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Abstract P2X receptors are non-selective cation channels
operated by extracellular ATP. Currently, little is known
concerning the functions of these receptors during devel-
opment. Previous work from our lab has shown that
zebrafish have two paralogs of the mammalian P2X3
receptor subunit. One paralog, p2rx3.1, is expressed in
subpopulations of neural and ectodermal cells in the
embryonic head. To investigate the role of this subunit in
early cranial development, we utilized morpholino oligo-
nucleotides to disrupt its translation. Loss of this subunit
resulted in craniofacial defects that included malformation
of the pharyngeal skeleton. During formation of these
structures, there was a marked increase in cell death within
the branchial arches. In addition, the epibranchial (facial,
glossopharyngeal, and vagal) cranial sensory ganglia and
their circuits were perturbed. These data suggest that
p2rx3.1 function in ectodermal cells is involved in
purinergic signaling essential for proper craniofacial devel-
opment and sensory circuit formation in the embryonic and
larval zebrafish.
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Introduction

Purinergic receptors are expressed in nearly every tissue in
adult animals [1], and the physiological roles that these
receptors play in ATP signaling are an area of major
interest. Extracellular ATP signaling occurs via P2 recep-
tors, which fall into two classes: the metabotropic P2Y and
the ionotropic P2X receptors [2]. Most investigations into
purinergic signaling have utilized tissues derived from post-
natal animals, resulting in little insight into the role(s) that
ATP plays during development. Recent reports show that
purinergic signaling mediated via P2Y receptors plays a
role in the development of the eye [3] and regulates the
proliferation of neural progenitors in the retina [4] and
cortex [5]. Surprisingly, there have only been a few reports
describing the expression of P2X receptors in embryonic
animals, and still fewer that have investigated any func-
tional aspects of their presence (for recent overviews, see
[1, 6-9]). However, the expression of these receptors in
embryonic tissue suggests the hypothesis that P2X recep-
tors are mediating extracellular signaling by ATP during
embryogenesis and can thus expand the potential targets
through which this purine may regulate important develop-
mental processes.

Activation of P2X receptors can result in the depolar-
ization of cells [10, 11] and, for some members of the gene
family, directly cause rises in intracellular calcium concen-
trations due to their relatively high permeability to this ion
[12]. These properties make P2X receptors exquisitely
poised to induce or facilitate release of bioactive molecules
involved in cell-cell signaling. Such intercellular signaling
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is a critical component of craniofacial development [13—
16]. These signals, which take place between cells present
in one or more of the germ layers, are mediated via direct
cellular contact or by intercellular signals that can act
locally and/or distally from their source. The molecules that
mediate such signaling are varied in nature, ranging from
large glycoproteins to small lipid or amino acid derivatives
[17-19]. A common feature of these molecules is that they
must be released into the extracellular space through the
action of secretagogues. The presence of P2X receptors in
these tissues indicates that extracellular ATP could perform
such a function.

We have previously reported the expression of P2X
receptor subunit genes in the embryonic zebrafish [20].
Based on those findings, we have begun to investigate the
roles that these receptors play during embryonic develop-
ment using zebrafish as a model organism. In a recent
report, we showed that a P2X receptor subunit gene,
p2rx3.1, is expressed by non-neuronal cells in the head of
zebrafish embryos [21]. In this study, we determined that
this non-neural gene expression is in cranial ectodermal
cells and that reduction of purinergic signaling in this
population via knockdown of the P2X5 ; subunit leads to
defects in both skeletogenesis and neurogenesis in the head.

Materials and methods

Fish husbandry Zebrafish strains used in this study
included AB, Tg[p2rx3.2:eGFP"! [21] and Tg[flil:
eGFP]*! [22]. Embryos were produced by pairwise matings
and were raised and cared for as described by Westerfield
[23] and staged according to hours post-fertilization (hpf)
[24]. Embryos used for in situ hybridization, immunocyto-
chemistry and microscopy were treated with 0.003%
phenylthiourea to reduce pigmentation. For our experi-
ments, special care was taken to stage the embryos using
both the eye-to-otic-vesicle distance as well as the angle
formed by the eye and ear (per [24]) so that any gross
developmental delay due to injection of MO and/or RNA
could be accounted for.

In situ hybridization Embryos/larvae were anesthetized in
0.4% tricaine (3-amino-benzoic acid ethyl ester), fixed in 4%
paraformaldehyde for 24 h and then stored in 100%
methanol at —20°C. For in situ hybridization, the embryos
were processed as previously described [21]. Plasmids were
linearized with the appropriate restriction enzyme and cRNA
preparation was performed using the AmpliScribe Transcrip-
tion Kit (EpiCentre, Madison, WI). cRNAs were synthesized
in the presence of digoxigenin-UTP (Roche) or modified by
covalent modification using either d-nitrophenol (DNP) or
fluorescein with the Labellt Kit (Mirus Bio Corporation,
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Madison, WI). cRNAs were incubated in the presence of
whole embryos at 65°C overnight in hybridization buffer
(50% formamide, 5X SSC, 50 pg/ml heparin, 500 pg/ml
tRNA, 9.2 mM citric acid and 0.1% Tween). Embryos were
washed and incubated with alkaline-phosphatase-conjugated
anti-DNP (Vector Laboratories, Burlingame, CA), anti-
digoxigenin, or anti-fluorescein antibody (Roche). For
cryosectioning, embryos were embedded in 1.5% agar/30%
sucrose and frozen in 2-methyl-butane chilled by liquid
nitrogen. Ten-micrometer-thick transverse, serial sections
were cut using a cryotome, collected on glass slides and
mounted in 75% glycerol for microscopy and storage.

