsin EDTA solution Sigma-Aldrich

Fetal bovine serum

Thermo Fisher

Goat serum

Thermo Fisher

L-Glutamine

Thermo Fisher

Dulbecco's Modified Eagle's Medium (DMEM)

Thermo Fisher

DPBS

Thermo Fisher

PermaFluor™ mounting medium

Thermo Fisher

Table 3: Chemicals used for the experiments described in the Methods section, including the

manufacturer that provided them.

2.1.3 Commercial kits

Item Manufacturer

NucleoSpin® gel and PCR Macherey-Nagel

clean-up kit
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Adult Brain Dissociation Kit,
mouse and rat

Miltenyi Biotec

Gibson Assembly® master

New England Biolabs

mix
iIST-NHS kit PreOmics
RNeasy plus mini kit Qiagen
LightCycler 480 SYBR green Roche
| master
Random primed labeling kit Roche

SapphireAmp® fast PCR
master mix

Takara Clontech

MMESSAGE mMACHINE®
T7/SP6 transcription kit

Thermo Fisher

ABC Vectastain® kit

Vectorlabs

Plasmid miniprep kit |
peqGold

VWR Peglab

Table 4: Commercial kits used in this study and manufacturers that provided them. For

further details, refer to the Methods section.

2.1.4 Solutions and buffers

Solution

Composition

Homogenization buffer

0.1 M sodium phosphate buffer, pH 8.0
0.4 mM Pefablock® SC
cOmplete™, EDTA-free (1 tablet/15 ml)

Extraction buffer

Homogenization buffer + 1% (v/v) NP40, 0.5

n-dodecyl-B-D-maltoside or 1% digitonin

Pull-down washing buffer

Extraction buffer + 500 mM NaCl

Pull-down elution buffer

0.2 M glycine pH 2.5

SDS sample buffer (5x)

0.3 M Tris/HCL; pH 6.8
5% (w/v) SDS
50% (v/v) glycerol
0.1% bromphenol blue

SDS-PAGE running buffer

25 mM Tris; 192 mM glycine
0.1% SDS

4x Stacking gel buffer

0.4% (w/v) SDS; 0.5M Tris-HCL, pH 6.8

4x Separation gel buffer

0.4% (w/v) SDS; 1.5M Tris-HCL, pH 8.8

Western blot transfer buffer
(10x)

250 mM Tris; 1.92 M Glycin
7 mM SDS

Western blot transfer buffer

(1x)

10% v/v Western blot transfer buffer (10x);

20% v/v Methanol

Odyssey® blocking buffer
(TBS)

Supplied by LI-COR Biosciences
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Western blot blocking buffer

50% (v/v) Odyssey® blocking buffer (TBS)
50% (v/v) TBS

TBS (10x)

1.4 M NaCl; 200 mM Tris/HCI, pH 7.4

TBS-T

TBS + 0.1% (v/v) Tween-20

SOC medium

2% (w/v) tryptone; 0.5% (w/v) yeast extract;
10 mM NaCl; 2.5 mM KCI; 10 mM MgClz; 10
mM MgSQO4; 20 mM glucose

TAE buffer

40 mM Tris; 20 mM Acetic acid; 1 mM EDTA

ND96 Ringer’s solution

96 mM NaCl; 2 mM KCI; 1 mM MgClz; 1 mM
CaClz; 5 mM HEPES, pH 7.4

PBS

137 mM NaCl; 27 mM KCI; 10 mM NazHPOq;
1.8 MM KH2PO4, pH 7.4

PB Buffer

DPBS supplemented with 0.5% FBS

Immunostaining blocking so-
lution

PBS supplemented with 0.2% Triton X-100
and 5% goat serum

Immunostaining blocking so-
lution (adherent cells)

PBS supplemented with 4% bovine serum al-
bumin and 4% goat serum

Table 5: Composition of solutions and buffers used for the experiments described in

the Methods section, as well as their detailed composition.

2.1.5 Antibodies

Primary Antibody Supplier Identifier Dilution
cre o ST, L

MBP rb pAb Abcam ABAbﬁ)j?gm IF 1:500
p2xs mons Do, vam
GFP rat 3H9 Chromotek AB3r1]E(9)_717O:§)?;74 WB 1:1000
Olig2 ms 211F1.1 Millipore ABM1A(?8'\:)57(21110 IF 1:200
GFAP ms GA5 Millipore ABI\_A?':B2316205’97 IF 1:200
NeuN ms A60 Millipore Ay_éggg%z IF 1:500
NG2 rb pAb Millipore AAI:%B_%?;z?%Q IF 1:400

Nolte lab (Kaczmarek-Hajek  Nanobody rblgG IF 0.1 pg/mL

P2X7 ECD 7E2-rblgG

fusion construct

DAB 6.7 ng/mL

Lamp1 rat 1D4B

Calbindin D28k (ms
CB-955)

ot al., 2018)
Santa Cruz Biotechnology Agcgﬁ’gﬁ’gs IF 1:200
Sigma-Aldrich ABC?%%Q A IF 1:1000
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V9131,

Vinculin ms hVin-1 Sigma-Aldrich AB 477629 WB 1:10000
P2X7 C-term (rb . 177003,
oAb) Synaptic Systems AB_887755 WB 1:1500
Parvalbumin (ms . 195011, .
58E1) Synaptic Systems AB 2619882 IF 1:500
- . 214111, i
Calretinin (ms 37C9) Synaptic Systems AB 2619904 IF 1:200
ZnT3 (ms 180C1) Synaptic Systems AB1 9271%191665 IF 1:100
GFP (chk pAb) Thermo Fisher A§A§§§f§ég IF 1:400
lba1 (b pAb) WAKO R IF 1:100

Table 6: Primary antibodies used in this study, including supplier, reference numbers and dilution.

Secondary Antibody Supplier Identifier Dilution
Cy5 gt anti-rb Abcam ab97077, IF 1:400
AB_10679461
800CW gt anti-ms LI-COR 925-32210, WB 1:15000
AB_2687825
800CW gt anti-rb LI-COR 926-32211, WB 1:15000
AB_ 621843
680RD dk anti-rb LI-COR 925-68073, WB 1:15000
AB_ 2716687
680RD gt anti-rat LI-COR 925-68076, WB 1:15000
AB_10956590
A488 gt anti-rb Thermo Fisher A11008, IF 1:400
AB_ 143165
A488 gt anti-chk Thermo Fisher A11039, IF 1:400
AB_2534096
A555 gt anti-rat Thermo Fisher A21434, IF 1:400
AB_2535855
A594 gt anti-ms Thermo Fisher A11032, IF 1:400
AB 2534091
A594 gt anti-rat Thermo Fisher A11007, IF 1:400
AB_ 10561522
A594 gt anti-rb Thermo Fisher A11037, IF 1:400
AB 2534095

Table 7: Secondary antibodies used for this project, including the suppliers, reference numbers and dilu-

tions.
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2.1.6 Equipment

Item

Manufacturer

Precellys® 24 homogenizer

Bertin Instruments

Mini Trans-Blot® cell

Bio-Rad

Nanoject Il

Drummond Scientific

Typhoon™ Trio

GE Healthcare

CM1900 Cryostat Leica
VT1200s Leica
Odyssey® FC imaging system LI-COR

GentleMACS™ QOcto Dissociator with Heaters

Miltenyi Biotec

MACS® separator

Miltenyi Biotec

LightCycler® 480 system

Roche

NanoDrop™ 2000c

Thermo Fisher Scientific

Ultimate™ 3000 nano-LC

Thermo Fisher Scientific

Q-Exactive™ HF mass spectrometer

Thermo Fisher Scientific

Axio Imager M2

Zeiss

Table 8: Special Equipment and manufacturers that provided them.

2.2 Methods

2.2.1 Animal breeding

Mice were kept at the Walther Straub Institute of Pharmacology and Toxicology in Mu-
nich under standard conditions (water and food ad libitum, 12 h cycle light/dark, 22°C).
The mouse breeding conditions, handling and experimental procedures were carried out
according to the German guidelines and approved by the government of Upper Bavaria
(transcardial perfusion 55.2-1-54-2532-59-2016 and 55.2-2532.Vet 02-20-147). At
weaning (3-4 weeks of age), ear punch biopsies were taken and used for genotyping.

2.2.2 Molecular biology

2.2.2.1 Nucleic acid preparation

2.2.2.1.1 Preparation of Plasmid DNA

Transformed E. coli, containing the desired DNA sequences subcloned in either the
pPNKS2 oocyte expression vector or the pcDNA 3.1 mammalian expression vector (for X.
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laevis oocytes and HEK293 cells, respectively), were provided by my colleagues Anna
Durner and Dr. Robin Kopp. E. coli cultures were grown overnight in SOC medium with
100 pg/mL ampicillin. E. coli cells were pelleted by centrifugation and the Plasmid mini-
prep kit | peqGold was used to extract plasmid DNA according to the instructions of the
manufacturer. The amount of DNA was quantified using a NanoDrop™ 2000c UV-Vis
spectrophotometer.

2.2.2.1.2 cRNA synthesis

10 pg of plasmid DNA were linearized via digestion with 2 pL of the restriction enzyme
for 2 hours at 37°C. After verification of linearization via agarose electrophoresis, the
DNA was purified with the Qiagen cleanup kit and cRNA was synthesized with the
mMMESSAGE mMACHINE® T7/SP6 transcription kit following the instructions of the man-
ufacturer. Finally, the cRNA amount was quantified using the NanoDrop™ 2000c UV-Vis
spectrophotometer and stored at -80°C until usage.

2.2.2.2 Methods in Protein Biochemistry

2.2.2.2.1 Mouse euthanasia and tissue removal

Mice were euthanized by exposure to isoflurane followed by cervical dislocation. Organs
of interest were removed quickly and snap-frozen in liquid nitrogen if not used immedi-
ately. Samples were kept at -80°C for long-term storage until usage.

2.2.2.2.2 Protein extraction from mouse tissue

All the steps were carried out at 4°C or on ice. Approximately 150 ug of mouse tissue
were transferred to reinforced tubes containing 600 yL of homogenization buffer and
homogenized using a Precellys® 24 homogenizer and 2.8 mm ceramic beads. Cell ex-
tracts were centrifuged at 1000 g for 10 minutes. The supernatants were collected, trans-
ferred to fresh tubes, and centrifuged at 21000 g for 45-60 minutes. The pellets were
resuspended in 300 uL of extraction buffer in order to solubilize the membrane fraction.
Lastly, a final centrifugation step of 15 minutes at 21000 g led to supernatants containing
the crude membrane protein extracts.

2.2.2.2.3 Protein extraction from X. laevis oocytes

X. laevis females were kept at the Core Facility for Animal Models (CAM) at the Biomed-
ical Center in Munich. Ovarian lobes were extracted and provided to our laboratory the
day after the surgery. Lobes were torn in small pieces and incubated for approximately
100-180 minutes under gentle shaking at 16°C in ND96 containing gentamicine and col-
lagenase type IIA. Next, the single oocytes were incubated in Ca?*-free Ringer’s solution
to remove follicular cells. These oocytes were transferred to ND96 solution supple-
mented with gentamicine (500 yL/mL) and selected for injection. Glass capillaries were
transformed into needles by a micropipette puller and filled with RNAse free mineral oil
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and the cRNA of interest. Using a Nanoject Il injector, 25 ng of cRNA were injected at
the interface between the animal and vegetal poles of each oocyte.

Two days post injection of cRNA and incubation of the oocytes at 16°C in ND26 solution
supplemented with gentamicine, 6-10 oocytes were homogenized by pippetting up and
down with extraction buffer (~20 uL per oocyte). After 15 minutes of incubation on ice,
crude membrane protein extracts were obtained by two subsequent centrifugation steps
for 15 minutes at 4°C and 15000 g, keeping the supernatant in both cases.

2.2.2.2.4 Protein extraction from HEK293 cells

All the steps were done either at 4°C or on ice. Cells were detached from 6-well plates
by repeated pipette flushing with 1 mL of sodium phosphate solution. After pelleting the
cells by a five-minute centrifugation at 200 g, membranes were solubilized by mixing with
an appropriate amount of extraction buffer (containing 0.5% n-dodecyl-B-D-maltoside).
Samples were incubated for fifteen minutes and subsequently centrifuged at 21000 g for
10 minutes in order to get the crude membrane protein extracts in the supernatants.

