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Camille Blanchard?t, Eric Boué-Grabot’2 and Karine Massé’2*

" Université de Bordeausx, Institut des Maladies Neurodégénératives, UMR 5293, Bordeaux, France, ? CNRS, Institut des
Maladies Neurodégénératives, UMR 5293, Bordeaux, France

P2X receptors are ATP-gated cations channels formed by the homo or hetero-
trimeric association from the seven cloned subunits (P2X1-7). P2X receptors are
widely distributed in different organs and cell types throughout the body including
the nervous system and are involved in a large variety of physiological but also
pathological processes in adult mammals. However, their expression and function
during embryogenesis remain poorly understood. Here, we report the cloning and the
comparative expression map establishment of the entire P2X subunit family in the
clawed frog Xenopus. Orthologous sequences for 6 mammalian P2X subunits were
identified in both X. laevis and X. tropicalis, but not for P2X3 subunit, suggesting
a potential loss of this subunit in the Pipidae family. Three of these genes (p2rx7,
p2rx2, and p2rx5) exist as homeologs in the pseudoallotetraploid X. laevis, making a
total of 9 subunits in this species. Phylogenetic analyses demonstrate the high level
of conservation of these receptors between amphibian and other vertebrate species.
RT-PCR revealed that all subunits are expressed during the development although
zygotic p2rx6 and p2rx7 transcripts are mainly detected at late organogenesis stages.
Whole mount in situ hybridization shows that each subunit displays a specific spatio-
temporal expression profile and that these subunits can therefore be grouped into two
groups, based on their expression or not in the developing nervous system. Overlapping
expression in the central and peripheral nervous system and in the sensory organs
suggests potential heteromerization and/or redundant functions of P2X subunits in
Xenopus embryos. The developmental expression of the p2rx subunit family during early
phases of embryogenesis indicates that these subunits may have distinct roles during
vertebrate development, especially embryonic neurogenesis.

Keywords: P2 receptors, purinergic signaling, embryogenesis, neurogenic placodes, sensory neurons, nervous
system, Xenopus laevis

INTRODUCTION

The nucleotide ATP, as the universal source of energy, is an essential intracellular molecule to
the survival of cells and whole organisms. However, the discovery of the first P2 purinergic
receptor at the beginning of the 1990s confirmed Geoffrey Burnstock’s hypothesis that ATP acts
also as an extracellular signaling molecule (Burnstock, 2014). In the last 25 years, numerous
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studies demonstrated the fundamental importance of
extracellular ATP in the physiology of all organs through
the activation of ionotropic P2X and metabotropic P2Y receptors
(Ralevic and Burnstock, 1998). Purinergic signaling pathway
is not restricted to extracellular ATP actions. The metabolic
breakdown of extracellular ATP by ectonucleotidases is a source
of ADP and adenosine. Both ATP derivatives act as extracellular
signaling molecule through the activation of P2Y and adenosine
G-protein coupled receptors (Adora) respectively (Yegutkin,
2014). It is nowadays recognized that the purinergic signaling
in various organs play important physiological roles but also
in diseases, placing purinergic receptors and ectonucleotidases
as theurapeutic targets (Burnstock, 2018). In particular,
in the nervous system, ATP and adenosine are involved
in neuromodulation, glial-neuron interaction, and sensory
transmission but also in neuropathic pain, neurodegenerative
diseases, and multiple sclerosis (Burnstock et al., 2011; Khakh
and North, 2012; Burnstock, 2016, 2017; Boué-Grabot and
Pankratov, 2017; Domercq et al., 2018). Although the purinergic
signaling has received less attention in a developmental context,
several recent studies have shown a role of extracellular ATP
and its derivatives in progenitor cell proliferation, migration,
differentiation and synaptogenesis (Del Puerto et al., 2013;
Oliveira et al., 2016; Fumagalli et al., 2017; Rodrigues et al,
2018). Furthermore, the description of the ectonucleotidases
and purinoreceptors embryonic expression profile in vivo
provides indication of their implication during nervous system
development (Massé and Dale, 2012).

Due to the high number of actors, their large and overlapping
expression profile and the very broad range of the purinergic
receptor sensitivities, deciphering in vivo the specific embryonic
functions of each extracellular purine is quite challenging.
We decided to tackle this by studying each member of
purinergic receptors and ectonucleotidases family using the
clawed frog Xenopus embryo due to its numerous advantages,
e.g., large size, large number production, relative transparency,
external development and rapid generation times. Moreover,
as its developmental cycle is temperature dependent, it is
possible to modulate the length of the early stages such a
neurulation allowing to access easily to the embryos at all
developmental stages. Although having a pseudo-allotetraploid
genome, the recent development of Xenopus genetics has
broadened the use of this model especially as animal model
for human pathologies (Sater and Moody, 2017; Tandon
et al., 2017). We have previously established the embryonic
expression pattern of enpp and entpd ectonucleotidases and
adenosine signaling pathway members in Xenopus embryos.
The specific spatio-temporal expression profile of each member
of ectonucleotidases and adenosine receptors, suggested that
ATP, ADP and adenosine may have distinct and specific
functions during vertebrate embryogenesis (Massé et al., 2006,
2010; Tocco et al, 2015). Indeed, we demonstrated that
ADP, via the P2Y1 receptor, triggers eye development by
regulating the expression of the eye field transcription factors,
such as pax6 (Massé et al., 2007). Xenopus is therefore an
ideal model to address the functional roles of the purinergic
pathway during the early phases of vertebrate embryogenesis,

phases that are difficult to study in other vertebrate models
(Massé and Dale, 2012).