Immunocytochemistry Embryos/larvae were anesthetized
as described above and fixed in 4% paraformaldehyde
for 3 h at room temperature and washed 3x5 min in
phosphate-buffered saline/0.2% Triton X-100 (PBS-Tri-
ton). After incubation in a blocking solution (10% normal
goat serum in PBS-Triton) for 1 h at room temperature,
embryos were incubated in primary antibody (in 2% goat
serum/PBS-Triton) overnight at 4°C. Anti-HuC antibody
(16A11, Molecular Probes, Eugene, OR), zn-12, zn-8 anti-
bodies (obtained from the Developmental Studies Hybrid-
oma Bank at U. Towa) or anti-GFP antibody (Molecular
Probes) were used at dilutions of 1:1,000, 1:200, 1:200,
and 1:500, respectively. Embryos were washed extensive-
ly in PBS-Triton and antibody:antigen complexes visual-
ized using a secondary antibody (1:500) conjugated with
either horseradish peroxidase (Sigma-Aldrich, St. Louis,
MO), Alexa 488 or Alexa 594 (Molecular Probes). For
brightfield imaging, embryos were mounted in 3%
methylcellulose and images were captured with a Nikon
TE200 inverted microscope equipped with a Nikon
DNI100 digital camera. For confocal microscopy, embry-
os/larvae were mounted in 2% agarose and covered with
fish water. Confocal images were obtained on an Olympus
FV500 or FV1000 microscope using long-working-
distance water immersion lenses. Images collected in the
z-dimension were collapsed into one maximal intensity
projection or were rendered into three dimensions (Meta-
Morph, Universal Imaging Corp). Final brightness and/or
contrast values of images were manipulated in Adobe
Photoshop 6.0.

Morpholino injections Morpholino oligonucleotides (MOs;
GeneTools, Philomath, OR, or Open Biosystems, Huntsville,
AL) were designed against three regions of the p2rx3./
receptor subunit mRNA. The first anti-sense MO (MO-start:
t gaa gcc cag cac tct ggg age cat) was designed against the
first 25 base pairs of the open-reading frame including the
translation start site; the corresponding mismatch oligonu-
cleotide was t gaa Ccc Gag caG tcA ggg age Gat, with
capital letters indicating substitutions. The second and third
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MOs were designed against 25 base-pair regions of the
gene that includes the splice donor (I9E10: a caa tca tct
tac caa tcc cac tga) and acceptor (E10I10: tta aac ttg cct
gcc tge aaa tag a) sites of exon 10. MOs were dissolved
in 0. M KCI, 20 mM HEPES (pH 7.4) and 0.01%
phenol red and injected into single-cell embryos. Two to
five nl were injected using a Picospritzer III (General
Valve Corporation, Fairfield, NJ) attached to a broken
capillary. Post injection, embryos were allowed to develop
in fish water at 28.5°C.

RNA synthesis for microinjection A plasmid containing
the cDNA encoding rp2rx3 [25] was linearized with
EcoR1, capped RNA transcribed in vitro using the T7
Message Machine kit and poly-adenylated using a Poly(A)
tailing kit (Ambion Inc., Austin, TX). RNA was dissolved
in diethylpyrocarbonate-treated distilled H,O and mixed
1:1 with the previously described injection buffer. Ap-
proximately 20-50 pg of RNA was injected into each
single-cell embryo. For MO/RNA co-injections, embryos
were first injected with the MO and then re-injected with
the RNA.

Single embryo RNA isolation/cDNA production RNA
was isolated from single zebrafish embryos utilizing the
Chomczynski single-step RNA isolation method [26]. cDNA
was made from total RNA utilizing the PowerScript Reverse
Transcriptase Kit (Clontech Inc, Mountain View, CA).

Cartilage staining Five days post-fertilization (dpf) control
or MO-injected larvae were anesthetized as described above
and fixed in 4% paraformaldehyde for 2 days. They were
re-hydrated in 50% ethanol for 24 h and 100% ethanol for
24 h. They were placed in 0.03% Alcian Blue (Fisher
Scientific) in 70% ethanol/30%acetic acid for 24 h at room
temperature and subsequently digested in 0.5 mg/ml trypsin
at 37°C for 1 h and bleached in a solution of 6% hydrogen
peroxide/1% KOH for 1 h. They were washed twice with
PBS (pH7.5) and fixed in 4% paraformaldehyde overnight.
Embryos were mounted in 2% methylcellulose and photos
taken using a Nikon DN-100 digital camera attached to a
Zoom stereomicroscope.

Results
Cranial ectodermal cells express p2rx3.1

Previous work from our lab has shown that the P2X
receptor subunit gene p2rx3.1 is expressed in the head of
12 hpf embryos in two distinct populations of cells [21].
The first consists of the neurons that contribute to the

trigeminal ganglia (gV) and the second is a more diffuse
non-neuronal group.

