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Abstract
The mammalian cochlea undergoes a highly dynamic process of growth and innervation during development.
This process includes spiral ganglion neuron (SGN) branch refinement, a process whereby Type I SGNs undergo a phase of “debranching” before forming unramified synaptic contacts with inner hair cells. Using
Sox2CreERT2 and R26RtdTomato as a strategy to genetically label individual SGNs in mice of both sexes, we report on both a time course of SGN branch refinement and a role for P2rx3 in this process. P2rx3 is an ionotropic ATP receptor that was recently implicated in outer hair cell spontaneous activity and Type II SGN
synapse development (Ceriani et al., 2019), but its function in Type I SGN development is unknown. Here, we
demonstrate that P2rx3 is expressed by Type I SGNs and hair cells during developmental periods that coincide with SGN branching refinement. P2rx3 null mice show SGNs with more complex branching patterns on
their peripheral synaptic terminals and near their cell bodies around the time of birth. Loss of P2rx3 does not
appear to confer general changes in axon outgrowth or hair cell formation, and alterations in branching complexity appear to mostly recover by postnatal day (P)6. However, when we examined the distribution of Type I
SGN subtypes using antibodies that bind Calb2, Calb1, and Pou4f1, we found that P2rx3 null mice showed an
increased proportion of SGNs that express Calb2. These data suggest P2rx3 may be necessary for normal
Type I SGN differentiation in addition to serving a role in branch refinement.
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Significance Statement
P2rx3 receptors are a class of ionotropic purinergic receptors that are expressed in sensory afferent neurons and have been shown to play essential roles in sensory transduction. However, little is known about
how P2rx3 functions in neuronal morphogenesis and synaptic connectivity. Here, we found that P2rx3 is expressed by spiral ganglion neurons (SGNs) and hair cells during cochlear development. Using P2rx3 null
mice combined with genetic sparse labeling, we discovered P2rx3 regulates SGN branch refinement, which
is a function of P2rx3 distinguishable from the more conventionally-known role in neural transduction.
These results offer new insights into how P2rx3 promotes auditory neuron maturation, which may be useful
for endeavors aimed at regenerating lost auditory connections in hearing loss.

Introduction
Hearing function depends on the development and
maintenance of spiral ganglion neurons (SGNs) and their

precise patterns of wiring with sensory hair cells in the
cochlea. SGNs are bipolar neurons that extend peripheral
axons toward hair cells, and central axons into the
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brainstem as part of the VIIIth cranial nerve (Nayagam et
al., 2011). Early in auditory development, SGN progenitors
develop into either Type I or Type II SGNs, which innervate inner hair cells and outer hair cells respectively
(Appler and Goodrich, 2011; Bulankina and Moser, 2012).
Before establishing fully mature connections, the SGN peripheral axons undergo an array of dynamic developmental events including axon outgrowth, target selection,
refinement, spontaneous activity, and pruning (Coate et
al., 2019). In auditory transduction, glutamate is released
from hair cells onto SGNs (Glowatzki and Fuchs, 2002) at
ribbon-type synapses, which are formed, in rodent models, during early postnatal stages (Michanski et al., 2019).
Recently, advances in single cell RNA sequencing technology helped reveal that Type I SGNs differentiate into
three molecularly distinguishable subtypes (Petitpré et al.,
2018; Shrestha et al., 2018; Sun et al., 2018), and that
their differentiation is driven by synaptic activity (Shrestha
et al., 2018; Sun et al., 2018). The subtype of each SGN
likely defines its function and synaptic location on inner
hair cells (Liberman, 1982; Wu et al., 2016; Sherrill et al.,
2019).
The mechanisms that control neuronal morphogenesis
and synapse formation are fundamental questions in developmental neurobiology (Luo, 2002). During development, both presynaptic and postsynaptic terminals sculpt
their structures by eliminating excessive branches, which
is a process of refinement critical for normal function of the
nervous system (Gibson and Ma, 2011; Kalil and Dent,
2014; Riccomagno and Kolodkin, 2015; Schuldiner and
Yaron, 2015). In the developing auditory system, each
SGN extends a single peripheral axon that initially shows
extraneous branches (Koundakjian et al., 2007) that are
progressively lost as development progresses. Previously,
it was shown that Semaphorin-5B/Plexin-A1 interactions
are important for these events: Sema5B is expressed by
hair cells while PlexinA1 is expressed by SGNs, and loss of
either factor leads to more elaborate SGN branching patterns (Jung et al., 2019). Here, we report that signaling by
P2rx3 serves a similar role.
ATP serves as the intracellular energy currency but
also can be released into the extracellular space to act
as a neurotransmitter. There are two large groups of
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membrane-bound purinergic receptors: the ionotropic
P2X family, which includes seven family members, and
the metabotropic P2Y family, which includes eight family
members. P2X receptors are ATP-gated cation channels
that allow sodium and calcium ions to flow into the cell
(Khakh and North, 2006), whereas P2Y receptors transduce ATP signals via G-protein-mediated intracellular signaling pathways (Burnstock, 2006). Intracellular calcium
increases result from purinergic receptor activation leading to a variety of signaling responses (Khakh and North,
2012), with increases in neuronal excitability as the most
commonly understood response (Burnstock, 2012). For
example, in gustatory excitation, P2rx3 receptors are localized postsynaptically at junctions between sensory cells
and taste afferents and they have been demonstrated to
be the primary receptor for extracellular ATP (Finger et al.,
2005). But, purinergic signaling is also known to be involved in a variety of aspects of nervous system development, including neuron proliferation, migration, maturation,
differentiation, and survival (Zimmermann, 2011). Notably,
P2X signaling has been shown to regulate the actin cytoskeleton in neurites by signaling through cofilin (Homma et
al., 2008), suggesting extracellular ATP can regulate dynamic changes in neuronal architecture. In this study, we
leveraged sparse neuron labeling techniques and found a
novel role for P2rx3 in regulating Type I SGN branch refinement during cochlear development. We also found that
P2rx3 is necessary for the development of the normal profile of Type I SGN subtypes.