Here we characterized the Xenopus P2X receptor subunit
family. P2X receptors are ATP-gated cation channels formed
by homomeric or heteromeric association of three subunits,
which are involved in numerous physiological and pathological
processes (North, 2002; Khakh and North, 2006; North, 2016).
Seven genes for P2X subunits have been cloned and shared a
common topology with two membrane-spanning domains, a
large extracellular domain containing the ATP binding sites and
intracellular N and C termini (Kawate et al., 2009; Habermacher
etal., 2016). We report the cloning of the entire family in Xenopus
laevis and tropicalis and reveal the absence of the p2rx3 gene in
both of these species. Our phylogenetic data demonstrate a high
degree of conservation of these p2rx sequences during vertebrate
evolution. Analysis of the temporal and spatial expression of
each amphibian subunit during X. laevis development showed
that all identified subunits are expressed during development.
Based on their expression or not in the nervous system, two
groups of subunits can be proposed. Transcripts of all p2rx
subunits, except p2rx2.S and p2rx5.L, are detected in the central
and peripheral nervous system and their overlapping expression
suggests potential hetero-oligomerization or redundant functions
in the sensory system. A group of three subunits, p2rx2.S,
p2rx4.L, and p2rx5, display specific expression in mesodermal
derivatives suggesting these subunits may regulate renal and
muscle development.

MATERIALS AND METHODS

Bioinformatics

Sequences were identified on the NCBI and Xenbase databases.
BLAST (Basic Local Alignment Search Tool) searches were
performed on the NBCI Nucleotide and on the Xenbase
Xenopus laevis 9.1 genome databases (Altschul et al., 1990).
This identification was based on p2rx subunits orthologs
nucleotide alignments, using either predicted (from automated
computational analysis) mRNA sequences from Xenopus
genomic sequences or validated mRNA sequences from different
species such as Homo sapiens, Mus musculus, Rattus norvegicus,
Danio rerio, Gallus gallus, Takifugu rubripes, Xenopus tropicalis,
and Xenopus laevis. Conceptual translation of ¢cDNA and
protein sequence analysis was performed on the ExPASy internet
site using the program Translate Tool' (Artimo et al., 2012).
Accession numbers of all sequences used in this study are given
in Supplementary Table S1. Alignments were performed on the
EMBL-EBI internet site using the program Pairwise sequence
global alignment EMBOSS Needle and Multiple Sequence
alignment Clustal Omega program (Needleman and Wunsch,
1970; Thompson et al., 1994). A phylogenetic tree was created on
the Phylogeny.fr platform using muscle for multiple alignments,
PhyML for tree building and TreeDyn for tree rendering
(Dereeper et al., 2008).

'http://web.expasy.org/translate/
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Embryos Culture

Xenopus laevis males and females were purchased from the
CNRS Xenopus breeding Center (Rennes, France). Embryos
were obtained by in vitro fertilization of eggs collected
in 1X MMR (Marcs Modified Ringers) saline solution
[100 mM NaCl, 2 mM KCl, 2 mM CaCl,, 1 mM MgSOy,
5 mM Hepes (pH 7.8), pH 7.4], from a hormonally [hCG
(Agripharm), 750 units] stimulated X. laevis female by adding
crushed testis isolated from a sacrificed male. Fertilized
eggs were dejellied in 3% L-cysteine hydrochloride, pH
7.6 (Sigma-Aldrich), and washed several times with 0.1X
MMR. Embryos were then cultured to the required stage in
0,1X MMR in presence of 50 mu/mL of gentamycin sulfate
(Sigma-Aldrich). The embryos were staged according to
the Nieuwkoop and Faber table of X. laevis development
(Nieuwkoop and Faber, 1994).

RT-PCR

RNA extraction from whole embryos and cDNA synthesis were
performed as previously described (Massé et al, 2010). For
each subunit, specific primers were designed, when possible,
on two different exons with at least one primer positioned
at exon junctions (Supplementary Table S2), in order to
discriminate genomic from cDNA amplification. Furthermore,
those chosen primers were selected to differentiate homeologs
expression, with a restrictive annealing possibility on the
other homeologous mRNA sequence. After optimization of
the PCR conditions using a gradient PCR machine (Bio-
Rad), PCR products were verified by sequencing (Beckman
Coulter Genomics Company). To assess semi-quantitative PCR
experiments, the quantity of input cDNA was determined by
equalization of the samples with the constant gene odc (ornithine
decarboxylase) (Bassez et al., 1990). Linearity of the signal
was controlled by carrying out PCR reactions on doubling
dilutions of cDNA. Negative controls (-RNA, -RT, and -cDNA)
were also performed.

In situ Hybridization

Whole-mount in situ hybridizations were carried out as
previously described (Massé et al, 2006, 2010; Blanchard
and Massé, 2019). In order to detect the expression of
each p2rx subunit, fragments of their cDNA, except for
p2rx4, were subcloned into plasmid pBSKS, as described
in Supplementary Table S3, in order to generate specific
antisense and sense probes. Riboprobes were generated by
in vitro transcription using a DIG RNA labeling kit following
manufacturer’s recommendations (Roche) after linearization of
the corresponding plasmid (see Supplementary Table S3 for
details). Templates were designed in order to generate 250-
600 bases riboprobes; when using larger riboprobes, a limited
alkaline hydrolysis was performed. Riboprobe hybridization
detection was carried out with an anti-DIG Alkaline Phosphatase
antibody (Roche, Reference 11093274910) and the BM-Purple
AP substrate (Roche Reference, 11442074001). After bleaching,
embryos were photographed using the SMZ18 binocular (Nikon).