The non-neuronal p2rx3.1" cells were located lateral to
the neural plate and extended from the nascent eye field to
the region of the developing trigeminal ganglia (Fig. 1a).
This expression pattern is similar to that of the cranial
neural crest, but could also be accounted for by tissues such
as the ectoderm or mesoderm. To investigate which of these
cell types was responsible for the non-neural expression of
p2rx3.1, we first examined the co-expression of this gene
with that of two transcription factors, sox/0 and foxd3, that
are selectively expressed by neural crest cells early in
development [27, 28]. At 12 hpf, p2rx3.1" cells (purple)
were ventral to and not co-labeled with either sox/0 or
foxd3 (brown; Fig. 1b and c). These findings rule out the
possibility that p2rx3.1 is expressed by the cranial neural
crest, whereas the presence of p2rx3.1 mRNAs in the lateral
margin of the head suggested that ectodermal cells might be
the source of expression. To test this possibility, we next
investigated whether p2rx3./ mRNA was co-localized with
that of tfap2a, a transcription factor expressed by both
cranial ectoderm and neural crest [29]. At 12 hpf, two
distinct classes of cells expressing these markers were
observed: those that only expressed #fap2a (brown) and
were seen in the same location as the sox/0- and foxd3-
expressing neural crest cells, and a ventrolateral population
that expressed both p2rx3.1 and tfap2a (Fig. 1d). From
these data, we conclude that p2rx3.1 is expressed by lateral
cranial ectodermal cells.

P2X3.1 function is required for normal craniofacial
development

The expression of a P2X receptor subunit by the lateral
ectoderm suggests that purinergic signaling could be
occurring in or around this site beginning about 12 hpf.
Many studies have shown that the ectoderm plays an
instructive role in craniofacial development, as well as
providing progenitor cells that give rise to many of the
peripheral sensory neurons of the head [30-33]. Therefore,
we set out to test the hypothesis that perturbing p2rx3.1
function would disrupt craniofacial development and
Sensory neurogenesis.

The p2rx3.1 gene is composed of 13 exons and exists as
a single copy in the zebrafish genome (data not shown)
making it amenable to the use of morpholino-oligonucleotide
(MO)-mediated knockdown. We therefore designed and
tested the effects of MOs that were directed against the
p2rx3.1 gene. The first MO, MO-start, was designed against
the first 25 base pairs of the open-reading frame of the
p2rx3.1 gene so as to prevent translation of the P2X3.1
protein. In MO-start-injected embryos, approximately two-
thirds (n=454/698 injected) exhibited a distinct morpholog-
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Fig. 1 The p2rx3.1 gene is expressed in cranial ectoderm at 12 hpf.
Whole-mount in situ hybridization shows p2rx3.1 expression (purple)
in the head at 12 hpf (a). The dotted white line shows position of eye
field, the dotted black line is approximate level of transverse sections
shown in panels (b-d). In b-d, the fop images are of complete

ical phenotype that was characterized by a smaller head. This
phenotype was first discernible between 36 and 48 hpf and
fully apparent by 72 hpf and by 5 dpf, brightfield visual
inspection demonstrated that the lower jaw and branchial
arch regions were malformed in comparison to WT siblings
(Fig. 2a and b). Upon inspection of other structures including
the eyes, otocysts, pectoral fins, and notochord, we deter-
mined that the gross defects were limited to the head/
pharyngeal region of the larvae. This phenotype was not
observed when a control (five mismatched bases) MO [34]
(Fig. 2c¢) or buffer alone (data not shown) was injected.

Knockdown of P2X3.1 results in defective pharyngeal
skeleton development

One explanation for the reduced head size in p2rx3.1
morphants could be defective development of the cartilages
that form the lower jaw and arches. To test this hypothesis,
MO-injected larvae were fixed at 5 dpf and stained using
Alcian Blue to visualize the cartilages of the developing
upper and lower jaws. When compared to control larvae
(Fig. 2d), staining revealed that morphant embryos had
morphological alterations in most of the jaw and branchial
arch cartilages (MO-start, n=59/87; Fig. 2e-g). In all
morphants (7=59), defects were most apparent in the
cartilages derived from the first and second branchial
arches, whereas in a smaller percentage of morphants (n=
11/59) morphological changes in cartilages derived from
branchial arches 3—7 were observed as well (Fig. 2g).
Examination of the first-arch derivatives (Meckel’s and
palatoquadrate cartilages) in morphant embryos revealed that
both of these components did not extend as far anteriorly as in
controls (Fig. 2d-g). In addition, Meckel’s cartilage was
often fused at the midline and exhibited a ‘flattened’
morphology. The ceratohyal cartilages (derived from the
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transverse section, with the dotted line indicating the midline and the
box outlining magnified region shown below. Brown labeling is sox10
in b, foxd3 in ¢, and tfap2a in d. Purple labeling in all three panels is
p2rx3.1, and arrow in d points to double-labeled cells

second arch) showed more dramatic effects (Fig. 2e—g). In
some morphants (n=48/59), they did not project rostrally but
instead projected transversely (Fig. 2e and f). In more
severely affected morphants, they were inverted and pro-
jected caudally (n=11/59; Fig. 2g). Additionally, in these
larvae, the ceratobranchial cartilages, derived from branchial
arches 3—7, displayed phenotypes that ranged from a slight
shortening (n=34/59; Fig. 2f) to a complete loss (n=11/59;
Fig. 2g). Defects in cartilage formation were specific to the
jaw and arches, as the neurocranium and pectoral fin
cartilages appeared normal (data not shown).