Materials and Methods
Mouse lines
All animals in this study were maintained in accordance
with the Georgetown University Institutional Animal Care
and Use Committee (protocol #1147). Both male and female mice were used for all experiments. P2rx3 null mice
(Cockayne et al., 2000) were a kind gift from Thomas
Finger at University of Colorado School of Medicine.
P2rx3 knock-out (KO) mice were bred and maintained
onto a C57BL/6 background using breeder mice from
Charles River Laboratories. Sox2CreER and R26RtdTomato
reporter mice were originally purchased from The
Jackson Laboratory (Stocks No. 017593 and 007914).
The Atoh1nGFP allele (Lumpkin et al., 2003) was also maintained on this line so the positions of hair cells could be
referenced. The primers used for genotyping are as follows: P2rx3 common: AGT GGA GTT CTT GGC TCA GG,
P2rx3 wild-type (WT) reverse: GCT TTT CAC AAC CAC
CGA CT, P2rx3 mutant reverse: CCT TCT TGA CGA GTT
CTT CTG AG. Rosa26 forward: AAG GGA GCT GCA GTG
GAG TA, Rosa26 reverse: CCG AAA ATC TGT GGG AAG
TC, tdTomato forward: GGC ATT AAA GCA GCG TAT CC,
tdTomato reverse: CTG TTC CTG TAC GGC ATG G.
Sox2CreER WT forward: ACC AGC TCG CAG ACC TAC
AT, Sox2CreER WT reverse: CGG GGA GGT ACA TGC
TGA T, Sox2CreER mutant forward: CCA AAA ACT AAT
CAC AAC AAT CGC, Sox2CreER mutant reverse: GGC
AAA CGG ACA GAA GCA T. In nearly all experiments,
P2rx3 heterozygous males and females were crossed to
eNeuro.org
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generate KOs and littermate controls (WT). Both left and
right ears were used from one animal; typically, N (sample
size) equals one cochlea, and n equals one SGN peripheral axon. For the synapse and neuronal subtype staining
experiments, P2rx3 WT breeding pairs and KO breeding
pairs were set up separately and only one ear from one
animal was used to generate more diverse biological replicates. In all cases, breeders were strain matched and experimental progeny were age matched. For timed
pregnancies, plug dates were assumed to be embryonic
day (E)0.5; the day of birth was considered as postnatal
day (P)0.
Immunohistochemistry and antibodies
To prepare tissues for immunostaining, whole heads
with the brain removed were fixed in 4% paraformaldehyde (PFA) for 45 min at room temperature (RT) and rinsed
extensively in 1 PBS. For synapse staining, tissues were
fixed for 25 min in 4% PFA without prior exposure to PBS.
For neuronal subtype staining, cochleae were perfused
through the round window with 4% PFA without prior exposure to PBS then bath-fixed for 1 h at RT. Bony capsules were decalcified with 0.5 M EDTA for 24 h. For wholemount preparations, cochlear capsules, stria vascularis,
and Reissner’s membranes were removed before staining
in glass vials. For cross-sections, inner ears were stepped
through 10%, 20%, and 30% sucrose and then embedded and frozen in optimal cutting temperature (OCT;
Sakura Finetek) and sectioned at 12 mm. For most staining
experiments, primary antibodies were applied at 4°C
overnight and secondary antibodies were applied at RT
for 1 h. For synapse staining, primary antibodies were applied overnight at 37°C; secondary antibodies were applied overnight at 4°C. For neuronal subtype staining,
sections underwent antigen retrieval before immunostaining, which was adopted from (Sherrill et al., 2019). Slides
were suspended over boiling water in a steamer, and sodium citrate buffer (10 mM sodium citrate and 0.05%
Tween, pH 6.0) was added to cover the surface of each
slide. Slides with buffer were steamed for 30 min then
cooled at RT for 5 min. They were then rinsed in PBS a
minimum of 10 min. For immunostaining that followed,
primary antibodies were added to sections overnight at
37°C. Fluorescent secondary antibodies (1:1000) were
added to the samples for 1 h.
The antibodies and concentrations used in this paper were
as follows: rabbit-anti-GAP43 (Millipore AB5220, 1:1000,
RRID: AB_2107282), goat-anti-Sox10 (R&D System AF2864,
1:500, RRID: AB_442208), rabbit-anti-dsRed (Clontech
632496, 1:2000, RRID: AB_10013483), mouse-anti-Tuj1
(Biolegend, 1:1000, RRID: AB_2313773), rabbit-anti-MyosinVI
(Proteus Biosciences 25–6791, 1:1000, RRID: AB_10013626),
goat-anti-MyosinVI (Coate et al., 2015; 1:1000, RRID: AB_
2783873), goat-anti-Sox2 (R&D Systems AF2018, 1:500,
RRID: AB_355110), chicken-anti-neurofilament heavy chain
(NFH or NF200; Aves Labs, 1:1000, RRID: AB_2313552),
rabbit-anti-P2rx3 (Alomone Labs APR-016, 1:1000, RRID:
AB_2313760), goat-anti-ribeye (Santa Cruz Biotechnology
SC-5967, 1:500, RRID: AB_2086771), rabbit-anti-shank1a (Neuromics PA19016, 1:1000, RRID: AB_1622814),
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chicken-anti-Calb1 (Abeomics 34–1020, 1:500, RRID:
AB_2810884), rabbit-anti-Calb2 (Thermo Fisher Scientific
PA5-34 688, 1:1000, RRID: AB_2552040), and mouse-antiPou4f1 (Millipore Sigma MAB1585, 1:100, RRID: AB_