Embedding and Sectioning

After whole-mount in situ hybridization, embryos were gradually
dehydrated in 100% gelatin/sucrose-PBS solution before an
overnight incubation in 100% gelatin/sucrose solution. Identified
embryos were embedded in Tissue-Tek OCT, frozen on dry ice
and conserved at —80°C.The frozen blocks were sectioned on
a cryostat at 10 wm thickness. Transverse sections were also
performed with a razor blade on fixed embryos. Sections were
photographed using the SMZ18 binocular (Nikon).

RESULTS

Cloning of the Different p2rx Subunit

Genes

The p2rx subunit sequences were identified by bioinformatics
analysis, this work having benefited from the recent X. tropicalis
and X. laevis genome sequencing (Hellsten et al., 2010; Session
et al., 2016). The accession numbers of the protein sequences of
the amphibian subunits can be found in Supplementary Table
S1A. Unexpectedly, no genomic sequences were identified for
p2rx3 subunit in both X. laevis and X. tropicalis genomes.

All Xenopus tropicalis sequences are available on the
Xenbase website, although only as annotated and predicted
by automated computational analysis from genomic sequences.
Their identity as P2X subunits was confirmed by conducting two
complementary analyses: (1) Blastx search of these predicted X.
tropicalis sequences on the human protein database (NCBI) was
first conducted. (2) X. tropicalis cDNA sequences were deduced
from the genomic sequences and corrected by reference to the
human sequences according to the Breathnach and Chambon
rule (Breathnach and Chambon, 1981). The protein sequences
were deduced from conceptual translation and aligned with their
potential orthologs.

Regarding the Xenopus laevis p2rx subunits, the p2rx4.L
and p2rx7.L sequences have been previously published (Juranka
et al., 2001; Paukert et al, 2002). P2rxI.L, p2rx2.L, p2rx5.L,
and p2rx5.S sequences were available on the Xenbase site,
but only as annotated sequences. Sequences verification was
performed as described above for the X. tropicalis sequences.
P2rx1 and p2rx6 X. tropicalis protein sequences blast on
the Xenopus laevis protein database (NCBI website) allowed
us to identify the p2rxI.L sequence and two X. laevis
hypothetical proteins, whose sequences were derived from
genome annotation. The identity of these sequences as p2rx1.S
and p2rx6.L subunits was confirmed as described above.
A p2rx2.S genomic sequence was identified but no cDNA
or protein sequences were available on the Xenbase or
NCBI website. From this genomic sequence, we retrieved
the cDNA sequence after checking the exon/intron boundary
by comparison to the human p2rx2 ones according to the
Breathnach and Chambon rule (Breathnach and Chambon, 1981)
and carried out several blasts on Xenopus laevis databases (NCBI
website). Alignment of these different sequences allowed us
to generate the consensus and complete sequence of p2rx2.S
subunit ¢cDNA. The protein sequence was then obtained by
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conceptual translation and checked by blast on the protein
databases (NCBI website).

Evolutionary Conservation of P2X

Subunit Receptors

In order to characterize the evolution of P2X receptor subunits
in vertebrates, we performed an alignment of all Xenopus protein
sequences (Supplementary Figure S1). In X. laevis, p2rx1, p2rx2,
p2rx5 have two homeologs (L and S), whose protein sequences
display high degree of identity (more than 90%, Table 1A).
However, the percentage of identity between the different X.laevis
p2rx subunit sequences is less than 50% with p2rx4.L sharing the
highest identity percentage with p2rx5 homeologs. The identity
percentage between p2rx7.L and its X. laevis paralogs sequences is
less than 30%. This low percentage is certainly due to the presence
of the long and most divergent C terminus domain of p2rx7.L
in this analysis.

To address the evolutionary diversification of the P2X
subunits in vertebrates, a phylogenetic analysis of P2X proteins
was carried out (Figure 1). This resulting tree reveals a clear
separation between the p2rx6 and p2rx5 proteins and the other
p2rx family members, which could be subdivided into three
groups, p2rx3 group, p2rxl and p2rx2 group and p2rx4 and
p2rx7 group. Each member is more related to its orthologs than
to the other family members in the same species, suggesting
that any function identified in X. laevis may well be conserved
in other vertebrates (Table 1B). The percentage of identity
between Xenopus and its orthologous proteins is between 44
and 76%, with p2rx7.L being the least conserved protein as it
only shares 38-46% of identity with zebrafish and chick p2rx7
subunit respectively. P2rx4.L is the most conserved member
during vertebrate evolution, with a percentage of identity higher
to 49% with the other P2X4 vertebrate proteins.

Temporal Expression of the p2rx Gene

Family During X. laevis Development

The temporal expression of the p2rx genes during embryonic
development was assessed by RT-PCR (Figure 2). Adult brain
cDNA was used as positive control. Each subunit displays a
specific expression profile; however, the level of their expression
increases during development to reach a maximum at stage
45, last embryonic stage tested during this experiment. The
p2rx1.L subunit is expressed from late neurula stage whereas
expression of its homeolog p2rx1.S is weakly detected from late
segmentation to mid-neurulation and at a higher level during late
organogenesis. The two p2rx2 subunits display similar expression
profile: both of these subunits are not expressed maternally and
their zygotic expression can be detected from late segmentation
stage, stage 9, although p2rx2.L seems more expressed during
gastrulation. The p2rx4.L gene displays a specific expression
profile, as being the only one subunit whose expression is detected
at all stages tested, with a high level of maternal expression.
This is in agreement with its previously published expression in
oocytes (Juranka et al., 2001). The homeologs p2rx5.L and p2rx5.S
are not maternally expressed. Zygotic expression of p2rx5.L is
visible during neurulation whereas p2rx5.S expression is weakly
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FIGURE 1 | Phylogenetic conservation of the vertebrate p2x receptor
subunits. A phylogenetic tree of the p2rx subunits family based on African
clawed frogs (Xenopus laevis, XI and Xenopus tropicalis, Xt), human (Homo
sapiens, Hs), mouse (Mus musculus, Mm), chicken (Gallus gallus, Gg),
zebrafish (Danio rerio, Dr), Japanese puffer (Takifugu rubripes, Tr) and
American bullfrog (Rana catesbeiana, Rc) was constructed on the plastform
phylogeny.fr, using the Maximum Likelihood method. Bootstrap percentages
(ranging from O to 100) are indicated at each node of the tree while branch
lengths are representative of sequence substitution rates. P2rx1, 2, 3, 4, 5, 6,
7 subunit subfamilies are respectively colored in purple, blue, green, dark pink,
red, light pink, and orange. The Genbank accession numbers of the different
receptors are given in the Supplementary Tables S1A,B except for Rcp2rx8
(Accession Number: AAL24075.1).