2.2.2.2.5 Immunoprecipitation of GFP-tagged proteins

All the steps were performed on ice or in a refrigerated centrifuge (4°C). 10-30 uL of
GFP-trap slurry beads were washed per sample with 500 pL of pull-down washing buffer
three times by 1 minute centrifugation at 1000 g, discarding the supernatant. Finally, 50
ML of pull-down washing buffer was added to the beads before the crude membrane
protein extracts (~300 pL) were mixed with them and incubated for one hour at 4°C on
an end-over-end rotator. The mixture of proteins and beads was washed three times as
described before. The pellets were finally suspended in 50 L of pull-down elution buffer
(pH 2.5) and incubated for 2 minutes with gentle shaking. The beads were spun down
and the supernatants (containing EGFP-tagged protein complexes) were transferred to
5 L of the pull-down Tris solution (pH 10.5).

2.2.2.2.6 SDS-Polyacrylamide Gel Electrophoresis (PAGE) and Western Blot analysis

A total of 30-50 ug of protein samples were incubated in 5x SDS sample buffer for 10
minutes at 40°C prior to loading them onto the 8%-12% polyacrylamide gel. Proteins
were separated according to their molecular weight applying 100 V through the stacking
gel and increasing the voltage to 120-130 V for the separation gel. A fluorescence Ty-
phoon™ Trio scanner was used to detect proteins containing EGFP. Proteins were trans-
ferred to methanol-activated polyvinylidene difluoride (PVDF) membranes in a tank blot
system by applying a constant current of 20 mA at 4°C overnight (16 hours). From this
point, all the steps were carried out with gentle shaking. The membranes were blocked
using the western blot blocking buffer for one hour at room temperature and subse-
quently incubated with the primary antibodies diluted in western blot blocking buffer over-
night at 4°C. After washing the membrane three times for 5 minutes with TBS-T, fluores-
cent-conjugated secondary antibodies were diluted in TBS-T and incubated on the mem-
branes for one hour at room temperature. Finally, the membranes were washed three
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times for 5 minutes with TBS-T and transferred to TBS before visualization on an Odys-
sey® Fc imaging system.

2.2.2.3 Immunohistochemistry

2.2.2.3.1 Mouse euthanasia and tissue removal

Mice were euthanized by injection of xylazine/ketamine/heparin and transcardially per-
fused with phosphate buffered saline (PBS, pH 7.4) followed by 4% paraformaldehyde
(PFA) in PBS. Brains were removed and post-fixed using 4% PFA/PBS at 4°C overnight.
Brains were cryoprotected in 30 % sucrose/PBS solution for 72 hours at 4°C.

2.2.2.3.2 Free-floating immunofluorescence staining

Brains were embedded in Tissue-Tek® OCT compound using plastic cryomolds and
stored at -20°C. Sections of 40 um from the frozen brains were cut in sagittal projection
using a CM1900 cryostat, placed in a solution containing 0.04% sodium azide/PBS and
stored at 4°C until usage. From this point, all the steps were performed while gently
shaking the samples, unless specified. Slices were washed three times in PBS and
blocked using the free-floating immunostaining blocking solution for two hours at room
temperature. The blocked sections were incubated with primary antibodies overnight
(12-24 hours) at 4°C. The next day, slices were washed three times for five minutes with
PBS and subsequently incubated with the secondary antibodies for two hours at room
temperature and protected from the light. After additional washing with PBS three times
for 5 minutes, 1 ug/mL DAPI solution was applied to the slices for 60-90 seconds at room
temperature without shaking. After washing two times with PBS for 5 minutes, shaking
was stopped, and the slices were placed onto glass slides and dried at room temperature
for 20-60 minutes protected from the light. Samples were mounted using PermaFluor™
mounting medium and covered with cover slips. Samples were stored at 4°C in the dark
until visualization.

2.2.2.3.3 Diaminobenzidine (DAB) immunostaining

Brains were embedded in 5% low melting temperature agarose/PBS compound using 6
well plates as molds. The brains were protected with parafiim and aluminum foil and
incubated for one hour at room temperature. Once the low melting temperature agarose
solution was solid, blocks containing the brains were extracted from the wells and sec-
tions of 30 ym were cut in sagittal projection using a VT1200s vibrating microtome using
0.40 mm aplitude and 0.18 mm/s speed. The slices were placed in a solution containing
0.04% sodium azide/PBS and stored at 4°C until usage. From this point, all the steps
were performed while gently shaking the samples and at room temperature, unless spec-
ified. Slices were peroxidase blocked with 1% H>O2/PBS for 30 minutes. Samples were
washed with 0.1% Triton X-100/PBS three times for five minutes. The slices were then
blocked with 10% Normal Goat Serum (NGS)/0.1% Triton X-100/PBS for one hour and
subsequently incubated with primary antibodies in 5% NGS/PBS overnight (12-24 hours)
at 4°C. Samples were washed three times for ten minutes with 0.1% Triton X-100/PBS.
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Then, biotinylated secondary antibodies were incubated on the samples in 10%
NGS/PBS. Additional washing with PBS was applied three times for ten minutes and the
brain slices were incubated with the ABC Vectastain® kit for 90 minutes. After washing
three times with PBS for ten minutes each, DAB substrate was added to the samples for
four minutes and finally washed three times again for ten minutes with PBS before
mounting and drying on glass slides at room temperature. Counterstaining was carried
out by rinsing with PBS for ten minutes and applying hematoxylin for 40 seconds. The
brain slices were rinsed with running distilled water for five minutes, dehydrated with
ethanol at increasing concentrations (70%, 80%, 100% for 150 seconds each) and xy-
lene (ten minutes) before embedding with Phenol free Kaiser’s glycerol gelatine and cov-
ering using coverslips. Samples were stored at room temperature until visualization.

2.2.2.3.4 Immunofluorescence staining of cells

All the steps were carried out at room temperature, unless specified. Two days after
transfection, cells grown on poly-L-lysine coated coverslips were fixed by 3.7% PFA/PBS
for ten minutes. Excess of PFA was removed by exchange with PBS. Samples were
stored at 4°C until usage. The cells were permeabilized by 0.5% Triton X-100/PBS (10
minutes) and blocked using 4% Bovine Serum Albumin (BSA)/4% NGS/PBS for one
hour. The primary antibodies were diluted in 2% BSA/PBS and incubated overnight
(12/24 hours) at 4°C in a humidity chamber. The coverslips were washed six times in
washing buffer (0.1% BSA/PBS) and the secondary antibodies were applied for 1 hour.
After rinsing the coverslips with washing buffer six times, DAPI solution was applied for
1-3 minutes before 6 further washing steps followed by 2 washes with distilled water.
Finally, the cells coverslips were mounted on glass slides using PermaFluor mounting
medium. Samples were stored at 4°C until visualization.

2.2.2.4 Cell culture

2.2.2.4.1 Transfection of adherent HEK293 cells

Cells were seeded on 6-well plates in serum-free medium. The next day, cells at 70-80%
confluency were transfected using the Turbofect™ transfection reagent. Per each well,
1 pug of DNA was added to 100 pL of serum-free medium and subsequently mixed with
2 L of vortexed transfection reagent. After incubating the mixture for 15-20 minutes at
room temperature, 100 pL were added drop by drop to each well and the plates were
gently tilted to ensure even distribution of the mixture over the seeded cells.

2.2.2.4.2 Isolation of microglia from adult mouse brain

The brains were quickly removed, washed with cold D-PBS, and cut into small pieces
discarding the cerebellum and brainstem. From this point on, all the steps were carried
out on ice or at 4°C. The brain pieces were placed in a gentleMACS™ C-tube containing
1950 pL of enzyme mix 1 before adding 30 uL of the enzyme mix 2 and running the
37C_ABDK_01 program on a gentleMACS™ Octo Dissociator with Heaters. From this
point on, all the steps that involved handling of the samples were carried out inside the
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cell culture hood using sterile materials. The tubes were spun for a short time, samples
were collected and run through a MACS® SmartStrainer (70 um) on top of a 50 mL falcon
tube. 10 mL of D-PBS were added to the remaining brain pieces of the C-tube and run
through the strainer in order to ensure maximum sample amount. The suspension was
centrifuged at 300 g for 10 minutes and the supernatant was discarded. The samples
were resuspended in 3100 yL D-PBS before mixing with 450 uL of Debris Removal So-
lution and a 2 mL overlay of D-PBS applied gently to avoid mixing. After centrifugation
(4°C, 3000 g, 10 minutes) the top two phases were discarded and the bottom phase was
mixed with fresh D-PBS up to a total volume of 15 mL. The samples were gently inverted
three times and centrifuged (1000 g, 10 minutes), and the supernatants were discarded.
Each sample was resuspended in 1 mL of Red Blood Cell Removal Solution and stored
at 4°C for ten minutes before adding 10 mL of fresh D-PBS. The cell suspension was
pelleted by centrifugation (300 g, 10 minutes) and resuspended in 90 uL of PB buffer.
Then, 10 uL of the CD11b MicroBeads were added and the samples were kept at 4°C
for 15 minutes. The cell suspensions were centrifuged (300 g, 10 minutes) and the pellets
were mixed with 500 yL of PB buffer. For the magnetic separation, LS columns were
attached to a MACS® separator placed in a magnetic field. Each column was rinsed with
3 mL of PB buffer before applying the cell suspension. The columns were rinsed three
times with 3 mL of PB buffer. Finally, each column was retrieved from the magnetic field
and placed on top of a 15 mL falcon tube which collected the microglia suspension after
running 5 mL of PB buffer by pushing the solution using a plunger. Each sample was
centrifuged (300 g, 10 minutes), the pellets of cells were resuspended in microglia cell
culture medium and subsequently seeded on poly-L-lysine coated coverslips. The mi-
croglia cell cultures were maintained by replacement of 50% of the medium on alternate
days until fixation.

2.2.25 Proteomics

2.2.2.5.1 Preparation of samples for proteomic analysis

Protein samples from mouse tissue were prepared using the PreOmics iST-NHS kit, a
modification of the Filter-Aided Sample Preparation (FASP) protocol for sample prepa-
ration (Wisniewski et al., 2009), according to the instructions of the manufacturer. In
short, 100 mg of mouse tissue were disrupted in reinforced tubes containing 50 L of
Lyse-NHS buffer using a Precellys® 24 homogenizer and 1.4 mm ceramic beads. Sam-
ples were transferred to fresh tubes and lysis was allowed in a heating block (95 °C,
1000 rpm, 10 minutes). Digestion of the samples was carried out by incubation with 50
ML of complemented Digest buffer for 3 hours on a heating block at 37 °C and 500 rpm.
The samples were transferred to cartridges and washed through several centrifugation
steps (2250 g, 3 minutes) using 200 pL of the Wash buffers 1 and 2. In the last step, the
Elute buffer was added and the flow-through protein samples were collected in fresh
tubes. The samples were air-dried at 45 °C and resuspended in 100 uL of the LC-Load
buffer.
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2.2.2.5.2 Proteomic analysis via liquid chromatography coupled to mass spectrometry

LC-MS analysis was carried out by Dr. Thomas Fréhlich (Gene Center, Munich). Purified
samples were injected in an Ultimate™ 3000 nano-LC system coupled online to a Q-
Exactive™ HF mass spectrometer. Initially, proteins were run through a PepMap™ 100
column (100 um x 2 cm, 5 ym particles) and subsequently separated on an PepMap™
RSLC C18 column (75 um x 50 cm, 2 ym particles). Solvent A consisted of 0.1% formic
acid/water, whereas solvent B consisted in 0.1% formic acid/acetonitrile. The flow was
set to 250 nL/min, with a gradient duration of 160 minutes of 5-25% solvent B followed
by a 10-minute raise to 40%. Mass spectrometry spectra were acquired using a top 15
data-dependent acquisition method. Processing of raw data was carried out using
MaxQuant (v.1.6.7.0) (Tyanova et al., 2016) with the built-in search engine Andromeda
(Cox et al., 2011) and the mouse subset of the Uniprot database. Intensities were nor-
malized via MaxLFQ approach (Cox et al., 2014), and volcano plots were generated
using two-tailed Student’s t-test and a permutation-based FDR cut-off of 0.05, setting an
s0-parameter of 0.01 to consider fold changes (Tusher et al., 2001).
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3. Results

3.1 Comparison of P2X7 reporter mouse models and
investigation of P2X7 localization

3.1.1 Biochemical analysis of P2X7 and P2X4 protein levels

The first step in the study and comparison of both BAC transgenic mouse models was
the investigation of the P2X7 levels in tissue from both mouse lines via western blot
experiments. As previously mentioned, P2rx7 and P2rx4 are neighboring genes in the
mouse genome. Therefore, P2X4 levels were also tested to check for passenger gene
transgenesis of P2rx4 in the BAC clones.