94166). Actin stereocilia bundles were detected by 405phalloidin conjugate at 1:1000 (Santa Cruz Biotechnology),
cell nuclei were detected by DAPI at 1 mg/ml (Santa Cruz
Biotechnology). Host-specific 488 Alexa Fluor, Cy3, and
Cy5 secondary antibodies were used (1:500) accordingly.
Experimental design and statistical analyses
All statistical tests were performed using Prism 8.0
(GraphPad). Results were reported as mean 6 SEM. A twotailed unpaired t test with Welch’s correction was used to
determine statistical significance unless specifically noted;
p  0.05, ns; pp , 0.05; ppp , 0.01, pppp , 0.001, ppppp ,
0.0001. Please see figure legends for statistical tests and
sample sizes.
To quantify cochlear length, measurement lines (in Fiji)
were drawn along the region of the inner pillar cells from
the apex to the base; 25% of cochlear length was defined
as the apical region, 50% as the middle region, and 75%
as the basal region for position-matched comparisons. To
quantify radial bundle length using NF200-stained wholemount samples, line length measurements were taken
(eight per region of each sample) along the extending radial bundles and then averaged.
Quantifications of sparsely labeled SGN terminals and
cell bodies were performed using the filament function of
Imaris (Bitplane). High-magnification images were taken
using a Zeiss laser scanning confocal microscope (LSM
880) through a 63 objective (Plan-Apochromat 63/1.40
Oil DIC M27) at 1024 by 1024 pixels. Z-stacks stepped by
optimal 0.42 mm were adjusted in individual images to include the entire range of terminal arborization. Only nonoverlapping terminals were quantified. For reconstructing
axonal terminals, the filament starting point was determined based on the first branching point near the inner
hair cells. The entire terminal arborization was traced by
drawing terminal points. For each neuron, a skeleton fitting the center of the fluorescence intensity and branching
points was determined automatically by the software. The
reconstructed filament was then manually centered and
smoothed once before finishing the final rendering. For
the P0 terminal analyses, the terminal ending position of
each axon was scored as modiolar, pillar, or ambiguous.
For the single-neuron analyses, n (sample size) is equal
to one axon. Depending on the number of collateral
branches, multiple starting points were drawn whenever a
branch originated from the main axon.
Quantification of synaptic structures was performed
using the surface and spot functions of Imaris. Background
subtraction and thresholding was applied uniformly across
all samples. For reconstructing Shank1a patches, the Split
Touching Objects function was enabled by a constant
seed point’s diameter to ensure single hair cell reconstruction. Minute values were either deleted as noise or unified
to the adjacent hair cell by a cutoff surface area of 1 mm.
For reconstructing ribeye puncta, the Different Spot Sizes
(region growing) function was enabled. Estimated XYZ
eNeuro.org
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diameter was determined empirically and kept consistent.
Absolute intensity was used for spot region type and region
border was used to determine the final rendering.
Type I SGN subtype immunostaining of WT and P2rx3
KO samples was quantified (blinded to genotype) using
ImageJ. A maximum intensity projection was made from
images captured with a 20 objective (Plan-Apochromat
20/0.8 M27); triple-immunostaining for Pou4f1, Calb1,
Calb2 plus DAPI was visualized in four separate channels.
To control for any sample-to-sample variation in background levels, pixel intensities were examined on nonSGNs (see arrowheads in 9I-L; possibly Schwann or otic
mesenchyme cells). SGNs with strong staining above this
value were deemed positive. Pou4f1-positive cells were
determined by obvious nuclear staining above background levels. The DAPI channel was used to confirm
overlap of Pou4f1 staining with nuclei. We note here that
all SGNs show Pou4f1 background staining in the cytoplasm. Anti-Calb2 and anti-Calb1 immunostaining leads
to strong signal in both the nucleus and cytoplasm; pixel
values of nearby non-SGNs were also used to determine
background in these channels. In terms of the workflow,
we first determined which SGNs were positive for Pou4f1.
We then toggled between channels to determine whether
each was also positive for Calb1 or Calb2. Following this,
Calb2 and Calb1 single-positive neurons were counted.
Finally, overlap between Calb1 and Calb2-positive cells
was counted by toggling between channels. Each SGN
was annotated along the way to ensure it was not counted
twice. Following quantifications, polygons were drawn
around SGN bundles to measure the SGN area. SGN density was calculated by dividing total number of cell bodies
by the SGN area.