detected at stage 33. Expression of these both homeologs is
detected at a higher level from stage 41. The p2rx6.L subunit is
the second p2rx gene being expressed maternally; however, its
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TABLE 1A | Relatedness of the X. laevis p2x receptor subunits.

X. laevis protein p2rx1.L p2rx1.S p2rx2.L p2rx2.S p2rx4.L p2rx5.L p2rx5.S p2rx6.L
p2rx1.S 91.7 (95.9)

p2rx2.L 31.6 (50.9) 32.3 (53.6)

p2rx2.S 31.8 (52.2) 32.8 (54.0) 94.1 (95.2)

p2rx4.L 45.5 (64.2) 46.6 (63.7) 37.1(55.9) 38 (56.9)

p2rx5.L 43.6 (61.6) 42.8 (60.2) 37.4 (55.6) 39.1(59.2) 46.9 (63.3)

p2rx5.S 44.0 (61.7) 42.7 (59.9) 37.7 (56.0) 38.3 (58.1) 47.5 (63.2) 92.5(96.1)

p2rx6.L 34.5 (52.8) 35.4 (563.7) 34.0 (51.8) 33.7 (51.9) 42.4 (58.3) 44.5 (61.2) 45.9 (63.5)

p2rx7.L 27.9 (40.0) 27.5(39.5) 27.5(39.5) 27.6 (40.9) 31.3 (45.0) 27.3(40.8) 27.4 (40.5) 23.1(35.9)

The percentages of amino acid identity and similarity (in bracket) between the different p2rx proteins were determined by pairwise alignment using the Needleman-Wunsch

global alignment on the EMBL-EBI website.

TABLE 1B | Relatedness between the X. laevis p2x receptor subunits and their vertebrate orthologs.

orthologs
X. tropicalis H. sapiens M. musculus G. gallus D. rerio
X. laevis proteins p2rx1.L 94.4 (96.4) 59.6 (75.3) 59.3 (73.8) 60.8 (74.5) 51.6 (66.4)
p2rx1.S 93.0 (97.1) 58.4 (76.4) 58.4 (75.7) 60.9 (76.3) 50.8 (67.1)
p2rx2.L 96.8 (97.7) 48.1 (58.6) 50.5 (61.2) 48.4 (63.3) 44.3 (59)
p2rx2.S 93.6 (95.0) 46.5 (56.9) 48.8 (58.9) 47.8 (62.7) 45.3 (60.6)
p2rx4.L 91.0 (94.0) 66.2 (78.7) 66.6 (81.1) 68.9 (82.1) 56.2 (74.6)/ 49.8 (70.2)
p2rx5.L 93.0 (97.1) 57.7 (72.3) 57.9 (71.9) 75.5 (85.5) 48.9 (61.4)
p2rx5.8 93.2 (95.9) 57.5(70.6) 57.5(71.3) 76 (85.7) 50 (51.9)
p2rx6.L 91.9 (95.6) 47.1 (60.5) 53.4 (67.3) 52.7 (67) n.a
p2rx7.L 81.6 (87.8) 45.7 (60.6) 45.1 (69.7) 46.6 (61.2) 38.4 (564.8)

The percentages of amino acid identity and similarity (in bracket) between the p2rx proteins were determined by pairwise alignment using the Needleman-Wunsch global
alignment on the EMBL-EBI website. The Genbank accession numbers are given in the Supplementary Table S1. No zebrafish p2rx6 subunit has been described

(Kucenas et al., 2003). n.a, not applicable.

zygotic expression is only detected at late organogenesis stages.
The p2rx7.L gene displays another distinct expression profile with
its expression only clearly visible at late organogenesis stages,
from stage 41, suggesting no functional roles for this subunit at
early embryogenesis stages.

Spatial Expression of the p2rx Gene
Family During X. laevis Development

The spatial expression of these genes in the embryo was assessed
by whole-mount in situ hybridization, performed from stage
5 to stage 41 with specific antisense riboprobes (Figure 3).
Probes were designed in order to discriminate the expression
of the homeologs except for p2rx5 genes. Probes were designed
in the 3'UTR region except for p2rx5, p2rx6, p2rx7 for which
genes probes are located in the coding region. For each subunit,
controls were carried out with sense probes to discriminate
specific and unspecific signals (see Figure 4). Sectioning of
representative p2rx stained embryos was performed in order to
further characterize their expression profile (Figure 5). As shown
in Figures 3, 5, p2rx subunits display specific and different,
but also overlapping expression domains during X. laevis
development. Expression profile of the different p2rx subunits is
summarized in Table 2.