Taking crude membrane extracts from mouse lung of the P2X7-EGFP and the sEGFP
models, western blot was carried out running samples from both mouse lines and the
wildtype mouse as a reference. The membranes were stained with antibodies targeting
P2X4 and P2X7 as well as vinculin for standardization (Figure 7).

In the P2X7-EGFP mouse (Figure 7B), P2X4 levels did not show significant differences
in comparison with the wildtype mouse. As for P2X7, apart from the bands corresponding
to the endogenous protein, there is a second band around the 100 kDa mark correspond-
ing with the fusion protein P2X7-EGFP, in line with previous results (Kaczmarek-Hajek
et al., 2018). Overall, combination of both bands brings the total relative amount of P2X7
to an approximate three-fold overexpression in comparison with the wildtype mouse.

Western blot results from the sEGFP lung samples (Figure 7A) showed an overexpres-
sion of P2X4 of approximately eight-fold in comparison with the wildtype mouse, thereby
revealing the presence of P2rx4 in the BAC clone as a passenger gene. Surprisingly, the
sEGFP mouse also showed a three-fold overexpression of P2X7 protein in comparison
to the wildtype mouse. This result was unexpected, as the insertion of a STOP codon
after the EGFP coding sequence should prevent P2X7 receptor overexpression. These
results were confirmed by collaborators from the group of Tobias Engel at the Royal
College of Surgeons in Ireland (RCSI) via qPCR on brain tissue (Ramirez-Fernandez et
al., 2020).
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Figure 7: Comparison of P2X7 and P2X4 protein levels in (A) P2X7-EGFP and (B) sEGFP BAC trans-
genic mice. A representative western blot experiment using anti-P2X4 antibodies, anti-P2X7 antibodies
(both in red) and anti-vinculin antibodies (green) as a loading control is shown. Crude membrane extracts
were obtained from mouse lung using 0.1% NP40 detergent and 50 ug of total protein were loaded in each
well. Two independent experiments were performed with a total number of six mice of both sexes (10-35
weeks of age). Mann-Whitney test was carried out in order to assess significance (**p<0.01). A version of
this figure has been published (Ramirez-Fernandez et al., 2020) under the Creative Commons Attribution
4.0 International License.

3.1.2 Study of P2X4, EGFP and P2X7 localization in sagittal mouse brain
sections

Following these observations, a question was raised regarding the P2rx4 insertion in the
BAC clone of the sEGFP mouse and whether the distribution of the overexpressed P2X4
protein would replicate that of the wildtype mouse brain. Immunofluorescence staining
was used to compare the distribution of the overexpressed P2X4 in the sEGFP model
with the wildtype mouse in sagittal brain slices (Figure 8). The observed distribution pat-
terns were overlapping in the brain, with higher density in regions from the hippocampus
and the cerebellum, where the staining was particularly intense in the Purkinje cell layer.
These results are also in line with other transgenic mouse models that include the P2rx4
gene in their BAC clone and were generated via knock-in (Bertin et al., 2020) and BAC
transgenesis (Xu et al., 2016) using mCherry and TdTomato as reporter proteins, re-
spectively. The authors of these studies highlight the sparse expression in soma from
neurons of the cortex, the granular and pyramidal cell layers of the hippocampus, as well
as the Purkinje cell layer of the cerebellum.
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Figure 8: P2X4 immunofluorescence showing the increased level of expression in the wildtype
mouse (A) in comparison with the sEGFP mouse (B). Sagittal sections from dentate gyrus of the hippo-
campus (upper) and cerebellum (lower) are shown. Representative images from three independent experi-
ments with three different animals are shown. CA, cornu ammonis; DG, dentate gyrus; ML, molecular layer;
GL, granular layer. Scale bars 100 um. A version of this figure has been published (Ramirez-Fernandez et
al., 2020) under the Creative Commons Attribution 4.0 International License.

As found in a preliminary comparison (Kaczmarek-Hajek et al., 2018), expression of the
reporter EGFP differed in the soluble EGFP mouse model (www.gensat.org) in compar-
ison to the P2X7-EGFP mouse throughout the brain. In particular, this comparison em-
phasized the neuronal expression of the sEGFP reporter, whilst the P2X7-EGFP mouse
model showed predominant distribution of the reporter in microglia.

Immunofluorescence staining with an anti-GFP antibody (Figure 9) also revealed clear
differences between the two models in brain slices. Most remarkably, SEGFP showed a
very localized distribution in the hippocampus, the cerebellum, and the caudate putamen,
whereas P2X7-EGFP was more evenly distributed throughout the mouse brain with
higher density in the cortex, substantia nigra, cerebellum and medial habenula. Interest-
ingly, it even appeared to have a lower fluorescence signal in the caudate putamen and
hippocampus.
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P2X7-EGFP

Figure 9: Comparison of general expression patterns of EGFP in both mouse models and the
wildtype mouse. Immunostainings were performed using an anti-GFP antibody on sagittal brain slices. The
intensities were adjusted individually to prevent saturation, and representative images from three independ-
ent experiments with different animals are shown. Scale bar Tmm. A version of this figure has been published
(Ramirez-Fernandez et al., 2020) under the Creative Commons Attribution 4.0 International License.

Although immunofluorescence staining was useful for the comparison of EGFP distribu-
tion over the brain, direct comparison of the two mouse lines applying the same acquisi-
tion parameters was not possible because the signal intensities needed individual ad-
justment in order to avoid saturation of the resulting images. Another inconvenient is that
immunofluorescence staining using low-specificity antibodies has limitations because
acquisition adjustments may lead to low signal-to-noise ratio and poor imaging quality.
A similar problem emerged when this approach was applied for the study of P2X7 ex-
pression patterns, given the poor specificity of the available antibodies.

Diaminobenzidine (DAB) staining was proposed as an alternative experiment for the
evaluation of P2X7 and EGFP distribution over the mouse brain. The brown precipitate
generated by oxidation of DAB leads to stable staining that can be visualized directly or
by light microscopy, making this technique a convenient option for general analysis of
protein distribution patterns at the tissue level. Furthermore, this technique allows the
generation of reliable results because the staining intensity can be controlled by increas-
ing the incubation time of the DAB substrate at the oxidation step when the antibodies
lack from sensitivity.

The DAB assay protocol was developed and optimized first using the anti-GFP antibody,
taking that the results had been visualized previously via immunofluorescence staining.
This experiment confirmed the predominance of EGFP expression throughout the mo-
lecular layer of the cerebellum in both models (Figure 10) which also showed a striped
pattern that might correspond to Bergmann glia. As for the hippocampus, the P2X7-
EGFP showed a limited localization in the shape of a rim surrounding the molecular layer
of the dentate gyrus, and it was absent in the granular layer. In contrast, we found a
predominance of SEGFP in the granular layer of the dentate gyrus, as well as the entire
molecular layer. Of note, the EGFP signal was intense in single, neuron-like cells of the
pyramidal cell layer of the CA region as well as in the region where mossy fibers corre-
sponding with the Stratum lucidum of the CA3 region are localized.

Over the entire brain, the P2X7-EGFP showed again a more homogeneous distribution
of the reporter, although regions such as the cortex, olfactory bulb, hypothalamus and



Results 49

substantia nigra showed stronger staining. The sEGFP mouse brain shows a more in-
tense and localized signal of the reporter, clearly highlighted in the caudate putamen and
superior colliculus.

P2X7-EGFP

Figure 10: Comparison of EGFP distribution in the brain of both BAC transgenic mouse models and
the wildtype mouse (negative control) by DAB staining, using haematoxylin for counterstaining. Repre-
sentative images of sagittal brain slices from three independent experiments with 3 different animals are
shown. Scale bars 1 mm (200 um in insets). A version of this figure has been published (Ramirez-Fernandez
et al., 2020) under the Creative Commons Attribution 4.0 International License.

As pointed out previously, taking the advantages of DAB staining and the limitations of
the available anti-P2X7 antibodies, this experiment was carried out using an anti-P2X7
nanobody on both BAC transgenic mouse models and allowed comparison of their P2X7
expression patterns with that of the wildtype mouse, using a P2X7”- model as a negative
control (Figure 11).

Surprisingly, the sEGFP model showed a P2X7 distribution that did not correspond with
the one seen for the EGFP reporter, even though the expression of both proteins should
be controlled by the P2X7 endogenous promoter. The P2X7 expression patterns seen
in both models were similar when compared to the wildtype mouse, as P2X7 distribution
matched the one seen for the EGFP in the P2X7-EGFP mouse, with a higher intensity
in the molecular layer of the cerebellum, as well as a fine rim around the molecular layer
of the dentate gyrus.
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P2X7-EGFP

Figure 11: Comparison of P2X7 receptor distribution in both transgenic mouse models and wt mice
by DAB staining using an anti-P2X7 nanobody on brain slices. P2X7 knockout mouse were used as a
negative control. Haematoxylin was added for counterstaining. Representative images of sagittal brain slices
from three independent experiments with 3 different animals are shown. Scale bars 1 mm (200 um in insets).
A version of this figure has been published (Ramirez-Fernandez et al., 2020) under the Creative Commons
Attribution 4.0 International License.

3.1.3 Comparison of cell type-specific EGFP localization in the mouse
hippocampus

Given the unexpected differences seen between the expression patterns of EGFP and
P2X7 in the sEGFP mouse model, we proceeded to perform immunostainings on sagittal
brain slices of both BAC transgenic mouse models using antibodies against EGFP and
specific marker proteins in order to study the cell type-specific distribution of the reporter.

3.1.3.1  Microglia

Microglia cells are the resident macrophages of the CNS, where they play a dual role in
immunity and remodeling upon tissue damage (Ginhoux et al., 2013). P2X7 expression
and function has been extensively characterized in microglia due to its involvement in
proliferation and neuroinflammation (Bhattacharya & Biber, 2016; Ren et al., 2022; Ter-
rito & Zarrinmayeh, 2021). Thus, this cell type was chosen in the first place for a detailed
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comparison between the expression of the EGFP reporter in the BAC transgenic mouse
models.

Brain sections were stained with anti-GFP and anti-Iba1 antibodies (Figure 12). Iba1
(lonized calcium binding adaptor molecule 1), also known as Allograft inflammatory fac-
tor 1 (AIF-1) is a cytoskeletal protein expressed by microglia and macrophages. We ob-
served no co-localization of Iba1 and GFP in the sEGFP mouse model, where the EGFP
staining confirmed the distribution in aforementioned regions such as the granular layer
of the dentate gyrus and the Stratum lucidum of the hippocampus, and it also revealed
a high signal in the Purkinje cell layer of the cerebellum. In contrast, co-localization was
clear in the observed regions of the P2X7-EGFP mouse model, revealing expression of
the P2X7-EGFP fusion protein in microglia.

However, the different expression patterns of the reporter and P2X7 receptor in the
sEGFP mouse led to the question of whether the endogenous receptor is expressed by
microglia of this model, even though the reporter is absent. FACS analysis carried out
by our collaborators from the University Medical Center Hamburg-Eppendorf (Hamburg)
confirmed the expression of P2X7 in microglia (Ramirez-Fernandez et al., 2020) and
gave further proof of inconsistencies in the sEGFP mouse model.

3.1.3.2 Oligodendrocytes

Oligodendrocytes are the cells that constitute the myelin sheaths in the CNS. Therefore,
their function is crucial since they collaborate in maintaining the efficiency and speed of
axonal action potential transmission (Collins & Bowser, 2017). P2X7 has been related to
oligodendrocyte development and function, being involved in oligodendrocyte-mediated
axonal damage, which has a relevance in neurodegenerative diseases such as amyo-
trophic lateral sclerosis or multiple sclerosis (Matute, 2008; Y. F. Zhao et al., 2021). The
oligodendrocyte transcription factor 2 (Olig2) is a cytoplasmic marker for oligodendro-
cytes in the brain (Figure 13). The co-immunostaining using anti-GFP and anti-Olig2 an-
tibodies gave similar results as those for microglia, given that the presence in the same
cells was found for EGFP and Olig2 in the samples from the P2X7-EGFP mouse (see
insets for a detailed view of Olig2 expressed over the cytoplasm, surrounded by the
EGFP that is expressed over the cell membrane). However, different results were seen
in the sEGFP mouse model, where Olig2 and EGFP were detected separately in different
cells.