Results
SGN branching refinement occurs during
development
Before innervating inner hair cells during cochlear development, Type I SGNs undergo a process of branch refinement (or “debranching”; Fig. 1A) that is dependent, in
part, on Semaphorin-5B (Jung et al., 2019). We first
wanted to determine the temporal progression of SGN
debranching during development and did so by examining cochleae from mice carrying Sox2CreERT2 (Arnold et
al., 2011) and R26RtdTom (Madisen et al., 2010). As shown
previously (Brooks et al., 2020), without tamoxifen treatment, low levels of Cre activity in these mice leads to
tdTomato expression in various cell types such as SGNs,
hair cells, Deiters’ cells, and glial cells. The resulting labeling is reliably sparse enough such that we can visualize
individual SGN terminals clearly (Fig. 1B,C, arrow).
Cochleae were collected at E15.5, E16.5, P4, P8, P11,
and P21 (examples shown in Fig. 1D–F). A total of 30–40
SGN peripheral axons from the base for each stage were
analyzed using Imaris. As expected, embryonic SGN peripheral axons show high branch number values (Fig. 1G)
and branch depth values (Fig. 1H). “Branch depth” values
were assigned based on the branching order: primary
branch as 1, secondary as 2, tertiary as 3, etc. Average
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branch depth was calculated by the sum of each individual branch depth value divided by branch number; the
higher branch depth value a particular neuron has, the
more complex the terminal arborization. Interestingly,
both branch number (ranging between 9 and 12) and
depth values (ranging between 1.9 and 2.4) were quite
stable between E15.5 and P4. At P8, SGN fibers showed
a more narrowed appearance and significantly reduced
branch number (3.6 6 0.4, n = 39) and branch depth values (0.8 6 0.1, n = 39; see Tables 1, 2 for statistical comparisons). By P21, the SGNs showed branch number and
depth values that suggest a single contact with inner hair
cells (branch number, 1.3 6 0.2, n = 27; branch depth,
0.09 6 0.06, n = 27). Many SGNs with single contacts
were visible also between P8 and P11 (Fig. 1F).
Together, SGN terminal branches clearly refine over the
course of a four-week period. From E15.5 to P4, SGN
branching values are stable, although this period involves active SGN motility (Coate et al., 2015).
Following this period, from P4 to P8, there is a drastic
decrease in branch number and complexity. The early
phase correlates with the high levels of P2rx3 receptor
expression in SGNs, suggesting a potential role of this
ATP-gated ion channel in regulating SGN peripheral
axon branching behavior (Fig. 2).
P2rx3 is expressed by SGNs and hair cells during
cochlear innervation
Purinergic signaling has been implicated in numerous
biological functions, but little is known about its involvement in the developing cochlea. Previously, P2rx3 protein
was shown to be expressed by mouse SGNs and hair
cells in the cochlea around the time of birth (Huang et al.,
2006). In addition, online databases show P2rx3 mRNA
expressed by SGNs as early as E12.5, and absent after
P6 (Visel et al., 2004; Lu et al., 2011; Li et al., 2020), and in
hair cells from E16.5 to P3 (Burns et al., 2015; Cai et al.,
2015; Elkon et al., 2015; Scheffer et al., 2015). To examine