P2rx1 homeologs display distinct expression profile. The
p2rx1.L subunit is not detected before stage 27 (Figure 3). At
this stage and stage 33/34, its transcripts are localized in a
very specific region of the hindbrain, in a two rows of laterally
symmetrical neurons, in a ventral position along the dorso-
ventral axis (Figure 5). At stage 33/34, p2rxI.L expression is
also detected in the head region, in the branchial arches and
in the cement gland, a mucus-secreting ectodermal structure.
At later stages, staining is also found in the heart and in the
vascular network between the heart and kidney (Figure 3).
However, its expression in the notochord is unspecific as detected
with the sense probe (Figure 4). Expression of the p2rxl1.S
homeolog is detected from cleavage stage (Figure 3). At stage
5, its expression is observed in some blastomeres at the animal
pole. No specific signal was detected during gastrulation. During
neurulation, its transcripts are detected in the developing nervous
system and in the presumptive eye field. Its expression remains
in the developing eye until stage 41. Transverse sections show
expression in the retina layers (Figure 5). From stage 27/28,
weak diffuse expression is observed in the head and dorsal
region of the embryo. At later stages, strong p2rx1.S expression
is observed into two specific domains of the neurogenic placodes
and peripheral nervous system: in the fused ganglion of middle
lateral line and glossopharyngeal nerves as well as in the

Frontiers in Cellular Neuroscience | www.frontiersin.org 5

July 2019 | Volume 13 | Article 340


https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Blanchard et al.

Xenopus P2X Receptors

MBT
Seg.»l« Gast. Neurulation Organogenesis ¢
©
0 9 o S < <
- A WO Aol N~ = =
8“’.0"‘.".‘_0‘3“!‘\!8"':_3 cDNA Z - 8
wm h b Hdh b HhbdH ho < o oo
p2rx1.L g W e e A
parx1.S B el T el b .
p2rx2.L bt btang S ' T R S T
p2rx2.S e S i
P2rx4.L e - — - — — —
p2rx5.L g o S S PR P RSP B,
p2rx5.S e —— e —
p2rx6.L — — I S -
p2rx7.L - — - — —
OUC o vt s e e o s - — ——
Maternal Zygotic
FIGURE 2 | Temporal expression profile of p2rx genes during embryogenesis. RT-PCR analysis showing the expression pattern of p2rx subunits in X. lagvis
unfertilized egg and embryos at different stages (St.). Adult brain cDNA was used as positive control and three negative controls (-RT, -RNA, -cDNA) were also
performed. The linearity of the signal was controlled by carrying out PCR reactions on doubling dilutions of cDNA from stage 45 embryo, illustrated by the triangle.
Odc (ornithine decarboxylase) was used as a loading control. The different phases of embryogenesis and the Mid-Blastula transition (MBT), the switch between
maternal and zygotic expression, are indicated above the different embryonic stages. Seg, segmentation; Gast, Gastrulation.

trigeminal ganglion and ganglion of anterodorsal lateral line
nerve (Figure 5).

The homeologs p2rx2 also display different expression pattern.
P2rx2.L transcripts are only detected in specific manner from
early organogenesis stages, the staining during segmentation
phase being observed with the sense probe (Figure 3).
During organogenesis, p2rx2.L expression is mostly detected in
developing mesoderm derivatives and nervous system. At early
tailbud phase (st. 22/23), weak staining can be observed in the
somites. At tailbud stages, staining is found in the ventral blood
island from stage 27, in the duct of Cuvier from stage 33/34 and
in the heart from stage 37 (Figures 3, 5). At stage 41, expression
can be observed in the gall bladder (Figure 5). Transcripts are also
found in the head region, in the brain and the sensory organs such
as eye and otic vesicule. At stage 41, staining in the eye is detected
both in the retina, in the retinal ganglion and outer nuclear layers,
and in the lens (Figure 5). From stage 37/38, p2rx2.L transcripts
are detected in the trigeminal nerve (ophthalmic and maxillary
branches) and strong expression is detected into specific regions
of neurogenic placodes and peripheral nervous system : in
the fused ganglion of middle lateral line and glossopharyngeal
nerves and in ganglia of anteroventral lateral line and facial
nerves (Figures 3, 5). The p2rx2.S subunit displays a very tissue
specific expression domain, with undetectable neural expression
(Figure 5). No expression can be detected before stage 37
(Figure 3). From stage 37-41, its expression is only detected in

the kidney region, in the pronephric glomus, as signal in the head
and notochord is unspecific (Figures 3-5).

The p2rx4.L subunit also displays a very specific expression
domain. As expected from the RT-PCR results, strong staining
is observed in the animal pole in blastula and in the involuting
mesoderm in gastrula embryos (Figure 3). However, no zygotic
expression is detected before stage 33/34. At this stage, its
transcripts are mostly found in the kidney. At stage 37/38, p2rx4.L
is highly expressed in the proximal tubules (Figure 5). Expression
is also observed in the pineal gland (epiphysis) (Figure 3).

The staining domain observed with the common p2rx5
riboprobe, which does not discriminate the two homeologs, is
also very specific, only in mesodermal and not neural tissues
(Figure 3). From stage 22/23, p2rx5 genes are only and highly
expressed in the developing somites (Figures 3-5). This restricted
muscle expression is unique to these members of the family.