Although Olig2 is used as a general oligodendrocyte marker, it has been suggested that
this protein is predominantly expressed by neural progenitor cells (NPCs) and oligoden-
drocytes at intermediate stages of development, but not in mature oligodendrocytes
(Bradl & Lassmann, 2010). In order provide further confirmation of P2X7-EGFP localiza-
tion in mature oligodendrocytes that form the myelin sheaths, P2X7-EGFP mouse brain
slices were stained for EGFP in combination with an anti-MBP antibody, which is specific
for the Myelin Basic Protein (MBP), a marker for mature oligodendrocytes in the brain.
Signs of co-localization detected in the cortex and the fiber tracts of the cerebellum, being



Results 52

particularly higher in the fibers from the striatum pallidum and the hilus of the hippocam-
pus (Figure 14).
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Figure 12: Cell type-specific EGFP localization in both reporter mouse models with a focus in micro-
glia. Samples were stained with anti-GFP and anti-lba1 antibodies, and DAPI for nuclear counterstaining.
Representative images from three independent experiments are shown for the dentate gyrus and the CA2/3
region of the hippocampus as well as the cerebellum. SLu, stratum lucidum; CA, cornu ammonis; DG, den-
tate gyrus; ML, molecular layer; GL, granular layer. Scale bars 50 um. A version of this figure has been
published (Ramirez-Fernandez et al., 2020) under the Creative Commons Attribution 4.0 International Li-

cense.
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Figure 13: Cell type-specific EGFP expression in both reporter mouse models with a focus in oli-
godendrocytes. Sagittal brain sections were treated using anti-GFP and anti-Olig2 antibodies, as well as
DAPI for nuclear counterstaining. Representative images of sagittal brain slices from three independent
experiments using three different animals from each line are shown for the dentate gyrus and CA2/3 region
of the hippocampus as well as the cerebellum. SLu, stratum lucidum; CA, cornu ammonis; DG, dentate
gyrus; ML, molecular layer; GL, granular layer. Scale bars 50 um. A version of this figure has been published
(Ramirez-Fernandez et al., 2020) under the Creative Commons Attribution 4.0 International License.
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A Dentate Gyrus B Caudate Putamen

Figure 14: Cell-specific EGFP expression in P2X7-EGFP mouse oligodendrocytes using an antibody
against the oligodendrocyte marker MBP. Sagittal brain sections were treated using an anti-GFP and
anti-MBP antibodies and DAPI for nuclear counterstaining. Representative images from 3 independent ex-
periments are shown for the hilus of the (A) dentate gyrus of the hippocampus, as well as the (B) striatum
pallidum of the caudate putamen. GL, granular layer. Scale bars 50 um.

3.1.3.3 Neurons

As already discussed, the existence of neuronal P2X7Rs has been a subject of debate,
and there have been studies supporting and opposing it. While part of the scientific com-
munity argues that P2X7R-mediated effects on neurons are in fact produced by P2X7Rs
from microglia, astrocytes and oligodendrocytes, pharmacological approaches in vitro
provide arguments in favor of neuronal P2X7Rs given the effects of P2X7 antagonists
on neuronal cultures (Teresa Miras-Portugal et al., 2017). However, evidence has been
subject to doubt. For example, the purity of these cultures relies on previously known
markers such as synaptophysin, which has been recently proved to be expressed by
astrocytes as well. Others point at the existence of P2X7Rs in NPCs arguing that the
expression of this receptor decreases over the development and differentiation process
(for references, see llles et al., 2017).

As mentioned in section 1.3, localization of EGFP in neurons has been reported in the
sEGFP mouse, while it appeared absent in this cell type in the P2X7-EGFP model. To
clarify this question, we tested a combination of anti-GFP and anti-NeuN antibodies to
check for the neuronal expression of the reporter in sagittal brain slices from both models
(Figure 15). The neuronal nuclear protein (NeuN) is generally used as a marker for neu-
ronal development and differentiation.
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Figure 15: Comparison of cell type-specific EGFP expression in both reporter mouse models by co-
staining with the neuronal marker NeuN. Samples were stained using anti-GFP and anti-NeuN antibodies,
and DAPI for nuclear counterstaining. Representative images of sagittal brain slices from three independent
experiments using three different animals are shown for the dentate gyrus and CA2/3 region of the hippo-
campus as well as the cerebellum. SLu, stratum lucidum; CA, cornu ammonis; DG, dentate gyrus; ML, mo-
lecular layer; GL, granular layer.Scale bars 50 um.
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Taking the positive EGFP signal of the sEGFP mouse model in neuron-like cells from
the granular layer of the dentate gyrus, the pyramidal layer and the mossy fiber tract from
the Stratum lucidum of the CA3 region and the Purkinje cell layer, as well as other cells
that are sporadically EGFP-positive in the molecular layer of the cerebellum, we next
aimed to identify the specific neuronal or other cell types that express EGFP at high
levels in these regions of the brain.

Cerebellar calbindin-1 (calbindin-D28k) in Purkinje cells is known for its role in the regu-
lation of motor coordination, with relevance in pathologies such as ataxia and dementia
(Barski et al., 2003; Schmidt et al., 2003). In this regard, an antibody was tested targeting
calbindin-1 (calbindin-D2s«), and its partial co-localization with EGFP suggests the ex-
pression of this reporter in Purkinje cells of the cerebellum (Figure 16A). Apart from Berg-
mann glia-like cells, the molecular layer showed EGFP staining in cells that were identi-
fied as either stellate or basket cells, given the sporadic co-localization of EGFP with
parvalbumin (Figure 16B), a protein involved in Ca?* regulation in interneurons from the
molecular layer (Braun, 1990). Furthermore, other cells from this region showed EGFP-
positive signal that co-localized with NG2 (Figure 16C). In spite of its common use as a
marker for oligodendrocytes, the neural/glial antigen 2 (NG2) is expressed from early
stages of development in neural progenitor cells (NPCs), which later differentiate into
neurons, oligodendrocytes or astrocytes (Tsoa et al., 2014).

Following these observations, we aimed to test antibodies against further neuronal mark-
ers in the search for information about the EGFP staining seen in the mossy fibers from
the stratum lucidum at the hippocampal CA3 region in the sEGFP mouse model. The
markers chosen for co-immunostainings were calbindin-1, calretinin and the zinc trans-
porter ZnT3. In the mossy fibers, calbindin-1 regulates sprouting with functional rele-
vance in memory processes (Martinian et al., 2012). Calretinin is another protein involved
in Ca?* regulation and is related to Calbindin-1, although its expression in this region of
the hippocampus has been reported for non-pyramidal neurons (Gulyls et al., 1992; Rog-
ers, 1989). Lastly, ZnT3 expression in the mossy fiber region has been reported to mod-
ulate synaptic transmission through transport of zinc into synaptic vesicles. Even though
antibodies targeting calbindin-1 and ZnT3 showed a positive signal in this region, we
found no co-localization with EGFP. Neither was the case for calretinin, which was not
even expressed in this region (Figure 17). Taken together, these results indicate that the
EGFP-positive signal in this region might correspond with projections from the EGFP-
positive neurons of the pyramidal cell layer of the hippocampus.
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Figure 16: Images from the cerebellum of the sEGFP mouse model stained with anti-GFP and anti-
bodies against Calbindin1 (A, Purkinje cells), parvalbumin (B, basket and stellate cells) and NG2 (C,
NPCs). Arrows point at specific cells that show co-localization of EGFP with the specific marker, except for
calbindin1, in which a cell that does not show EGFP expression is also highlighted. Representative images
from 3 independent experiments using three different mice are shown for the dentate gyrus and CA2/3 region
of the hippocampus as well as the cerebellum. ML, molecular layer; GL, granular layer. Scale bars 50 ym.
A version of this figure has been published (Ramirez-Fernandez et al., 2020) under the Creative Commons
Attribution 4.0 International License.

Merge

Figure 17: Images from the CA2/3 region of the hippocampus of the sEGFP mouse model stained
with anti-GFP and antibodies against Calbindin1, calretinin and ZnT3 targeting neurons from the
mossy fiber region of the stratum lucidum. Representative images from sagittal brain sections of three
independent experiments with three different animals are shown for the dentate gyrus and CA2/3 region of
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the hippocampus as well as the cerebellum. SLu, stratum lucidum; ML, molecular layer; GL, granular
layer.Scale bars 50 um. A version of this figure has been published (Ramirez-Fernandez et al., 2020) un-
der the Creative Commons Attribution 4.0 International License.

Finally, we had a more detailed look at the expression of P2X4 in the neurons of the
Purkinje cell layer of the cerebellum from the sEGFP mouse (Figure 18). In this regard,
the high level of expression of P2X4 allowed the visualization of patterns that conciliate
with the reported intracellular localization of this receptor (Figure 18A). Therefore, addi-
tional experiments were carried out using an antibody against the Lysosome-associated
membrane glycoprotein 1 (LAMP1) in order to study the P2X4 localization in lysosomes.
However, we could not see co-localization of P2X4 and LAMP1 in our samples (Figure
18B).

A

Figure 18: Images from the cerebellum of the sEGFP mouse model stained with anti-GFP, anti-P2X4,
and anti-LAMP1 antibodies targeting neurons from the Purkinje cell layer. Representative images from
3 independent experiments are shown from sagittal brain slices. ML, molecular layer; GL, granular layer.
Scale bars 50 um (A), 10 um (B). A version of this figure has been published (Ramirez-Fernandez et al.,
2020) under the Creative Commons Aftribution 4.0 International License.

From these experiments, we learned that the sEGFP mouse model shows high reporter
expression in the granular layer of the hippocampus and the Purkinje cell layer of the
cerebellum. However, a question that remains unanswered is why there is an only spo-
radic expression of EGFP in the pyramidal cell layer. As mentioned above, EGFP-ex-
pressing cells from this layer might be responsible for the staining detected in the mossy
fibers from the stratum lucidum at the CA3 region of the hippocampus. However, this
needs to be confirmed given the negative co-localization of EGFP with the markers cal-
bindin-1 and ZnT3.

Additional steps were proposed that included the implementation of a protocol to isolate
embryonic neurons, which might be tested in immunostainings and morphology studies
with the aim of investigating the expression of the reporter and the P2X7 receptor in
neurons of the available mouse models, as well as the consequences of P2X7 ablation
for neurons of the P2rx7"- mouse. These experiments were planned to be done in the
course of a laboratory rotation in the research group of Prof. Beata Sperlagh at the Insti-
tute of Experimental Medicine (MTA-KOKI) in Budapest, Hungary. However, because of
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the advance of the Covid-19 pandemic across Europe in March 2020, this laboratory visit
was interrupted before significant progress could be made.

3.1.3.4 Astrocytes

Astrocytes are crucial for the regulation of homeostasis in the interstitial medium and the
correct function of the neural network. The presence and function of P2X7 in astrocytes
has also been under discussion, although its expression and involvement in NLRP3 in-
flammasome assembly, cytokine release and inflammatory responses has become more
accepted in the recent years (Albalawi et al., 2017; Lu et al., 2017; Y. F. Zhao et al.,
2021). Co-immunostainings of sagittal brain tissue slices were carried out for EGFP and
the glial fibrillary acidic protein (GFAP), a marker for astrocytes (Figure 19). However,
none of the samples tested with either of the reporter mouse models showed co-locali-
zation of EGFP with GFAP.
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Figure 19: Cell-specific EGFP expression in both mouse models with a focus in astrocytes. Samples
were treated using anti-GFP and anti-GFAP antibodies, using DAPI for nuclear counterstaining. Representa-
tive images of sagittal brain slices from 3 independent experiments are shown for the dentate gyrus and
CA2/3 region of the hippocampus as well as the cerebellum. SLu, stratum lucidum; CA, cornu ammonis;
DG, dentate gyrus; ML, molecular layer; GL, granular layer.Scale bars 50 um.
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3.2 Re-investigation of a P2X4-P2X7 interaction or functional
interrelation using the BAC-transgenic P2X7 reporter
mouse model

3.2.1 Pull-down assays on X. laevis oocytes expressing P2X7+P2X4 and
P2X7-EGFP+P2X4

As mentioned above (section 1.4), studies providing evidence for and against a physical
interaction between the closely related homomeric P2X4 and P2X7 receptors have been
published in the literature (Antonio et al., 2011; Boumechache et al., 2009; Nicke, 2008).
However, a large proportion of the studies that supported this hypothesis relied on the
overexpression of the receptors in heterologous expression systems.