To verify the role of this receptor subunit in craniofacial
development, we examined the ability of additional MOs to
generate the same phenotype and tested whether the
morphant phenotype could be rescued by injecting RNA
encoding a rat (r) P2X3 receptor subunit. To determine if
we could phenocopy the morphological defects observed
with MO-start, we designed MOs that disrupted protein
function by interfering with the appropriate splicing of the
p2rx3.1 pre-mRNA. Previous work from our lab has shown
that exon 10 of p2rx genes encodes a major portion of the
second transmembrane domain that is critical for forming
the ion-permeation pathway of the receptor [35]. This same
domain is also essential for subunit assembly into a
functional receptor complex [36]. Thus, mRNAs lacking
this exon encode proteins that are unable to assemble into
functional receptors. To generate such mRNAs, we
designed two splice MOs that were complementary to the
splice donor (M0-19¢10) and acceptor (MO-e10i10) sites of
exon 10. Injection of these MOs into embryos should result
in exclusion of exon 10 from mature mRNAs during
splicing of the p2rx3./ hnRNAs. RT-PCR analysis of
cDNA from individual MO-injected embryos verified that
each splice MO successfully prevented inclusion of exon 10
into mRNA (results for MO-i9¢10 shown in Fig. 2h; MO-
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Fig. 2 Loss of p2rx3.1 signaling results in defective pharyngeal
skeleton formation by 5 dpf. Panel a shows a brightfield micrograph
of a wild-type embryo, panel b is a morphant larva injected with MO-
start, and panel ¢ shows a larva injected with a control (mismatch)
MO. The arrow points to the underdeveloped pharyngeal region in the
morphant. Panel d shows a 5-dpf Alcian-Blue-stained control animal.
Panels e-g show 5-dpf morphant larvae with differing degrees of
cartilage deformations; e is a morphant larva with mild defects seen in
the mandible (white arrow) and ceratohyal (black arrow) but with
normal ceratobranchials, whereas f shows a morphant with more
severe defects in the mandibular (white arrow) and ceratohyal (black
arrow) cartilages but little disruption of ceratobranchials (arrow-
heads). However, in g, a morphant larvae shows severe affects on all
pharyngeal cartilages- mandible (white arrow), ceratohyal (black

el10i10 data not shown), and injection of either MO into
embryos yielded morphant phenotypes indistinguishable
from that of MO-start (e.g., MO-19¢10=54/87). Our next
step was to carry out rescue experiments using RNA
encoding the rP2X; receptor subunit. This subunit has
functional properties very similar to those of P2X;; [25,
37, 38], suggesting that it could act as a substitute in cells

intermediate
72 hpf

G, 2%,
)
I | (’O/ ’1"'%

severe

236bp

171bp

arrow) as well as the near-total loss of ceratobranchial cartilages
(arrowheads; m mandible, ch ceratohyal, cb ceratobrachials). PCR-
mediated assessment of splice-morpholino efficacy is shown in panel
h. cDNA was prepared from individual embryos at either 24, 48, or
72 hpf. Bands are PCR products generated from reactions containing
either wild-type or MO-e10i10 morphant embryo-derived cDNAs
using oligonucleotide primers that target sequences in exons 9 and 11.
The distance spanning the primers in a wild-type cDNA containing
exonlO is 236 bp, whereas a cDNA lacking exon 10 is 171 bp. By
72 hpf, the MO effects are being lost, most probably due to
intracellular dilution brought about through multiple cell divisions,
and properly spliced mRNA can be detected (upper band in second
72-hpf lane). Markers are 100-bp ladders corresponding to 200 and
300 bp

lacking the native subunit and does not contain target
sequence for any of the MOs used in this study. In larvae
co-injected with rP2X3 RNA and any of the individual
p2rx3.1 MOs, a partial rescue of the morphant phenotypes,
including cartilage development, was observed (Table 1).
We did not observe any phenotype when rP2X3 RNA was
injected alone (n=89/89). Taken together, these findings
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Table 1 MO rescue by rat P2X3 mRNA

MO-start Splice MO rP2X3 RNA n % affected
+ - - 98/179 55
+ - + 42/179 24%*
- + - 58/150 39
- + + 23/139 17*

*p<0.0001 compared to MO alone

Cartilages from 5 dpf embryos were stained with Alcian Blue and
examined using brightfield microscopy. Embryos were scored as
disrupted if any branchial cartilages were not present, reduced in size
or did not form correct orientations. Between 4-8 ng of MO was
injected into each embryo; for co-injection experiments RNA
encoding the rP2X3 was injected at 20-50 pg/embryo. Statistical
analysis was done using Fisher’s exact chi-square test

demonstrate that loss of p2rx3.1 function specifically
perturbs craniofacial development.

Loss of p2rx3.1 signaling results in aberrant neural crest
behaviors in the branchial arches

Defects in jaw cartilage development often arise from
perturbations in migration or differentiation of cranial
neural crest cells [39]. Cells destined to become chon-
drocytes (pre-chondrogenic neural crest cells) are located
in the branchial arches and express the transcription factor
dix2a [40, 41]. These cells typically migrate laterally and
then ventrally from the dorsal neural plate region into the
branchial arches, where they condense to form mesenchy-
mal branchial masses. They then proliferate, and begin the
processes of chondrogenesis and morphogenesis [39, 42].
In 24 hpf MO-start injected embryos, dix2a expression
patterns revealed that the migration of pre-chondrogenic
crest cells was indistinguishable from wild-type controls
(Fig. 3). However, there were subtle differences in the
appearances of the mandibular and hyoid branchial masses