The p2rx6.L and p2rx7.L genes are more weakly expressed in
the embryo (Figure 3). At stage 33/34, weak p2rx6.L expression is
observed in the somites. At stage 41, strong expression is detected
in the head region and dorsal region of the embryo but this
staining is unspecific as observed with the sense probe (Figure 4).
However, the expression observed in the fused ganglion of middle
lateral line and glossopharyngeal nerves is specific (Figure 5). The
p2rx7.L subunit is only weakly but specifically detected at stage
41, in the head region, in the forebrain and midbrain and sensory
organs (eye and otic vesicule) (see Figures 4, 5).
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FIGURE 3 | Comparative spatial expression profile of p2rx genes during embryogenesis. Whole-mount in situ hybridization with specific DIG-labeled antisense RNA
probes was performed on embryos from stages (St.) 5 to 37/38. Representative embryos were photographed at the magnification X20 for stages 5, 11, and 14 and
X16 for later stages. Stage 5: animal pole view, stage 11: vegetal pole view, stage 14: dorsal view except for p2rx1.S (anterior view), later stages: lateral views, with
dorsal is up and anterior is right. The arrowheads indicate the staining in the neurogenic placodes and peripheral nervous system detailed in Figure 5. a.p, animal
pole; ¢.g, cement gland; d.c, duct of Cuvier; e, eye; h, heart; h.b, hindbrain; k, kidney; m, mesoderm; n, notochord; n.s, nervous system; p.e.f, presumptive eye field;

St. 27/28 St.33/34 St.37/38

DISCUSSION

We here report the cloning of the complete p2rx gene family
in Xenopus in addition to p2rx4 and p2rx7 members previously
identified (Juranka et al., 2001; Paukert et al., 2002). Moreover, we
provide a complete expression map of all p2rx genes throughout
X. laevis embryonic life. This is the first study to compare the
expression of the entire p2rx family during the early phases of
development, notably the earliest ones such as gastrulation and
neurulation, corresponding to the specification and formation of
the neural tube.

Evolutionary Conserved p2rx Subunit
Genes Are Present in Xenopus, Except
p2rx3

Our study reveals that all members of the p2rx family, except
p2rx3, are present in Xenopus laevis and tropicalis. Phylogenetic
analysis demonstrates the high degree of conservation during
vertebrate evolution both at the protein and genomic level.

The two transmembrane domains positions are conserved in all
amphibian P2X subunits and the exons/introns boundaries are
also conserved except for the boundary 11 (separating exons
11 and 12), which is only conserved between homeologs and
orthologs. The full length of cDNAs, proteins and genomic
sequences of all P2X subunits was used for our phylogenetic
analysis. C-terminus tail sequences, encoded by exon 12 or
exons 12 and 13 for p2rx7.L, were retained in our analysis
although they correspond to the most variable domain in terms
in length and sequences. The percentage of identity between
the different X. laevis P2X subunits is similar to those shared
by mammalian ones (North, 2002), the most conserved region
being the transmembrane domains and the extracellular loop.
Sixty four amino acids (AA) are conserved in all 15 Xenopus
p2rx sequences, with 56/64 being located in the extracellular
domain sequence. In the intracellular N-terminal domain, only
a motif of 3 amino acids (Thr-X-Arg/Lys, with X being any
amino acid) is conserved. This motif is a phosphorylation site
by the Protein Kinase C modulating the desensitization rate
of mammalian P2X receptors (Boué-Grabot et al., 2000b). In
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FIGURE 4 | Comparative staining obtained with the antisense and sense probes of p2rx genes. Lateral views of three representative embryos at stage 37/38 or
stage 41stained with the antisense and sense probes for p2rx1.L, p2rx1.S, p2rx2.L, p2rx2.S, p2rx4.L, p2rx6.L, and p2rx7.L. subunits and p2rx5 homeologs. Some
unspecific staining, due to probe trapping, can be observed in the head region (brain ventricles, otic vesicle) and in the notochord. For p2r7.L subunit, a dorsal view
of a representative embryo completes the lateral views. For lateral views, dorsal is up and anterior is right. For dorsal views, anterior is up.

Anti-sense

the intracellular C-terminal domain, the consensus motif Tyr-
XXX-Lys (with X being any amino acid) involved in surface
targeting of mammalian P2X receptors is also conserved in
all Xenopus P2X subunits (Chaumont et al, 2004). In the

extracellular domain, the 10 cysteines (located at position 113,
124, 130, 147, 158, 164, 214, 224, 258, 267 in rat P2X2 and
indicated with an asterisk on the Supplementary Figure S1)
involved in tertiary structure of P2X subunit by disulphide bonds
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FIGURE 5 | Specific expression domains of p2rx genes. Representative embryos from stages (St.) 22/23-41 displaying p2rx subunit expression detected by
whole-mount in situ hybridization. To further characterize their expression profile, embryos stained for p2rx genes, except p2r6.L and p2rx7.L, were selected for
scalpel sections and cryostat sections. Sections were performed on stage 22/23 for p2rx5 stained embryos, on stage 33/34 for p2rx1.L stained embryos, on stage
37/38 for p2rx1.S, p2rx2.S, and p2rx4.L stained embryos and stage 41 for p2rx2.L stained embryos. The red numbered dotted arrows indicate the plan of the
sections. For whole mount pictures, dorsal is up and anterior is right except for the p2rx5 and p2rx7 subunits for which a dorsal view completes the lateral view. For
section pictures, dorsal is up. The green arrowhead indicates the fused ganglion of middle lateral line and glossopharyngeal nerves, the orange one shows the
trigeminal ganglion and ganglion of anterodorsal lateral line nerve and the red one the ganglia of anteroventral lateral line and facial nerves. c.g, cement gland; e, eye;
fb, forebrain; g.b, gall bladder; g.I, ganglion layer; h, heart; hb, hindbrain; I, lens; mb, midbrain; n, notochord; o.n.l, outer nuclear layer; o.v, otic vesicle; p.g, pineal
gland; p.gl, pronephric glomus; p.t, pronephric tubules; s, somite; t.n, trigeminal nerve; v.b.i, ventral blood island.

TABLE 2 | Summary of p2rx subunit expression domains in Xenopus late organogenesis stage embryos.