Once the validity of the BAC-transgenic P2X7-EGFP mouse model was confirmed, we
next used this model to re-investigate the discussed P2X4R-P2X7R interaction, aiming
for a higher degree of proximity to the physiolgical conditions. This assumption is based
on the advantages that the BAC transgenic mouse brings, as it shows only moderate
overexpression of P2X7 and it allows working with native tissue. Furthermore, the EGFP-
tag enables visualization of both P2X4 and EGFP-tagged P2X7 receptors via fluores-
cence microscopy by co-staining with antibodies targeting P2X4 and EGFP. This is not
feasible in the wildtype mouse since antibodies against P2X4 and P2X7 are both raised
in rabbit. Lastly, the EGFP-tag gives the possibility to pull down EGFP and interacting
proteins from complex samples.

As a positive control, we first performed co-immunoprecipitation experiments in Xenopus
laevis oocytes, where a P2X4-P2X7 interaction was previously demonstrated via FRET
experiments (Schneider et al., 2017). The injection of cRNA encoding for each of the
receptors into X. laevis oocytes represents a valuable tool because it allows for the gen-
eration of protein that is quantifiable in short times. Furthermore, the ratio of expression
from each receptor can be controlled by adjusting the proportion of cRNA that is injected
into the oocytes, which provides an additional advantage.

RNA encoding for P2X4 and P2X7, as well as P2X4 and P2X7-EGFP, was injected into
X. laevis oocytes. After the homogenization of the oocytes and protein extraction, co-
purification experiments were carried out with anti-GFP nanobodies, followed by western
blot using anti-GFP in combination with anti-P2X7 or anti-P2X4 antibodies to study the
physical interaction of the receptors (Figure 20).

In agreement with the aforementioned study (Schneider et al., 2017), the Western blot
revealed an interaction of P2X7-EGFP and P2X4 in X. laevis oocytes, given that the anti-
P2X4 antibody showed a positive signal after the immunoprecipitation. Of note, a size
shift takes place in the bands corresponding with the anti-GFP antibodies in the eluates.
This is due to the low-pH glycine buffer used to detach the immunoprecipitated com-
plexes from the GFP-Trap beads. In the negative control, in which non-tagged P2X7 and
P2X4 were co-expressed, neither EGFP nor P2X4 and P2X7 were detected in eluates.
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However, in the mouse lung samples, the pull-down extracts were negative for the anti-
P2X4 antibody in all the wildtype and P2X7-EGFP samples. To exclude a dissociation of
the complexes exerted by the detergent chosen for the membrane solubilization (NP40),
the experiment was repeated using two other non-denaturing detergents, n-dodecyl-§3-
D-maltoside and digitonin, which is considered as a mild detergent. The results showed
different degrees of efficiency during the protein extraction and pull-down processes.
However, all of them gave a negative result for this interaction in the mouse tissue.

NP-40 n-dodecyl-p-D-maltoside Digitanin
A Extract Eluate Extract Eluate Extract Eluate
P2XT- P27~ P2XT- P2X7- P2XT- P2XT-
EcFP W EcFP Wi EcFp WM Eopp wt Forp ™M popp wt
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IP: anti-GFP
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we:E anti-cFpP
B anti-P2x4
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n-dodecyl-B-D-maltoside

IP: anti-GFP
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B anti-P2x4

Figure 20: Western blot experiments following immunoprecipitation of P2X7 via the EGFP-tag from
protein extracts of mouse lung and Xenopus laevis oocytes. (A) Solubilization with three different de-
tergents (1% NP-40, 0.5% n-dodecyl -D-maltosyde and 1% digitonin) from wt and P2X7-EGFP mouse lung.
(B) Co-purification of P2X4 with P2X7 upon expression in X. laevis oocytes and extraction with 0.5% n-
dodecyl B-D-maltoside. Protein bands were stained with antibodies against P2X7, EGFP and P2X4 as indi-
cated. Note that there is a size shift in the GFP bands from the eluates due to the low-pH glycine buffer used
during the pull-down experiment. Representative results from at least three experiments are shown.

From these data, we conclude that there is an interaction between P2X4 and P2X7-
EGFP in X. laevis oocytes, in accordance with the previous report (Schneider et al.,
2017). However, this interaction could not be detected applying the same pull-down ap-
proach in lung tissue from the BAC transgenic P2X7-EGFP mouse line. Thus, it is pos-
sible that expression of both receptors in oocytes might lead to artefactual interaction of
P2X4 and P2X7-EGFP upon exacerbated expression under non-physiological condi-
tions. We next focused on reproducing the conditions of this experiment in HEK293 cells,
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aiming for an in vitro assay that might reproduce the conditions of the native mammal
tissue with higher fidelity, as different regulatory events might take place that do not occur
in oocytes.

3.2.2 Pull-down experiments with HEK293 cells

To test this hypothesis, we chose HEK293 cells as a heterologous expression system to
study the interaction of both receptors as this system reproduces better the physiological
conditions of the mammalian tissue. We transfected DNA encoding for P2X4 in both wt
HEK293 cells as a negative control and a HEK293 cell line that was stably transfected
with P2X7-EGFP (Figure 21).

After the preparation of protein extracts and pull-down with GFP-trap beads, the eluates
did not show P2X4 positive bands, as the P2X4 signal corresponding to the stably trans-
fected P2X7-EGFP HEK293 cells was not distinguishable from the background signal.
This is in contrast with previous studies, where P2X4 was successfully co-purified with
P2X7 from transfected mammalian cells and also from primary cells (Guo et al., 2007).
However, as seen in figure 21, the P2X4 bands in the extract were more intense than
those of the stably transfected P2X7-EGFP receptor, indicating that the stably trans-
fected cells express rather low amounts of P2X7. A double transfection of DNA encoding
for P2X7-EGFP and P2X4 might lead to higher amounts of protein and show artefactual
positive results, due to aggregation of the unphysiologically overexpressed protein.

In summary, based on these data, we conclude that the high overexpression of these
proteins in X. laevis oocytes leads to an aggregation of receptors during synthesis that
result in the positive results of the co-purification assay. However, in lung tissue from the
P2X7-EGFP BAC transgenic mouse model and in transfected HEK293, which more re-
alistically reproduce the physiological conditions, a moderate overexpression is not able
to induce an interaction of P2X7 and P2X4 that can be detected using these methods.

n-dodecyl-g-D-maltoside

IP: anti-GFP

WB:E anti-GFP
B anti-P2x4

Figure 21: Western blot experiments following GFP-tag immunoprecipitation from protein extracts
of HEK293 cells under the treatment with 0.5% n-dodecyl B-D-maltosyde during the protein extraction and
immunoprecipitation. Protein bands were stained with antibodies targeting P2X4 and EGFP. Representative
results from at least 3 independent experiments are shown.
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3.2.3 Mutual interrelation of P2X4 and P2X7 receptors

Previous studies have shown that changes in expression levels of one of these receptors
is able to influence the expression of the other, giving proof of a functional interrelation
between both P2XR subtypes. This has been proposed for the mouse kidney and in
dendritic and epithelial cells, to name a few (Craigie et al., 2013; Weinhold et al., 2010;
Zech et al., 2016). Conversely, other studies were not able to find a functional interrela-
tion in immune cells and microglia (Kawano et al., 2012; Trang et al., 2020).

Therefore, our next step was to analyze such an interrelation of both receptors compar-
ing the effect of different levels of expression in the mouse lung. For this, western blot
experiments were performed with lung samples from the wildtype and our P2X7-EGFP
mice, as well as the P2X77 and P2X4" models (Figure 22).

Results from these experiments were pooled with the ones previously obtained by my
colleague Dr. Robin Kopp and, in spite of showing certain degrees of variability, no sig-
nificant differences were found between the expression of each receptor in either knock-
out model in comparison with the wildtype mouse. Furthermore, overexpression of the
P2X7 receptor in the P2X7-EGFP mouse lung did not lead to a significant alteration of
P2X4 levels. Therefore, we found no proof of an interrelation between P2X4 and P2X7
in these mouse models.
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Figure 22: Western blot experiments to explore interrelation of P2X4R and P2X7R. Deletion or overex-
pression of P2X7 does not affect the P2X4 protein level and vice versa. Comparison of P2X7 and P2X4
protein levels in the P2rx4-/-, P2rx7-/-, wildtype and the P2X7-EGFP mouse model (tg). A representative
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western blot experiment using anti-P2X4, anti-P2X7 (red) and anti-vinculin (green) as a loading control is
shown. 50 ug of total protein from mouse lung were loaded in each well, and the two independent experi-
ments were performed with at least five mice of both sexes in total (10-35 weeks of age). Mann-Whitney test
was carried out to determine significance. Grey bars: P2X4; white bars: P2X7 (**p<0.01).

3.3 Comparative proteomic analysis of tissue/cells from wt
and P2rx77- and P2X7-EGFP mice

3.3.1 Comparing of protocols for mass spectrometry experiments from
mouse hippocampus samples

Although the role of P2X7R in cytokine release and inflammation has been extensively
studied, other functions of this receptor and the exact signaling mechanisms that are
triggered by P2X7R activation are not completely understood (Bartlett et al., 2014; De
Marchi et al., 2016; Kopp et al., 2019). Discovery and investigation of the intermediaries
that are involved in P2X7R signaling will lead to further insights about its role in health
and disease. Therefore, a proteomic approach was proposed for this project which aimed
to quantitatively compare general protein expression patterns in the mouse tissue under
P2X7 ablation (knockout, P2X7"- mouse), P2X7 physiological levels (wildtype mouse),
and P2X7 overexpression (P2X7-EGFP BAC transgenic mouse).

Several protocols were compared for the preparation of samples from mouse tissue prior
to liquid chromatography coupled to mass spectrometry. These included the tissue dis-
sociation and generation of membrane extracts that would be subject to precipitation
(using acetone or trichloroacetate), based on a previous protocol (Bruderer et al., 2017),
and finally delivered to the mass spectrometry facility for the later digestion, alkylation,
and fractionation of the samples prior to LC-MS. However, another method was tested
later which proved more effectiveness and reliability. This was a modified protocol from
a commercial kit provided by PreOmics GmbH based on the FASP protocol for sample
preparation (Wisniewski, 2018). This protocol included key steps such as the tissue dis-
sociation, digestion and alkylation of the samples, and purification of the proteins before
the delivery of the samples for LC-MS analysis.

Hippocampal samples were taken from P2X7-, wildtype and P2X7-EGFP mice in order
to assess possible differences in protein expression patterns in the absence of P2X7 or
upon its overexpression. After processing the lung tissue following the PreOmics proto-
col, samples were analyzed in the laboratory of Dr. Thomas Fréhlich (Gene Zentrum,
Munich).

Analysis of the samples revealed differences in several proteins when comparing the
mouse genotype backgrounds in pairs (Figure 23). However, no robust candidates were
found that showed statistically significant differences in their expression levels after run-
ning a false-positive test, given the high Q-value calculated in the preliminary analysis.
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Figure 23: Volcano plot comparing hits obtained by mass spectrometry on mouse hippocampus
from our three genetic backgrounds (N=5). The X axis represents fold difference, while the Y-axis shows
-Log p-value.