P2rx3 distribution in the developing cochlea, we performed anti-P2rx3 antibody staining on cochlear crosssections from a series of developmental stages (Fig. 2A).
For all stages examined, the samples were counterstained with anti-Sox2 antibodies to show the position of
the developing sensory domain (Kiernan et al., 2005) and
anti-NF200 antibodies to show the position of the SGNs.
At E12.5 and E14.5, P2rx3 protein is clearly detectable on
SGNs but is not detectable on cells within the sensory domain (Fig. 2B,C). By E15.5, developing inner hair cells
show P2rx3 protein at faintly detectable levels (Fig. 2D,E,
oC), while SGNs show P2rx3 at robust levels (Fig. 2D). At
E16.5 and E17.5, P2rx3 receptors are visible on SGNs
and all hair cells (Fig. 2E,F); this pattern lasts only through
E18.5 when the P2rx3 signal disappears from the inner
hair cell (Fig. 2G, yellow arrowhead). By P0, P2rx3 expression on outer hair cells becomes minimal (Fig. 2H) and by
P6 at the middle turn of the cochlea, neither SGNs nor
hair cells show detectable levels of P2rx3 (Fig. 2I). The
white arrowhead in G-I points to outer hair cells. We note
here that, at the very apex of the cochlea at P6, P2rx3 protein was sometimes faintly visible (data not shown). This
eNeuro.org
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Figure 1. A developmental time course of SGN peripheral axonal refinement. A, Cartoon schematic showing the approximate time
points of SGN maturation. During the third and the last embryonic week of mouse cochlear development, SGNs extend numerous
processes to interact with cells in the sensory epithelium. At the end of this week, Type I and Type II SGNs establish contacts with
inner hair cells and outer hair cells, respectively. SGNs refine their terminal arborization as they mature and Type I SGN terminals
form single connections with IHCs after the first postnatal week. Hair cells between E15.5 and P4 are shaded blue to indicate the
period of Semaphorin-5B expression. IHC, inner hair cell; OHC, outer hair cell. E, embryonic day; P, postnatal day. B, C, Examples
of sparse labeling strategy using Sox2CreERT2; R26RtdTom to label a subset of neurons (white) in contrast to all neurons labeled by
Tuj1 (blue). The white arrow points to a Type I SGN terminal. D–F, Individual sparsely labeled Type I SGN terminal arborizations at
three distinct time points throughout development. Yellow arrowheads point to terminal endings which become refined over time.
G, Scatter plots of individual axonal terminals quantified to show the number of individual branches within each terminal arborization
which are reduced over time (in mm, E15.5, 11.8 6 0.9, n = 28, N = 4; E16.5, 9.2 6 1.0, n = 32, N = 3; and P4, 9.8 6 0.6, n = 36, N = 6;
P8, 3.6 6 0.4, n = 39, N = 4; P11, 3.6 6 0.5, n = 45, N = 5; P21, 1.3 6 0.2, n = 27, N = 5; one-way ANOVA followed by Tukey’s multiple
comparisons test). H, Scatter plots of individual axonal terminals quantified to show the complexity of each terminal arborization
which are reduced over time (E15.5, 2.4 6 0.1; E16.5, 1.9 6 0.1; and P4, 2.1 6 0.1; P8, 0.8 6 0.1; P11, 0.7 6 0.1; P21, 0.09 6 0.06;
same samples and statistical tests as in G). See Tables 1, 2 for detailed comparisons and results of statistical tests.