P2rx mRNA 1.L 1.8 2.L 28 4.L 5 6.L 7.L

Neural structures

CNS Forebrain Midbrain Hindbrain Pineal gland Trigeminal nerve  + + + +++ ++ ++ ++ ++ +++ ++
Eye Retina + ++ +
Otic Vesicle + +
Sensory ganglia ad.ll. /t.g av.l.l./f.n m.Ll/g.n + 4+ 4+ A+ 4+

Non neural structures

Branchial arches +

Cement gland ++ 4

Gall bladder 4+

Eye Lens + ++ +

Kidney Glomus Tubules (P.T) L4+

Heart +++ +

Ventral blood island + 4+

Vascular system ++ 4

Somites + ++++ +

Expression levels are indicated on a semi quantitative scale. The number of crosses (+) indicates relative expression levels. ad.l.l./t.g, ganglia of anterodorsal lateral line
and trigeminal nerves; av.l.l/f.n, ganglia of anteroventral lateral line and facial nerves; m.l.l/g.n, Fused ganglion of middle lateral line and glossopharyngeal nerves; CNS,

Central Nervous System; System; R T, Proximal Tubules.

formation are conserved in Xenopus (North, 2002). Furthermore,
7 of the 8 AA involved in ATP binding are also conserved
[Lys70, Lys72, Phel88, Thr189, Asn296, Phe297, Arg298, Lys316
in zebrafish P2X4 (Habermacher et al., 2016); indicated with
an black triangle on Supplementary Figure S1]. The Phe297
amino acid (indicated with an open triangle on Supplementary
Figure S1) is conserved in all, except P2X2, Xenopus sequences.
This is quite surprising as this phenylalanine is present in the
mammalian P2X2 orthologous sequences.

Intriguingly, no genomic sequence for p2rx3 was identified
suggesting the loss of this subunit in Pipidae. Search on
Ensembl and NCBI databases shows that this subunit is
present in the different classes of vertebrates [mammalia,
reptilia, aves, fish (cartilaginous, ray-finned fishes and
coelacanths)] but not in agnatha. In vertebrates, P2X3
receptor is predominantly expressed in nociceptor sensory
neurons of dorsal root and trigeminal ganglia and plays
a key role in pain transduction (Vulchanova et al, 1997
Xiang et al., 1998; Boué-Grabot et al., 2000a; Norton et al,
2000; Kucenas et al, 2003; Appelbaum et al, 2007). In
zebrafish or pufferfish, P2X3 is specifically expressed in
trigeminal neurons and spinal cord Rohon-Beard cells
and functional studies using transgenic animals showed its
implication in sensory circuit formation during development
(Kucenas et al.,, 2006, 2009; Palanca et al., 2013). In rodent

P2X3 is similarly expressed in trigeminal and dorsal root
ganglia sensory neurons and P2X3KO mice demonstrated its
implication in nociception as well as sensory transduction
(Cockayne et al, 2000; Souslova et al, 2000). Zebrafish
p2rx3.2 is co-expressed with the ectonucleotidase entpdase3
in spinal cord Rohon-Beard cells (Appelbaum et al., 2007).
We previously published entpdase3 expression in Xenopus
Rohon-Beard cells (Massé et al, 2006), making amphibian
p2rx3 gene absence even more unexpected. Our in situ
hybridization data show that p2rx1.S, p2rx2.L, and p2rx6.L are
expressed in cranial neurogenic placodes, in the trigeminal
ganglion and sensory lateral line system. Future work will
have to address if one of these subunits could fulfill the
functions of P2X3.

The Expression Patterns of p2rx Genes
Are Temporally and Spatially Regulated

Xenopus laevis p2rx genes are all expressed during embryogenesis
although their expression patterns differ during frog
development. Only two subunits, p2rx4.L and p2rx6.L, are
maternally expressed. P2rx4 displays the highest level of
expression in egg and early embryo stages (before the MBT),
which is in agreement with its expression in oocytes (Juranka
et al., 2001). Based on their zygotic expression, p2rx subunits
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can be divided into two groups: those which are not expressed
in the nervous system, p2rx2.S and p2rx5, and those which
are expressed in the nervous system, although their expression
can not be restricted to this tissue. For example, p2rx4.L,
expressed in the pineal gland, is also highly expressed in the
pronephros, p2rx2.L transcripts, found in sensory system,
are also detected in the cardiovascular system or p2rxI.L
expression detected at high level in an interneuron population
in the hindbrain is also found in the cement gland. These
distinct expression profiles suggest specific functions for these
receptors during embryogenesis, during the formation of neural
and non-neural tissues. However, as in mouse and zebrafish
embryos, p2rx7.L does not seem to be involved during early
embryogenesis as its expression is only detected weakly at
late organogenesis stages (Kucenas et al., 2003; Appelbaum
et al., 2007; MGI website). The absence of gross phenotype
at birth of null P2X7 mice is in agreement with this result
(Solle et al., 2001), although its activity has been reported,
in vitro, as essential for mouse embryonic stem cells survival
(Thompson et al., 2012).