3.3.2 Development of a protocol to isolate microglia from adult mice as
an alternative to mouse tissue experiments

P2X7 protein is highly expressed in the brain and it has been identified in several cell
types of different regions (refer to section 1.2.3). In the hippocampus, P2X7-EGFP is
highly expressed in microglia and oligodendrocytes but distribution in astrocytes and
neurons could not be proved in this study. Therefore, the previous proteomic analysis
might have failed to identify major changes in protein expression since it included many
different cell types that can be expected to produce a high background. Thus, we decided
to investigate possible effects of P2X7 deletion or overexpression using a cell-specific
approach in a cell type that is known to have a high level of P2X7 expression. We opted
for microglia since it is a cell type that has been widely studied for its P2X7 expression,
and it is of great relevance in P2X7R-induced neuroinflammation. Therefore, investiga-
tion of P2X7R signaling in this cell type might provide insights for P2X7R function in the
CNS, which is a matter of discussion, as already mentioned.

With this objective, | adapted and optimized a protocol provided by Miltenyi Biotec B.V.
& Co. for the isolation of microglia from adult mouse brain. The development of this pro-
tocol resulted in effective isolation of microglia cells which was verified by immunofluo-
rescence staining using antibodies targeting Iba1 and EGFP on the obtained primary
cultures from the P2rx7”, wildtype and P2X7-EGFP mice at 3, 7 and 14 days in vitro
(Figure 24).

In the future, the protocol will need to be upscaled in order to prepare samples of the
needed amount of protein for mass spectrometry. This procedure will be useful in the
preparation of samples for mass spectrometry and the analysis of general protein ex-
pression patterns under the three genotype backgrounds.
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Figure 24: Inmunofluorescence images of microglia cells isolated from adult mouse brain stained
with antibodies targeting Iba1 (red) and GFP (green) of P2rx7+, wildtype and the P2X7-EGFP mice at

7 days in vitro, showing DAPI as a nuclear staining. Representative images from 3 independent experiments
are shown. Scale bars 50 um.
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4. Discussion

4.1 Comparison of P2X7 reporter mouse models and
investigation of P2X7 localization

The ionotropic P2X receptors have arisen as potential therapeutic targets due to their
reported involvement in health and disease (Burnstock & Kennedy, 2011; Khakh & North,
2006; North & Jarvis, 2013). From the seven members of this family, P2X7R has at-
tracted special interest because of characteristics that make it unique, namely its low
affinity for the agonist ATP, its large intracellular C-terminus and its ability to induce the
formation of a macropore under sustained stimulation (Kopp et al.,, 2019). However,
questions remain unanswered regarding the tissue and cell type distribution of this re-
ceptor, as well as the interaction partners and the signaling events triggered by P2X7R
activation. Strategies have been developed with the aim of studying P2X7 distribution
and function in the organism, among which mice represent a good option due to ad-
vantages such as the genetic proximity to humans, the short generation time, and sim-
plicity to handle.

A number of mouse models have been designed to study P2X7R (Sluyter et al., 2023;
Urbina-Trevifio et al., 2022). A P2rx7"- mouse from the European Mouse Mutant Archive
(P2rx7tm1dEUCOMMWS!) \wag generated by using the Cre/LoxP system and has been used
for this dissertation (Kaczmarek-Hajek et al., 2018). Humanized mouse models have
also been generated, one of them (P2rx7tm!-1(P2RX7)Jde) by substitution of the murine P2rx7
exon 2 via knock-in (human P2rx7 exons 2 to 13), which results in humanized P2X7R
whose expression is controlled by the murine P2rx7 promoter (Metzger et al., 2017).

However, a careful characterization of the available mouse models is needed in order to
obtain results that are consistent and reliable. In P2X7 research, some of these models
have failed to meet the expectations. For example, this is the case of commercially avail-
able P2rx7 knockout mouse models generated by Pfizer (Solle et al., 2001) and Glax-
oSmithKline (Sikora et al., 1999). The first of these was generated by deletion of exon
13 and showed partial expression of truncated variants of the receptor. The latter exhibits
expression of the P2X7k receptor as a result of the expression of the alternative 1’ exon
in the P2rx7 gene (Masin et al., 2012).

The lack of reliability of some of the available mouse models and the absence of selective
agonists, as well as the poor specificity of antibodies (Anderson & Nedergaard, 2006)
has led to a constant debate over the last years in terms of the tissue distribution and
cell-specific localization of P2X7R. Taking this into account, the development of reporter
mouse models is a promising alternative because it allows the direct detection of the
protein and/or its site of expresssion in situ in cases where it is not possible to label the
target specifically and effectively with antibodies or other tools. In comparison with other
reporter proteins, the use of EGFP has been well established in animal models, and the
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possibility of designing fusion proteins by addition of an EGFP tag allows subcellular
visualization of protein targets, which is another great advantage (Serganova & Blasberg,
2019).

In this project, we used and compared two different BAC transgenic mouse models that
were generated using different approaches. In one of them (Kaczmarek-Hajek et al.,
2018), the reporter protein EGFP is fused to the receptor (P2X7-EGFP). In the other one
(Gong et al., 2003), EGFP is expressed as a soluble protein (SEGFP from GenSat). In
both cases, the protein expression is controlled by the P2rx7 endogenous promoter
which is present in the BAC. Thus, both models were designed to induce a reporter dis-
tribution that mimics the expression patterns of the endogenous P2X7 receptor in the
wildtype mouse. However, a preliminary comparison of the mouse models, based on the
limited information available for the sEGFP mouse, indicated divergent cell-specific dis-
tribution of the reporters (Kaczmarek-Hajek et al., 2018). Therefore, a more detailed
characterization and comparison of cell type- and region-specific expression was
needed.

4.1.1 P2X7 and P2X4 expression levels

In the western blot experiments described above, P2X7-EGFP protein levels were
around three times higher in comparison to the endogenous P2X7 protein in the
transgene and wildtype mouse. This is in line with a previous report and is explained by
the integration of several copies of the modified BAC clone (Kaczmarek-Hajek et al.,
2018). The transgenic P2X7 can easily be differentiated from the endogenous receptor
by its higher molecular weight. As the P2rx4 gene is not present in this BAC clone, we
did not observe any significant differences in the level of expression of P2X4 when com-
pared to the wildtype mouse. This is also a supporting argument against a functional
relationship between both receptors, as levels of P2X4 are not altered upon P2X7 over-
expression, something that will be discussed later on.

In contrast, the sEGFP mouse model shows a P2X4 overexpression that is explained by
the presence of the P2rx4 gene in the BAC clone. However, P2X7 was unexpectedly
overexpressed in this model as well. A possible assumption based on the overexpres-
sion of P2X7 and P2X4 is that this mouse model might show phenotypical differences,
given the role of both receptors in cytokine release and inflammation (Adinolfi, Giuliani,
De Marchi, et al., 2018; Kanellopoulos et al., 2021; North, 2002). It has been reported
that both P2X7R and P2X4R have a role in lung disease, retinal dystrophy or protection
against bacterial infection, to name a few (Csoka et al., 2018; Martinez-Gil et al., 2022;
Wiley & Gu, 2012; Winkelmann et al., 2019), Moreover, both receptors have attracted
an increasing interest due to their involvement in pathophysiology of the CNS, having a
suggested role in spinal cord injury, neuropathic pain, or multiple sclerosis (Andrejew et
al., 2020; North & Jarvis, 2013; Tozaki-Saitoh et al., 2022). For example, our collabora-
tors from the Tobias Engel’s laboratory at the RCSI (Dublin, Ireland) confirmed that the
sEGFP mice experience a decreased neurodegeneration following status epilepticus
(Ramirez-Fernandez et al., 2020).
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4.1.2 General expression patterns of P2X4, EGFP and P2X7

Ectopic gene expression may occur as a consequence of the BAC transgenesis. Taking
the overexpression of P2rx4 in the sEGFP mouse model, | focused on P2X4 expression
over the brain of this mouse and compared it to the wildtype mouse in order to check for
possible aberrant patterns in the distribution of this receptor. However, we have not de-
tected abnormal patterns in the immunofluorescence stainings making use of the anti-
P2X4 antibody and comparing this model with the wildtype mouse. However, striking
results were found in the study of the reporter EGFP distribution on the brain slices, given
that the expression pattern of the sSEGFP model was remarkedly different to the P2X7-
EGFP mouse.

While the P2X7-EGFP mouse showed a widespread reporter distribution throughout the
brain, the sEGFP mouse showed a much more localized expression of EGFP. In the
cerebellum, EGFP signal was increased in the molecular layer, as well as the area of the
Bergmann glia and the Purkinje cell layer. A high signal was also evident in the superior
colliculus and pons as well as the caudate putamen region which, similarly to the cere-
bellum, is also related to motor function.

These differences brought up further incongruencies when | compared the endogenous
and overexpressed P2X7 distribution in both mouse models using the P2rx7- model as
negative control. The distribution patterns observed by the use of an anti-P2X7 nanobody
did not show the differences that were found in the GFP reporter between the two BAC
transgenic mouse models. Surprisingly, the receptor showed identical distribution in both
mouse lines. This distribution pattern was indeed overlapping with the anti-GFP staining
pattern of the P2X7-EGFP mouse. Therefore, there is a mismatch between the distribu-
tion of the soluble EGFP and P2X7 protein in the sEGFP mouse model, even though the
genes responsible for P2X7 and EGFP are controlled by the same promoter. This is an
important limitation of P2X7R localization studies that have based their conclusions on
the expression patterns of the soluble EGFP reporter in this mouse model (Jimenez-
Pacheco et al., 2016; Ortega et al., 2021; A. Sebastian-Serrano et al., 2016).

4.1.3 Differences in cell type-specific EGFP localization in the mouse
brain

After comparing the general distribution of EGFP in the mouse brain and revealing dif-
ferences between the two mouse models, | proceeded to perform co-immunostainings
using antibodies targeting GFP and different cell-specific markers in order to evaluate de
cell-specific distribution of the reporter.

The divergent cell-specific distribution of EGFP in the BAC transgenic mouse models is
a new point of discussion regarding the ectopic reporter expression in the sEGFP. As
demonstrated, the sEGFP mouse model showed co-localization of EGFP and the marker
NeuN, corresponding with neurons, in contrast to the P2X7-EGFP model in which EGFP
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co-localized with Iba1 (microglia) as well as Olig2 and MBP (oligodendrocytes), as re-
ported before (Kaczmarek-Hajek et al., 2018).

In the hippocampus, the sEGFP model showed high signal from the anti-GFP antibody
in single cells from the granular layer of the dentate gyrus and the pyramidal cell layer of
the CA region. Most likely, projections of these cells are the ones that show high GFP
signal in the mossy fiber region from the stratum lucidum in CA3 (Figure 17 in results).
However, the exact neuronal cell type corresponding with these GFP-positive fibers
could not be identified. The marker calretinin was not found in this region, in agreement
with the assumption that the mossy fibers derive from pyramidal neurons. However, we
also found absence of co-localization between GFP and ZnT3, or calbindin-1, although
these markers were indeed expressed in this area.

This region might be of interest, as it shows an increase of the brain-derived neurotrophic
factor (BDNF) following seizures (Danzer & McNamara, 2004). BDNF has been linked
to P2X7R, and specially to P2X4R. For example, activation of P2X7R and P2X4R has
been proposed to mediate in the physical exercise-induced increase of BDNF levels that
results in the modulation of synaptic plasticity and amelioration of neuronal damage dur-
ing stroke (Sun et al., 2023). Moreover, P2X4 activation upon nerve injury promotes
BDNF release in Schwann cells and microglia, which leads to remyelination (Domercq &
Matute, 2019). Therefore, overexpression of both receptors and the increase of BDNF
could be a reason for the decreased neuronal damage that has been found in the sEGFP
mice following status epilepticus (Ramirez-Fernandez et al., 2020). However, it must be
reminded that, while EGFP signal is present in this region, this has not been the case for
the P2X7 receptor as shown via immunofluorescence and DAB staining (Figures 10 and
11). With the data that is available in our laboratory, such a relationship between BDNF
and P2X receptors in the stratum lucidum of the sSEGFP mouse can only be suggested
for P2X4, which is highly expressed in the pyramidal cell layer and stratum lucidum of
the CA3 region (Figure 8).

In the cerebellum, the EGFP pattern was more similar between the two BAC transgenic
mouse models, with a higher intensity of the staining in the molecular layer (Figures 9
and 10). However, single, neuron-like cells attracted our attention in the case of the
sEGFP mouse (Figure 16). In the Purkinje cell layer, occasional EGFP staining might
represent Purkinje cells, given the co-localization with the marker Calbindin-1. In the mo-
lecular layer, immunostaining revealed intermittent co-localization of EGFP with parval-
bumin and NG2. Parvalbumin-positive cells might be basket or stellate cells, cell types
that receive excitatory inputs from axons of the granular cell layer (also known as parallel
fibers) and communicate with each other and with Purkinje cells through inhibitory sig-
nals (Brown et al., 2019).