temporal pattern of protein expression aligns precisely
with the pattern of P2rx3 mRNA reported previously (Lu et
al., 2011; Li et al., 2020). P2rx3 / tissue showed no
P2rx3 immunostaining in SGNs and very faint background
staining in hair cells, indicating the antibody is specific
(Fig. 2J). During the course of these studies, we co-labeled fixed cochleae with anti-P2rx3 antibodies and various neuronal markers to determine whether P2rx3 is
July/August 2020, 7(4) ENEURO.0179-20.2020

expressed in olivocochlear efferent neurons (Maison et
al., 2016) in addition to SGNs. Overall, P2rx3 does not appear to be expressed by efferents. As shown in Figure
2K–M, P2rx3 signal is absent from fibers within the intraganglionic spiral bundle (IGSB), which is mostly comprised of the efferent tracks of axons from both medial
olivocochlear (MOC) and lateral olivocochlear (LOC) neurons (Frank and Goodrich, 2018).
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Table 1: Detailed comparisons of SGN branch numbers at different stages
Branch number
Mean 6 SEM
E15
11.8 6 0.9
E16
9.2 6 1.0
P4
9.8 6 0.6
P8
3.6 6 0.4
P11
3.6 60.5
P21
1.3 6 0.2

E15
11.8 6 0.9
-

E16
9.2 6 1.0
-

P4
9.8 6 0.6
-

P8
3.6 6 0.4
-

P11
3.6 6 0.5
-

P21
1.3 6 0.2
-

0.0845
n.s.
[ 0.19, 5.25]
0.3011
n.s.
[ 0.73, 4.57]
,0.0001
pppp
[5.58, 10.79]
,0.0001
pppp
[5.64, 10.7]
,0.0001
pppp
[7.62, 13.29]

-

-

-

-

-

0.9827
n.s.
[ 3.17, 1.94]
,0.0001
pppp
[3.15, 8.16]
,0.0001
pppp
[3.21, 8.07]
,0.0001
pppp
[5.18, 10.67]

-

-

-

-

,0.0001
pppp
[3.84, 8.7]
,0.0001
pppp
[3.9, 8.61]
,0.0001
pppp
[5.86, 11.21]

-

-

-

.0.9999
n.s.
[ 2.31, 2.29]
0.1353
n.s.
[ 0.36, 4.9]

-

-

0.1109
n.s.
[ 0.28, 4.84]

-

In the conjunction cell where different stages in the column and the row meet, the first row indicates p values, the second row indicates the designation of statistical significance, the third row indicates 95% confidence intervals. These data show that branch numbers of developing SGNs decrease over time. n.s., not significant. ppppp , 0.0001.