Fig. 3 Migration of a
pre-chondrogenic neural crest

is unaffected in p2rx3.1 mor-
phants. In situ hybridization was
used to examine expression of
the pre-chondrogenic neural
crest marker dlx2a. In all panels,
purple marks the presence of
dlx2a mRNA. Panels a and b:
24 hpf control embryos, ¢ and d:
24 hpf embryos injected with
MO-start. b and d are higher-
magnification images taken
from a and ¢. Anterior is to the
left, dorsal at top, m mandibular
condensation, /4 hyoid conden-
sation, asterisks are the begin-
nings of gill arch condensations
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in the MO-injected embryos compared to controls
(disrupted: MO-start; n=35/69, MO-el10i10; n=18/33,
control; n=0/27; Fig. 3), which suggested a defect in crest
cell condensation.

To investigate to what extent the mandibular and hyoid
branchial masses were perturbed in p2rx3./ morphant
embryos, we utilized the transgenic fish line TG(flil::
eGFP)”! in which eGFP is expressed in neural crest cells,
and their derivatives, which contribute to the cartilages of
the pharyngeal skeleton and vascular tissue [22]. By 52 hpf
in control embryos, eGFP" cells were present in all seven
branchial arches (Fig. 4a). The non-fluorescent stripes
between the masses of eGFP" cells in the arches contain
endoderm, which is labeled by an antibody specific to zn8
(Fig. 4b). At 52 hpf in MO-injected embryos, the shape and
size of the first and second arches were altered compared to
controls (Fig. 4c). Additionally, fluorescent cells in arches
3—7 were present but the levels of fluorescence appeared to
be less robust than those in the control animals (Fig. 4c).
These findings are consistent with the Alcian Blue results
described above. The loss of p2rx3.1 function appeared to
selectively affect the crest cells as the surrounding
endoderm was unaffected (Fig. 4d) with the exception of
its shape, which can be explained by the morphological
changes in the arches themselves.

The in situ hybridization results for d/x2a expression in
the arches, in combination with the data obtained using the
Tglflil:eGFP' embryos, demonstrated that the condensa-
tions of neural crest cells in the first and second arches were
abnormal in p2rx3.1 MO-injected embryos. Abnormal neural
crest condensations can arise from changes in cell—cell
signaling that leads to improper packing of the crest cells,
loss of cells due to death, inability of the cells differentiate,
or a combination of these. To test for changes in cell survival
in p2rx3.1 morphants, we injected acridine orange (AO) to
detect cell death [43]. At the 12 somite stage, both control
and MO-injected embryos displayed AO" cells (Fig. 5a and
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Fig. 4 Branchial arch defects in
neural crest condensation, but
not endoderm formation, are
observed in morphant embryos.
Fifty-four hours post-
fertilization fi/:eGFP*' embry-
os were co-immunostained with
anti-GFP (a,c¢) and zn-8 (b,d)
antibodies and examined using
confocal microscopy. Panels a
and b are a control embryo,
panels ¢ and d are a MO-
injected embryo. a,c branchial
arches are numbered /-6; b,d
pharyngeal pouches are num-
bered /-6. Arrows in ¢ point to
defective first and second arches

d) scattered throughout the embryos, which is consistent with
other published reports [e.g., 44, 45]. However, there were
noticeably more AO" cells in the head and branchial arch
region of MO-injected embryos when compared to control
embryos (Fig. 5d; embryos with increased numbers of
labeled cells: MO-start; n=99/161, controls; n=2/95). By

Fig. 5 Knockdown of p2rx3.1 results in increased cell death in the
head of embryos. Epifluorescent microscopy (x100) of both control
(panels a—c) and morphant (d—f) embryos revealed acridine orange

[P

24 hpf, the number of AO" cells in control embryos
decreased to nearly undetectable levels (Fig. 5b) whereas
MO-injected embryos maintained high levels of AO" cells in
the branchial arches (Fig. 5e). By 36 hpf, the number of
detectable AO™ cells was negligible in both control (Fig. 5c)
and MO-injected embryos (Fig. 5f). Identical patterns of

positive cells (seen as bright dots) in the head at 16 hpf (a and d) and
24 hpf (b and e), but not 36 hpf (¢ and f). Increased cell death in the
morphant embryos are highlighted by the arrows in d and e
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elevated staining were observed for each of the three specific
MO, whereas no elevated staining was seen in embryos
injected with the control MO (data not shown).

Development of epibranchial ganglionic neurons requires
p2rx3.1 function

Previous studies have demonstrated that formation of the
peripheral sensory neurons comprising the cranial sensory
ganglia (CSG) is dependent upon interactions between the
cranial neural crest, the endoderm of the branchial arches
and the lateral ectoderm [46, 47]. Given our findings that
lateral ectodermal cells express p2rx3.1 and that branchial
arch neural crest cell differentiation is perturbed in morphant
embryos, we hypothesized that CSG development would be
perturbed in the absence of p2rx3.1 function.

To visualize the cranial sensory neurons, we utilized
the Tg(p2rx3.2:eGFP)"! line, in which nearly all of the
peripheral sensory neurons that make up gV and the
epibranchial ganglia are eGFP" ([21] and Fig. 6a-—c).
eGFP" cranial sensory neurons first appear as the relevant
ganglia are forming and the reporter expression is still
present well after the ganglia have formed and established
their axonal connections. This allows us to visualize all
stages of CSG formation.