Conserved Expression Domains in

Mesodermic Derivatives

Several p2rx subunits display specific and almost restricted
expression profile in two mesodermic derivatives, the kidney
and somites. These expression patterns have been conserved
during evolution. Our data demonstrate that p2xr5 subunit
is highly expressed in the somitic tissues. In rat and chick
embryos, P2X5 is the earliest P2X receptors expressed in
somites (Meyer et al, 1999; Ruppelt et al, 2001; Ryten
et al, 2001). Somitic expression of this subunit has also
been reported in zebrafish (Kucenas et al, 2003). In vitro
studies demonstrated that P2X5 is involved in myogenesis and
muscle progenitor cells (satellite cells) differentiation (Ryten
et al., 2002; Araya et al., 2004; Martinello et al., 2011). Its
possible implication during muscle regeneration makes this
receptor a therapeutic target for musculoskeletal pathologies
(Ryten et al., 2004; Burnstock et al.,, 2013). In rat, P2X2 and
P2X6 are also expressed in developing skeletal muscles (Ryten
et al., 2001). We observed p2rx2.L and p2xr6.L expression in
Xenopus somites, although their transcripts are only detected
at a low level compared to p2rx5 somitic expression level. This
suggests that P2X5 may be the major P2 receptor regulating
somitogenesis. The easiness of Xenopus as an in vivo model
for myogenesis makes this vertebrate embryo an ideal model
to apprehend the functional roles of P2X5 during myogenesis
(Sabillo et al., 2016).

P2rx4.L and p2rx2.S are both expressed at high level in the
embryonic functional kidney, the pronephros, but in different
regions: p2rx2.S is expressed in the glomus, the filtration unit,
whereas p2rx4 is expressed in the proximal tubules. No p2rx
transcripts were detected in the distal pronephric region, e.g.,
the distal, and connecting tubules. In the rat metanephros,
P2X2 is found in the glomerulus and collecting duct where
it may be involved in ATP inhibitory effects on AVP-induced
water permeability (Burnstock etal, 2014). In mammalian

metanephros P2RX4 is one of the major P2X receptors and
its expression is found along the entire nephron (glomerulus,
proximal tubules, descending and ascending limb of Henle,
distal tubules, and collecting duct) (reviewed in Bailey et al,
2000; Burnstock et al., 2014; Menzies et al, 2017). P2X4
and P2X4/6 receptors are involved in diverse physiological
renal processes, depending on its nephron localization and
but also in renal pathology, such as diabetic nephropathy
(Chen et al.,, 2013; Menzies et al., 2017). Several evidence
suggest that P2X4 may form complexes with P2X7 in the
metanephros (Craigie et al, 2013) but we failed to detect
any p2rx6 or p2xr7 expression in the developing amphibian
pronephros, suggesting no renal hetero-oligomerization between
P2X4 and these receptors in Xenopus. As in mammals, the
Xenopus kidney is one of the major sites of expression of the
purinergic receptors and ectonucleotidases. We previously
published the renal expression of the ectonucleotidases
entpdase 5 and enpp2, enpp4, enpp6 (Massé et al, 2010,
2006). Due to its simple structural organization, composed
of a single enormous nephron, Xenopus pronephros may
be an ideal model to address the functions of the P2X
receptors and the purinergic signaling during kidney formation,
renal physiology but also pathophysiology (Lienkamp, 2016;
Krneta-Stankic et al., 2017).

Function During the Development of

Central and Peripheral Nervous System

The developing nervous system is the major site of expression of
the p2rx genes, with 7 out of the 9 genes displaying an expression
in the central or peripheral nervous system. Surprisingly, only
the expression of p2rx1.S was detected by in situ hybridization
at stage neurula in developing nervous system, although p2rx2.L,
p2rx2.S transcripts were amplified during neurulation by RT-
PCR, a more sensitive technique, suggesting they may also be
involved in neural tube formation. Little information is available
regarding p2rx expression at neurula stages in other vertebrate
models, although P2X3 seems to be the earliest subunit expressed
during central nervous system formation (Massé and Dale,
2012; Burnstock and Dale, 2015). Developing central nervous
system is a major site of expression of the p2rx genes, with 5
out of the 9 expressed in this tissue displaying diffuse and/or
weak expresssion, for example p2rx7.L, or specific and strong
expression. Such discrete domains are the pineal gland that
expresses p2rx4.L or the subset of hindbrain neurons labeled with
the p2rxI.L antisense probe. The ventral localization of these
neurons suggests they might be a subset of interneurons or motor
neurons (Thélie et al., 2015).

Several p2xr subunits are expressed in the cranial sensory
peripheral nervous system at later organogenesis stages after
the neurogenic placode differentiation (Schlosser and Northcutt,
2000). P2rx2.L is expressed in trigeminal ganglia. p2rxl.S,
p2rx2.S, and p2rx6.L are expressed in Xenopus ganglia of the
anterodorsal, anteroventral and middle lateral line nerves, which
are mechanosensory organs, composed of mechanoreceptive
neuromasts involved in the detection of water displacements and
current and electric fields (Shelton, 1971; Winklbauer, 1989).
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Although, p2xr3, the prototypic sensory P2X subtypes, is absent
in Xenopus laevis, our data suggest that P2X receptors might
have functional implication in sensory transmission rather than
in neurogenic placode differentiation (Nakatsuka and Gu, 2006).
p2rx1.S, p2rx2.S, and p2rx6.L mRNAs are colocalized into the
ganglia of glossopharyngeal and middle lateral line nerves,
suggesting co-expression of these subunits. Several biochemical
evidences suggested the existence of P2X1/2 complexes, but still
not confirmed in vivo (reviewed in Saul et al., 2013). However,
existence of functional P2X2/6 channels and the co-expression of
these two subunits in several rat neuronal populations have been
demonstrated (Collo et al., 1996; King et al., 2000). Future work
will need to address in vivo the potential oligo-heteromerization
of these subunits during vertebrate neurogenesis.

Taken together, this work is a fundamental prerequisite
to apprehend the developmental functions of P2X receptors
during vertebrate embryogenesis. Specific gain or loss of
function studies of the P2X subunits identified in this work
should allow to decipher their functions during the early and
late phases of the formation of the central and peripheral
nervous system.

DATA AVAILABILITY

The datasets generated for this study can be found in
Genbank, ID 2203640.
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