Taken together, in the P2X7-EGFP mouse model, EGFP is present in microglia and oli-
godendrocytes. However, the soluble EGFP from the sEGFP mouse shows predominant
expression in neurons from the Purkinje cell layer and the basket and stellate cells from
the molecular layer of the cerebellum as well as sparse distribution in single neurons
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from the granule cell layer of the dentate gyrus and the pyramidal cell layer from the CA
region of the hippocampus, whose axons are projected within the mossy fiber region of
the stratum lucidum. Lastly, NG2-positive cells that might correspond to NPCs show
EGFP expression. Therefore, a possibility might be proposed that EGFP is expressed in
early stages of cell development in the NPCs but only remains to be expressed when
cells differentiate into neurons and not into oligodendrocytes nor astrocytes, or at least
not at levels above the detection limit.

4.1.4 The sEGFP BAC transgenic mouse model construct

In this project, we have uncovered inconsistencies in the sEGFP mouse model reporter
expression, which does not correlate with that of the P2X7-EGFP nor with the endoge-
nous P2X7 distribution in the sEGFP mouse itself. There are several factors that may
account for the aberrant distribution of the reporter protein.

To understand these discrepancies, we need to take the BAC construct designs into
consideration. The P2X7-EGFP construct was generated by addition of the reporter
cDNA through a linking sequence to the very C-terminus of the receptor. This means
that the P2rx7 gene was nearly unchanged. In contrast, the sEGFP mouse construct was
generated by insertion of the sequence encoding EGFP into the exon 1 of the P2rx7
gene. For simplicity, only one homology arm was used, and the BAC plasmid was not
resolved in this cloning strategy. The sequence of the P2rx7 gene was interrupted by a
STOP codon and polyadenylation signal (Gong et al., 2010). Therefore, a modification
of the gene structure must be considered. The interruption of the P2rx7 gene in the BAC
construct might lead to silencing of key regulatory elements that govern the expression
of the gene. Moreover, absence of distal regulatory elements that modulate gene ex-
pression of either P2rx7 or the genes surrounding the insertion site of the BAC might be
considered. For example, there is a possibility that regulation of the P2X7k variant
through expression of the alternative exon 1’ could be altered as a consequence.

The recombination strategy also explains the overexpression of the P2X7 receptor in the
sEGFP mouse model. This was unexpected because the insertion of a stop codon and
a polyadenylation signal after the sequence that encodes for EGFP should have pre-
vented the expression of the P2rx7 gene. However, an amplification and sequencing
strategy (designed and performed by my colleague Anna Durner) confirmed the duplica-
tion of the homology domain A used for the recombination (from 332 bp upstream of the
transcription start to 163 bp downstream of the transcription start). This was duplicated
because only one homology arm was used, and the BAC was not resolved (Gong 2010).
This strategy, known as the one-step RecA method (Yang, 2009), simplified the gener-
ation of the transgenic mouse lines developed within the GenSat project. A consequence
of this is the presence of a second transcription start codon ATG due to the duplication
of the homology domain, thus allowing P2rx7 transcription in the BAC clone. However, it
should be borne in mind that the P2X7 protein levels measured in the sEGFP mouse
were much lower than P2X4, and this is likely due to the alteration of regulatory elements
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of the P2rx7 gene. However, an interrelation effect of both receptors cannot be excluded
(Casas-Pruneda et al., 2009; Weinhold et al., 2010).
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Figure 25: BAC design in the sEGFP mouse model. The one-step RecA method resulted in the duplica-
tion of the homology domain (HomA) and led to a second transcription start codon ATG that enables P2rx7
gene expression. Below, a representation of the P2rx7 gene inserted in the BAC clone is shown, and the
boxes represent the exons and the 3’'UTR+polyA tail. 1’ is the alternative exon 1 whose expression leads to
the P2X7k variant.

4.1.5 The BAC transgenic approach

The use of BAC transgenic mouse models in biomedical research has greatly advanced
the investigation of protein expression and function in vivo. Major advantages that this
technology brings are the possibility of reproducing the distribution of an endogenous
protein thanks to the possibility of including a complete gene along with regulatory se-
quences in the BAC construct, its transmission to the progeny and the possibility of in-
cluding reporter genes that allow for the localization or even direct visualization of a pro-
tein. In addition, they provide only moderate overexpression of target genes, which is of
interest because it leads to gene expression levels that are close to the physiological
conditions.

BAC transgenic mouse lines have also been used to develop Cre driver lines. This sys-
tem uses a Cre recombinase that is activated under specific conditions (e.g. expression
under the control of the promoter of a gene that is specific for a particular cell type) and
exerts recombination on a target gene that is flanked by the LoxP sequences, the target
sites of the Cre recombinase. These systems are used for the generation of conditional
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reporter and knockout mouse lines (Kaczmarek-Hajek et al., 2018; Kim et al., 2018;
Requardt et al., 2009; X. F. Zhao et al., 2019).

However, the BAC transgenic approach has important disadvantages that might account
for inconsistencies in some of the models that have been developed (Beil et al., 2012).
Firstly, the untargeted insertion of large amounts of DNA from the BAC chromosome
might alter the gene structure at the insertion site. Thus, a certain degree of genome
instability might be considered responsible for possible deletion or mutation in the DNA.
Secondly, the BAC chromosome might lack distal regulatory elements involved in the
cell type-specific expression and this could lead to incorrect localization (ectopic expres-
sion) and function of the protein of interest. Thirdly, there are features that escape control
in the design of the BAC strategy, such as the number of copies and the lack of specificity
of the integration site. Insertion into a region where it is under the control of another
promoter, or changes in the gene structure of the inserted gene, might also lead to ab-
errant distribution of the BAC encoded protein, as well as variability in the expression
levels of the affected gene, meaning overexpression or underexpression. Therefore,
thorough studies are needed in order to validate a BAC transgenic mouse model.

Other BAC transgenic mouse models showing ectopic expression of the reporter gene
have been described in the literature. For example, following the crossing of reporter
mouse models with cre-driver lines and generation of three cre-dependent microglia-
specific Cx3cr1 mouse lines, a careful analysis revealed that one of them, expressing
GFP, showed “leakiness” in different cell types while the two others were showing spe-
cific GFP signal in microglia (X. F. Zhao et al., 2019). Here, it was suggested that one of
the original reporter mice was responsible for the ectopic GFP distribution. However,
there is controversy regarding the possible transient expression of Cx3cr1 in neurons
and astrocytes that might be responsible for the ectopic distribution. In a different exam-
ple, studies point out differential expression patterns of the target protein corticotropin-
releasing factor (CRF) from reporter mouse models not only depending on the reporter
of choice e.g. tdTomato or GFP (Hooper & Maguire, 2016), but also on the strategy cho-
sen for the transgenesis e.g. BAC or Cre-loxP system (Chen et al., 2015).

It has even been suggested that BAC transgenesis should be replaced by other technol-
ogies in order to overcome the drawbacks mentioned above (Beil et al., 2012). These
are mainly focused on the “designer nucleases”, namely the Zinc Finger Nucleases
(ZFNs) and Transcription Activator-Like Effector Nucleases (TALENSs). Here, direct in-
jection of DNA or mRNA encoding for these nucleases into the cytoplasm of zygotes
leads to synthesis of such enzymes, which generate targeted double strand breaks in
the host DNA. Simultaneous microinjection of the gene sequence of interest into the
pronucleus results in the knock-in of such sequence at the nuclease-generated insertion
site.

In summary, it is necessary to carefully plan the generation strategy and carry out a
careful study and characterization of the resulting transgenic mouse models before ap-
plying them in biomedical research and drawing conclusions that might be misleading.
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The sEGFP mouse model has been used in the study of the central nervous system, for
example regarding P2X7 localization in neurons (Jimenez-Pacheco et al., 2016; Mar-
tinez-Frailes et al., 2019). However, the results shown in this dissertation suggest that
the reliability of this mouse model is compromised given the leaky expression patterns
of the reporter EGFP over the brain and the overexpression of P2X7. Therefore, findings
obtained using this mouse model in previous studies should be taken cautiously and re-
evaluated.

4.2 Re-investigation of the physical interaction or functional
interrelation between P2X4 and P2X7 receptors

4.2.1 Evidence for and against a physical P2X4/P2X7 interaction

The interaction of P2X4 and P2X7 has been discussed in chapter 1.4, stating that P2X4
is the most similar subunit to P2X7 within the P2X family, and that they are co-expressed
in different cell types in mammals (Guo et al., 2007; Ma et al., 2006; Novak, 2011; Xiang
& Burnstock, 2005). Furthermore, similar cellular functions have been attributed to P2X7
and P2X4, and roles have been proposed for both receptors in several diseases, espe-
cially in the lung and the central nervous system (Domercq & Matute, 2019; Martinez-Gil
et al., 2022; Savio et al., 2018; Zech et al., 2016).

In our studies, we used HEK293 cells and mouse tissue as model systems to evaluate
the physical interaction of P2X4R and P2X7R, making use of the P2X7-EGFP fusion
construct in order to pull down protein complexes of interest from our samples, as de-
scribed previously. X. laevis oocytes were used as a positive control, since an interaction
between both receptors had already been reported based on FRET analysis in this sys-
tem (Schneider et al., 2017).

After performing protein extraction, pull-down and western blot from mouse lung tissue,
the signal from the antibody targeting P2X4 was missing from the blot, meaning that
P2X4 protein was not contained in the EGFP-bound complexes. A first assumption might
be that, in the mouse tissue, the interaction of both receptors is either missing or only
transient. The experiment was done using three different non-denaturing detergents NP-
40, n-dodecyl-B-D-maltoside and digitonin to exclude a breakdown of complexes during
the purification. In particular, digitonin is known as a mild detergent that depends on
cholesterol in order to induce an increase in membrane permeability without causing
major membrane disruption (Sudji et al., 2015). However, in none of the samples a signal
corresponding with P2X4 was found after the pull-down step. In contrast, P2X4 was pre-
sent in the eluates of the X. laevis oocytes’ samples, confirming an interaction in this
system.

Following the experiments in mouse lung tissue, a similar approach was applied to
HEK293 cells (used as a negative control) and HEK293 cells that were stably transfected
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with DNA encoding for the fusion protein P2X7-EGFP. Both were transfected with DNA
encoding for P2X4, assuming that this would be a model that might reproduce better the
physiological conditions of a mammalian tissue. However, the results were similar to
those obtained with the mouse lung, as P2X4 was present in the extracts but appeared
absent in the pull-down eluates of both the HEK293 cells (negative control) and the
HEK293 expressing P2X7-EGFP.

In conclusion, an interaction between P2X4 and P2X7 could not be found in the mouse
tissue, nor in transfected HEK293 cells. This interaction was only confirmed using X.
laevis oocytes as a heterologous system that expresses both receptors at levels that are
high enough to provoke an interaction that can be detected with the tools that are avail-
able in our laboratory.

4.2.2 Methodological aspects and limitations

Xenopus laevis oocytes represent a valuable option as a heterologous expression sys-
tem (Bréer, 2003; Tammaro et al., 2008) because they allow for a fast protocol and the
protein amount can be adjusted depending on the cRNA amount that is injected in the
oocyte. This is an advantage of this model in comparison to HEK293 cells because, even
though the procedure with HEK293 cells is faster, X. laevis oocytes offer a wider range
to work with in terms of controlling the protein expression levels of the target. In this case,
the receptors were expressed by the oocytes at levels that were higher than in mouse
tissue or HEK293 cells. This made possible that an interaction was detected after pull-
down, but it might be argued that such interaction could be an artifact, product of an
exacerbated synthesis of both receptors at levels that are not found in physiological con-
ditions.