Between 24 and 72 hpf, the gV and epibranchial ganglia in
control Tg(p2rx3.2:eGFP)™! larvae form, coalesce, and
establish their central axonal projections (Fig. 6a—c). In
contrast, knockdown of p2rx3.1 function in Tg(p2rx3.2:
eGFP)*"! embryos (Fig. 6d—f) resulted in the malformation of
all labeled ganglia in over half of MO-injected larvae (MO-
start, n=238/411; MO-e10i10, n=55/80), with a spectrum of
phenotypes visible: the observed defects ranged from a slight
decrease in the total number of neurons in any one ganglia to
near-total loss of eGFP" neurons in one or more ganglia. We
did not see any ectopic expression of the transgene in MO-
injected animals (n>1,000).

In all morphant embryos/larvae examined, gV was the
least affected with similar numbers of eGFP" neurons
present in both control and MO-injected larvae. However,
at 24 hpf, the neurons of the gV were not as compacted
when compared to control animals (Fig. 6a and d). This
phenotyope fails to persist as by 50 hpf, the gV in
morphants were indistinguishable from controls (Fig. 6b
and ¢) and there were no detectable alterations in the
central projections of these neurons with regards to either
the time at which they appeared or in their projection
pathways (Fig. 6¢c and f). These findings suggest that
p2rx3.1-mediated signaling only has a minor, and possibly
transient, role in the normal development of gV.

A different set of results were obtained upon examina-
tion of the epibranchial ganglia. Neuronal loss within the
facial ganglia (gVII) was detected in some, but not all,
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morphants. However, it can be difficult to determine
absolute numbers of gV and gVII neurons in 3 dpf embryos
due to the proximity of the ganglia to one another.
Irrespective of cell numbers, the central afferents of these
neurons are easily visible and act as reliable indicators of
their presence (arrowheads in Fig. 6b and c). In p2rx3.1
morphant larvae, gVII is developmentally delayed
(Fig. 6e). In 50-hpf control embryos, gVII have already
formed and are sending their projections into the
hindbrain (arrowhead in Fig. 6b), whereas at this stage
in morphants, gVII appears to be still undergoing
coalescence and lacks central afferent projections (arrow-
head in Fig. 6e). By 72 hpf, when gVII neurons in the
control larvae have already established their central
connections within the hindbrain, gVII afferents in
morphant embryos have formed but appear to still be
pathfinding in the CNS (arrowhead in Fig. 6f). The other
epibranchial ganglia also appeared to be affected.

The eGFP" neurons that constitute the glossopharyngeal
ganglia (gIX) are normally visible by 50 hpf in control
animals (Fig. 6b), but in morphant embryos, there were no
discernible transgene-expressing gIX neurons at this time
point (Fig. 6¢). However, by 75 hpf (Fig. 6f), there was a
small number of eGFP" neurons near the normal location of
gIX which appeared to be displaced ventrally. The central
afferents of gIX were also perturbed in p2rx3./ morphants.
By 72 hpf in control larvae, gIX central afferents follow a
defined path to the hindbrain as shown by the asterisk in
Fig. 7c. In contrast, this central projection is missing in
morphant larvae (Fig. 7f, where the asterisk marks the
expected position of the afferent nerve), which is consistent
with the lack of a defined gIX in these animals.

The vagal ganglia (gX) were also affected by p2rx3.1
MO injection. At 50 hpf, there is a dramatic reduction in the
number of eGFP" neurons in gX (Fig. 6e) compared to
control larvae (Fig. 6b). The number of gX eGFP" neurons
in morphants increases by 75 hpf (Fig. 6f) but still remains
less than observed in controls (Fig. 6¢). Unlike gVII and
glX, the gX central projections do not appear to be affected
by p2rx3.1 knockdown.

All observed CSG defects in p2rx3.1 morphant embryos
were rescued by co-injection of rP2X3 RNA {disrupted
ganglia in MO-start alone, n=238/411 (58%); MO-start
plus P2X3 RNA, n=59/217 (27%): for M0-i9¢10 alone, n=
528/800 (66%); MO0-i19¢10 plus P2X3 RNA, n=40/187
(24%): differences in the numbers of embryos displaying
ganglia disruption in the MO alone versus MO plus RNA
were significant (p<0.001) by the Chi-square test}. An
example of a rescue of MO-¢e10i10 is shown in Fig. 6g—i.

The decreased number of epibranchial eGFP" neurons
we observed in p2rx3.1 morphant embryos could be a
reflection of defective ectodermal signaling, as many of the
peripheral sensory neurons are generated from ectodermal-
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Fig. 6 Loss of p2rx3.1 function results in disrupted epibranchial
ganglia formation. Epifluorescent micrographs (x100) of eGFP
expression in control (a—c), MO-start injected (d—f) and MO-e10i10
(4 ng)/rP2X3 (25 ng) RNA co-injected (g—i) Tg(prr3.2:eGFP)Sll
embryos selected times post-fertilization. Panels a, d, and g show the
trigeminal ganglia (gV) at 24 hpf, panels b, e, and h show gV and the

placode-derived precursors that are induced by the overly-
ing ectoderm [48]. Such a defect could result in either a
decrease in the number of mature neurons produced by
the placodes, or in the formation of post-mitotic neurons
that are not differentiated and do not express p2rx3.2 and
thus are present but not labeled in the transgenic embryos.

epibranchial ganglia at 50 hpf, and panels ¢, f, and i show the heads of
72-hpf embryos. The triangles in panels b, e, and h mark the sensory
afferent of gVII; asterisks in panels ¢, f, and i mark the afferent
projection of gIX. The dotted line indicates the margins of the eye, gV’
trigeminal ganglia, gVl facial ganglia, g/X glossopharyngeal ganglia,
gX vagal ganglia

To determine if the former was occurring in the
MO-injected larvae, we examined expression of the
mRNA-binding protein HuC, which is a marker of post-
mitotic neurons [49]. At 52 hpf in wild-type control
larvae, immunostaining of HuC" cells in the branchial
arch region revealed normally shaped and positioned
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epibranchial ganglia (n=45/45) (Fig. 7a). However, in
MO-injected larvae, a distinct loss of HuC" cells was
observed within gVII, gIX and gX. Larvae showing
disruption or loss of HuC+ staining at the position of the
epibranchial ganglia (Fig. 7b) were detected when either
MOstart (n=21/37) or M0-19¢10 (n=17/31) were injected.
These findings suggest that perturbation of purinergic
signaling via knockdown of the P2X;; receptor subunit
resulted in decreased neurogenesis involving the epibran-
chial sensory ganglia.

The specification and differentiation of cranial senso-
ry neurons from ectodermal cells occurs via a stepwise
process in which placodal precursor cells differentiate
sequentially from neural progenitors, to neural precur-
sors, then differentiating post-mitotic neurons and
finally, mature neurons [48]. The loss of HuC staining
in p2rx3.1 morphants suggested that the last two steps in
this process were perturbed. To determine if the lack of
functional P2X; ; receptors in cranial ectodermal cells was
interfering with their differentiation into neurogenic
ectoderm, we investigated the expression of the neuro-
genic placode marker foxi/ [50]. Analysis of foxil
expression revealed expression in the branchial arches at
both 24 hpf (MO-start n=48/48) and 48 hpf (n=37/37,
Fig. 7c—f), suggesting that elements of the ectoderm
undergo normal differentiation into neuroectoderm and
that the actions of purinergic signaling on neurogenesis

Fig. 7 Disruption of p2rx3.1-
mediated signaling perturbs
epibranchial gangliogenesis.
Panel a HuC immunoreactivity
(brown) showing neurons in a
54 hpf wild-type embryo. b
MO-start morphant 54-hpf
embryo. gV trigeminal ganglia,
gVII facial ganglia, gIX glosso-
pharyngeal ganglia, gX vagal
ganglia, gAll and gPI! anterior
and posterior lateral line gan-
glia. foxil mRNA expression
(purple) in 24-hpf wild-type (c)
or morphant (e) embryos, and
in 48-hpf wild-type (d) or
morphant (f) embryos. Aster-
isks mark otic placode expres-
sion, arrows point to branchial
arch expression

@ Springer

via P2X receptors occurs downstream of foxi/ function
and upstream of HuC expression.

Discussion

Little is known about the functional roles that P2X
receptor-mediated ATP signaling may have during
embryogenesis. A previous study from this lab showed
that a number of P2X receptor subunit genes were
expressed during embryogenesis in the zebrafish, pri-
marily in neurons [20]. In a subsequent report, one
subunit gene, p2rx3.1, was found to be transiently
expressed in non-neural cells in the head of 12—-16-hpf
zebrafish embryos [21], suggesting that ATP signaling
may be involved in some aspect of craniofacial develop-
ment during early embryogenesis. Here, we report that the
non-neural p2rx3.1 expression is in ventrolateral cells that
are tfap2a-positive but sox!0/foxd3-negative, thus identi-
fying the cranial ectoderm as the source of p2rx3.1
expression. Data obtained from MO knockdown experi-
ments demonstrate that purinergic signaling via P2Xj
receptors in the embryonic head serves two important
functions: first, it is required for a subpopulation of cranial
neural crest cells (CNCC) to achieve both proper pattern-
ing and terminal differentiation into chondrocytes, and
second, it is necessary for the production of mature
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peripheral sensory neurons from the epibranchial neuro-
ectodermal placodes.

Craniofacial development is dependent upon multiple,
complex, and hierarchical interactions between combina-
tions of cells derived from the three embryonic germ cell
layers. These cellular interactions include both cell-cell
contacts (juxtacrine) and extracellular signaling (paracrine)
mechanisms [13, 15]. It is through such signaling that the
progenitor cells in the germ layers are enabled to undergo
the processes of specification and morphogenesis, both of
which are required for formation of the anatomically
complex vertebrate head [51].

Expression of p2rx3.1 is in a population of cells that are
appropriately positioned to affect these processes in the
branchial arch region. There is strong evidence that the
specification and differentiation of cranial neural crest cells
is influenced by the ectoderm, and vice-versa (for a recent
review, see [14]). This is partially due to cell—cell contacts
that occur as the neural crest cells migrate through the
embryo and come into contact with the three germ layers.
In addition, it has also been demonstrated that diffusible
factors from the ectoderm act upon the neural crest and that
the presence of the neural crest is required for those factors
to be expressed by the ectoderm [14]. It is therefore feasible
to postulate that the release of ATP into the extracellular
milieu occurs in the head of the developing embryo
influences ectoderm function via activation of the p2rx3.1
gene product.