The lack of evidence of an interaction shown in mouse tissue and HEK293 cells conflicts
with previous reports where the interaction was found in primary epithelial cells and mac-
rophages as well as alveolar epithelial cells (Guo et al., 2007; Hung et al., 2013; Pérez-
Flores et al., 2015; Weinhold et al., 2010). Even though the P2X7-EGFP mouse model
shows an overexpression of the P2X7 receptor, this is only mild and might not be suffi-
cient in order to prove an interaction with P2X4R that is stable and above the detection
limit. Moreover, it should be noted that P2X7R is mostly expressed in the cell membrane,
whereas P2X4 shows predominance in lysosomes (Kanellopoulos et al., 2021; Murrell-
Lagnado, 2018). Thus, even if they are co-expressed in several cell types, they do not
share full subcellular distribution, and this is something to take into account when evalu-
ating the possibility of a long-term interaction between both receptors.

Lastly, our experiments in HEK293 cells show higher expression of P2X4 than P2X7-
EGFP, meaning that transient transfection might lead to higher protein amounts in com-
parison with the stable transfection. Indeed, a recent comparison of HEK293 cells that
were transiently and stably transfected with P2X7 revealed large amounts of intracellular
protein in case of the former and small amounts of membrane-localized P2X7 in case of
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the latter (unpublished data from the laboratory). This might be a reason why the inter-
action between both receptors could not be demonstrated, in contrast with a previous
report (Guo et al., 2007).

Although the described experiments and results obtained in the study of the discussed
interrelation between P2X4 and P2X7 gave no evidence of such an event, there are
limitations of this approach, and the following aspects should be taken into consideration.

1) These studies have been applied to whole mouse lung tissue, although other tissues
or specific cell populations might be more suitable due to a higher expression of P2X4
and P2X7. For example, in the salivary gland, an interaction has already been sug-
gested in the form of heterotrimers (Casas-Pruneda et al., 2009) based on functional
experiments where P2X4R and P2X7R were co-expressed, exhibiting ATP-induced
currents that would not be explained by the activation of either receptor alone. How-
ever, blue native-polyacrylamide gel electrophoresis (BN-PAGE) experiments failed
to detect any association of the receptors after purification from salivary gland (Nicke,
2008). Furthermore, the tissue-specific approach might be not sufficient in order to
get valid conclusions on this aspect based on the heterogeneity of cell types involved.
Thus, a cell-specific approach might lead to more precise findings if applied to cell
types that express both isoforms.

2) Limitations of the pull-down experiments should be taken into consideration. Alt-
hough the co-immunoprecipitation of P2X4 and P2X7-EGFP in X. laevis oocytes
might be a result from an actual interaction, it may be assumed that such event might
be a result from the tendency of P2X4 to aggregate when expressed at high levels.
Examples are found in this dissertation (figures 7, 20 and 21), where P2X4 aggre-
gated even in the presence of the SDS buffer. Whether this aggregation events occur
at the plasma membrane or at subcellular compartments is a remaining question
from our study. As already mentioned, an argument against the interaction of P2X4
and P2X7 subunits is that P2X4 shows predominant distribution in lysosomes (Kanel-
lopoulos et al., 2021). However, both receptors have roles in vesicle trafficking, and
it is possible that the interaction only takes place at specific subcellular levels (Mur-
rell-Lagnado & Frick, 2019; Qu & Dubyak, 2009). The possibilities might range from
the trans-Golgi network to the very endoplasmic reticulum during protein synthesis.
It has been shown that exacerbated gene expression might lead to stress at the en-
doplasmic reticulum, ineffective protein folding and aggregation (Hamdan et al.,
2017; Li & Sun, 2021).

4.2.3 Future perspectives

Given the limitations of these studies, there are further experiments that can be sug-
gested for future investigations. As discussed, the HEK293 cells that are stably trans-
fected with P2X7-EGFP show lower protein amount of P2X7-EGFP than P2X4 when
transiently transfected with DNA encoding for P2X4. Thus, an additional experiment
could be to use double-transfected HEK293 cells that show transient expression of both
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P2X4 and P2X7-EGFP. This might lead to higher amount of both proteins, possibly al-
lowing for a detectable interacting complex. However, a positive result in this case might
also account for artefactual interaction. Repetition of the oocyte experiments with lower
expression levels and use of a proper positive control, such as the P2X2R/P2X3R het-
eromer (Saul et al., 2013), would also be an alternative experiment.

As for the mouse tissue, we have previously shown that the BAC transgenic P2X7-EGFP
mouse model exhibits only mild overexpression of P2X7 and unaltered P2X4 levels com-
pared to the wildtype mouse. Despite the limitations of the sEGFP mouse, the pull-down
assay might be carried out using samples from this mouse model, which overexpresses
P2X7 and shows much higher expression of P2X4. Taking that high amounts of P2X4
protein show a tendency to aggregate (see Figure 7 of the Results section), there is a
possibility that the pull-down shows a positive result for the P2X4-P2X7 interaction using
this approach.

Another possibility might be that the interactions in the hypothetical P2X4/P2X7 com-
plexes are only transient and not detected by the end of our experiments, possibly due
to the use of detergents. An alternative approach for mouse tissue and HEK293 cells
might be to use crosslinking as a strategy to stabilize these interactions.

Lastly, a cell-specific approach might be used in order to look for an interaction via pull-
down and for interrelation between both receptors at the cellular level. A possibility would
be to use microglia cells, given the role of both receptors in this cell type (Montilla et al.,
2020; Raouf et al., 2007; Zabala et al., 2018) and that the protocol for microglia isolation
from adult mouse brain has been established in the laboratory, as explained in this dis-
sertation.

In conclusion, the interaction of P2X4 and P2X7 receptors could not be proved in the
lung tissue from the P2X7-EGFP mouse line, nor in HEK293 cells expressing P2X4 and
EGFP-tagged P2X7. In spite of the limitations of this study, it appears that this interaction
might be only restricted to heterologous expression systems that show an artefactual
interaction as a product of the exacerbated expression of both subunits in non-physio-
logical conditions, given the restricted evidence from in vivo studies that is available in
the literature. Likewise, we did not find significant interrelation effects using the P2X7-
EGFP and the P2rx4 and P2rx7 mouse models. Similarly, a model expressing higher
levels of either P2X4R or P2X7R subunits might be needed to prove an interrelation, but
the usefulness of such findings may be limited due to a lack of relevance in the physio-
logical conditions.

4.3 Comparative proteomic analysis of tissue/cells from wt
and P2X7 knockout mice

Liquid chromatography coupled to mass spectrometry is a powerful, widely used tool in
proteomics for the study of general protein expression profiles. The quantitative analysis
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in comparative proteomics allows the study of signaling pathways that are promoted or
restricted upon varying conditions, such as different levels of expression of a target gene
or application of different pharmacological treatments, among others (Carrasco-Navarro
et al., 2016; Harsha et al., 2013; Pandey et al., 2021).

In this project, the study of protein expression profiles under different levels of P2X7
receptor was proposed. We used the P2X77, wildtype and the P2X7-EGFP mice to study
the protein expression patterns under deleted, basal and overexpressed P2X7 condi-
tions. To this aim, protocols were developed for the preparation of mouse tissue samples
prior to LC-MS. These included the homogenization of the original mouse tissue, diges-
tion and alkylation of the samples, as well as precipitation of the proteins with acetone
or trichloroacetate, in accordance with reported protocols (Bruderer et al., 2017;
Wisniewski, 2018). From these, the Filter-Aided Sample Preparation (FASP) protocol
provided by a PreOmics GmbH commercial kit led to more efficient and reproducible
results.

Following the sample preparation and analysis, a list was obtained containing identified
and quantified proteins that were detected in the samples. A statistical comparison was
carried out and several proteins were detected that seemed to show differential expres-
sion levels under the three genotypical backgrounds. However, a false discovery rate
analysis from this list revealed that all of the candidates should be considered false-
positive results. Nevertheless, out of the hits that resulted from the analysis, some might
be worth pointing out.

VCAM-1, encoded by the gene Vcam1 (vascular cell adhesion molecule 1), appears in
higher amounts in the P2X7-EGFP mouse samples. VCAM1 is a mediator of the inter-
action and adhesion between endothelial cells and leukocytes, participating in the signal
transduction. This protein has been linked to P2X7 in a previous study (Mishra et al.,
2016), Here, the authors report that P2X7 mediates VCAM1 release from alveolar type |
(ATI) cells into the alveolar space and exerts chemoattraction of neutrophils. They con-
clude that targeting P2X7 or VCAM1 might open the possibility of a strategy for neutro-
phil-related host defenses.

MCAM (melanoma cell adhesion molecule), also known as CD146 or cell surface glyco-
protein MUC18, was not identified in the samples from the P2X7-EGFP mouse model,
but in the P2X7 knockout and wildtype mice. MCAM is another adhesion molecule in-
volved in signal transduction in the alveolar space. MCAM shedded during inflammation
mediates leukocyte migration (Bardin et al., 2009), and it was identified in a proteomic
study of enriched, ARTC2.1-mediated ADP ribosylated proteins from microglia stimu-
lated with LPS/U0126. This might have a relation with P2X7R signaling, since the P2X7R
is a target of ART2.1-mediated ribosylation (Rissiek et al., 2017).

4.3.1 Limitations and future perspectives using a cell-specific approach

Given the complexity of the samples that are analyzed using mouse brain tissue, the lack
of significant hits in our analysis might be explained by the heterogeneity of the cells
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involved in the experiment. Furthermore, a quantitative analysis on mouse tissue re-
quires extremely precise tissue collection of the same amount and from the same areas,
making it a very challenging procedure in the case of hippocampus.

As an alternative procedure, a cell-specific approach was proposed that consists in the
proteomic analysis of samples from isolated microglia. This might be an interesting ap-
proach that possibly leads to more accurate results through LC-MS. Microglia, along with
macrophages, is one of the cell types that shows highest levels of P2X7R (Bhattacharya
& Biber, 2016; Bianco et al., 2006; Janks et al., 2018; Wewers & Sarkar, 2009). Further-
more, microglia cells are found widespread over the brain, and protocols have been de-
veloped and are currently available for microglia isolation and proteomic analysis (Bohlen
et al., 2019; Woo et al., 2017). Therefore, it may be assumed that the prepared samples
for LC-MS should be enriched in P2X7R and mediators of its signaling pathways.

Through this dissertation, | have proved and shown an efficient protocol for the isolation
of microglia from adult mouse brain. However, the microglia isolation protocol uses fetal
bovine serum. This is one of the limitations that we have faced in the process, as it leads
to detection of proteins that do not belong to the initial samples and decreases the signal-
to-noise ratio. Therefore, the protocol will need an adjustment in the sample preparation
before applying the modified FASP protocol prior to the proteomic analysis.

Following the isolation of microglia and the analysis of samples through LC-MS, compar-
ison of the three different genotypical backgrounds might lead to candidates that are
overexpressed or underexpressed under three different levels of expression of P2X7,
and this might help elucidating signaling pathways in which P2X7 is involved. Some of
the candidates found in my analysis may be worth looking at, with careful attention. In-
terestingly, MCAM was found enriched in cross-linked, GFP-immunoprecipitated sam-
ples from the P2X7-EGFP mouse by my colleague Robin Kopp (Kopp, 2020). However,
MCAM appeared in my analysis as highly expressed in the wildtype mouse and the
P2rx7" but not in the P2X7-EGFP model, which is counterintuitive and should be taken
as a false positive result, as previously mentioned, likely due to a high abundance of this
protein in the brain.

Furthermore, The LC-MS analysis has its own limitations, and the results should be care-
fully taken into consideration. For example, in the previously mentioned report of MCAM
being present in microglia activated with LPS/U0126 after enrichment of ARTC2.1-me-
diated ADP ribosylated proteins, P2X7 was not found in the resulting list even though
P2X7 is a target for ADP ribosylation mediated by ARTC2.1 in other cell types, such as
macrophages and T cells, and it is highly expressed in microglia (Rissiek et al., 2017).
Also, the authors show that P2X7 is a target for ADP ribosylation in microglia via im-
munoprecipitation followed by autoradiography, revealing limitations of the proteomic ap-
proach.

In conclusion, given the drawbacks of the chosen preparation protocol from mouse tissue
and the promising perspectives of the optimized protocol for microglia isolation, future
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work should be carried out in order to perform proteomic analysis on the three genotyp-
ical backgrounds. This might provide confirmation of signaling pathways in which P2X7
receptor is involved, as well as hints of undiscovered ones. Once the procedure is opti-
mized, this might be applied to other cell types in which P2X7 is expressed e.g. oligoden-
drocytes and others outside of the CNS such as lymphocytes and macrophages.
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