This hypothesis is supported by the MO-mediated
knockdown experiments reported here. In morphant em-
bryos, the most apparent phenotype observed was malfor-
mation of the pharyngeal skeleton. The disruption of
cartilage formation observed could arise from actions at
one or more of the primary steps in the formation of these
cartilages: the migration of non-differentiated CNCC into
the branchial arches, the condensation of the pre-
chondrogenic CNCC into the branchial masses and/or
chondrogenesis and proliferation [52]. The dix2a expres-
sion results demonstrate that the pre-chondrogenic CNCC
are migrating into their proper positions in the arches in the
morphants. In addition, the migratory behavior of melano-
phores (another CNCC derivative) does not appear to be
altered in morphant embryos (data not shown). Thus,
reduction in P2X5; signaling does not alter the ability of
the CNCC to migrate or begin the processes of specification
(as shown by dix2a expression) and differentiation (Alcian
Blue staining). However, the dix2a results suggested, and
the flil:eGFP-derived data confirmed, that the branchial
neural crest masses were malformed. The elevated AO
staining suggested this was at least partially due to
increased cell death in the branchial arches of morphant
embryos. Other published studies [51] have shown that
such malformed masses lead to altered jaw cartilages and

the p2rx3.1 morphant larvae exhibit this phenotype. Taken
together, our results suggest that ATP signaling, via P2X3 ;
receptors in the ectoderm, plays an essential role in
extrinsically influencing chondrogenesis programs of neural
crest cells.

The perturbations in epibranchial ganglia development
indicate that ATP signaling affects intrinsic ectodermal
function as well. Ectodermal cells become either neural
or epidermal. The specification of ectoderm to a neural
fate is called neural induction [48, 53] and increased
intracellular Ca”* levels have been implicated as playing a
pivotal role in this process [54, 55]. P2X receptors can
influence intracellular Ca®" concentrations either directly
[12] or indirectly via depolarization-induced activation of
calcium channels. Once induction occurs and the ectoder-
mal placodes are formed, the stepwise process of neuro-
genesis begins [56—58]. Cells first delaminate and migrate
away from the ectoderm. At this stage, they begin to
differentiate and express pro-neural genes. As these neural
progenitors continue their migration towards their final
position in the appropriate ganglia, they become neuro-
blasts and finally differentiate into mature neurons.
Because we observe normal expression of foxi/ in
p2rx3.1 morphant embryos, we conclude that lack of
P2X5 ;-mediated signaling does not interfere with induc-
tion of the epibranchial placodes from ectoderm. Howev-
er, a loss of HuC" cells in these same embryos implies an
alteration in the competency of placodally derived neuro-
blasts to undergo their terminal differentiation.

The data presented in this paper demonstrates that loss of
P2X5 ;-mediated signaling leads to craniofacial defects in
zebrafish. These findings are in contrast to mice, where
ablation of P2rx3 has not been reported to lead to
craniofacial defects [59]. This disparity cannot be explained
by differences in gene expression patterns, as the patterns of
the two p2rx3 paralogs in zebrafish together mimic that
reported for the single P2X;5 subunit in mouse embryos [60,
61]. In both species, these genes are expressed in nearly all
CSG neurons during neurogenesis and continue to be
expressed throughout the rest of embryonic development.
In addition, p2rx3 genes in both species are also expressed
transiently in non-neuronal cells in the ventral cranial
region: p2rx3.1 by ectoderm in zebrafish during 12—
16 hpf, and P2rx3 in sub-epidermal regions of the branchial
arches in the mouse between E9.5 and E10.5 [60].

So how can the interspecies differences in the outcomes
of signaling perturbation be accounted for? There are two
potential explanations. The first hypothesis is derived from
the fact that P2X receptors are oligomeric and, oftentimes,
hetero-oligomeric in nature [62]. This hypothesis proposes
that there is only one receptor subunit, p2rx3.1, expressed
in zebrafish ectoderm whereas there is more than one P2X
receptor subunit present in mouse ectoderm. Thus, loss of a
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single subunit ablates function in the zebrafish whereas the
presence of an additional subunit in mouse is compensatory
and allows for normal ectodermal function. The lack of data
detailing the embryonic expression patterns of the majority
of mammalian subunit genes prevents us from determining
if this hypothesis is possible. A second explanation can
arise from the differences in the temporal expression of the
two genes. In mouse, p2rx3 expression is first reported
occurring at embryonic day 9.5 [60, 61]. At this stage in
development, the cranial neural crest cells have already
migrated into the branchial arches, and the neuroectodermal
placodes have already formed and are in the process of
producing neuroblasts and differentiated neurons. In con-
trast, p2rx3.1 expression in zebrafish (at 12—-16 hpf) is
occurring prior to both neural crest migration into the
arches and neural induction in the epibranchial placodes
[63]. Therefore, the difference in temporal expression
patterns could allow for the loss of P2X-mediated signaling
to have major impacts on the ability of the zebrafish
ectoderm to both produce neurons and affect chondrogenic
processes in the branchial arches, while having a much
lesser effect on mouse neuroectodermal function. Which of
the two putative mechanisms is operative will require
further study of P2X receptor gene expression during
mouse embryogenesis.

In conclusion, the data presented here show, for the first
time, an essential functional role for P2X receptor-mediated
signaling during vertebrate embryogenesis. Further studies
will be needed to investigate the mechanism(s) by which
loss of receptor signaling in ectoderm results in defects in
chondrogenesis and epibranchial gangliogenesis.
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