differences were measured between the two genotypes
at either apex or base in terms of peripheral axon length
(Fig. 3A–C). Similarly, at E17.5 and P0, no differences
were measurable (Fig. 3D–I), suggesting that P2rx3 loss
does not impair SGN peripheral axon growth. In addition,
we found that treating cultured embryonic SGNs with a,
b , meATP, a known P2rx3 agonist (North, 2002), led to
no changes in neurite length (data not shown). These
data do not support a hypothesis whereby P2rx3 affects
SGN extension. The P2rx3 / cochleae also lacked
other general developmental defects: at all stages, cochlear length was comparable between P2rx3 / cochleae and controls (data not shown). We also found that the
distribution of fibers positive for GAP-43, an efferent

P2rx3 does not mediate SGN peripheral axon
outgrowth or hair cell formation
Based on the expression of P2rx3 on SGNs and hair
cells during embryonic development, we hypothesized a
potential role in promoting early aspects of cochlear afferent innervation, like SGN outgrowth or refinement.
Results from previous studies using cultured SGNs
(Greenwood et al., 2007) and neural tube explants
(Cheung et al., 2005) suggested P2rx3 may regulate
axon extension. To examine this, we performed NFH immunostaining on P2rx3 / cochleae and WT littermate
controls at multiple embryonic stages, then measured
the lengths of radial bundles, which are fasciculated
SGN peripheral axons (Fig. 3). At E15.5, no significant

Table 2: Detailed comparisons of SGN branch depth at different stages
Average branch depth
Mean 6 SEM
E15
2.4 6 0.1
E16
1.9 6 0.1
P4
2.1 6 0.1
P8
0.8 6 0.1
P11
0.7 6 0.1
P21
0.09 6 0.06

E15
2.4 6 0.1
-

E16
1.9 6 0.1
-

P4
2.1 6 0.1
-

P8
0.8 6 0.1
-

P11
0.7 6 0.1
-

P21
0.09 6 0.06
-

0.02
p
[0.057, 1.1]
0.4518
n.s.
[ 0.19, 0.83]
,0.0001
pppp
[1.16, 2.15]
,0.0001
pppp
[1.22, 2.19]
,0.0001
pppp
[1.8, 2.88]

-

-

-

-

-

0.659
n.s.
[ 0.74, 0.23]
,0.0001
pppp
[0.6, 1.56]
,0.0001
pppp
[0.66, 1.59]
,0.0001
pppp
[1.24, 2.29]

-

-

-

-

,0.0001
pppp
[0.87, 1.8]
,0.0001
pppp
[0.93, 1.83]
,0.0001
pppp
[1.51, 2.53]

-

-

-

0.9996
n.s.
[ 0.39, 0.49]
0.0017
pp
[0.18, 1.19]

-

-

0.0032
pp
[0.15, 1.13]

-

In the conjunction cell where different stages in the column and the row meet, the first row indicates p values, the second row indicates the designation of statistical significance, the third row indicates 95% confidence intervals. These data showed that branch depth of developing SGNs decreases over time. n.s., not significant. pp , 0.05; ppp , 0.01; ppppp , 0.0001
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Figure 2. Expression of P2rx3 in SGNs and hair cells coincides with SGN branch refinement. A, Cartoon schematic showing the developing mouse cochlea extending and coiling from E12.5 to P6. Green indicates SGNs and blue indicates cochlear epithelium. B,
C, Cross-section view of E12.5–E14.5, SGNs (white arrows) are closely attached to the epithelium (white arrowhead) as they delaminate. P2rx3 immunostaining (green) is shown in SGNs; Sox2 (blue) shows the cochlear sensory domain and NFH (red) shows the
SGN peripheral axons. D, At E15.5, as SGNs extend peripheral axons to the organ of Corti (oC), P2rx3 is present on SGN cell
bodies, peripheral axons, and newly differentiated inner hair cells. E, F, At E16.5 and E17.5, SGNs continue to express P2rx3, and
as outer hair cells are differentiated, P2rx3 signals appear in outer hair cells (white arrow in F) in addition to the inner hair cells. G, H,
At E18.5 and P0, P2rx3 begins to disappear from the inner hair cells (yellow arrowhead in G) while being maintained in all SGNs.
The white arrowheads in G–I point to outer hair cells. I, P2rx3 immunostaining is mostly absent at P6 in SGNs and HCs. J, A crosssection from a P0 P2rx3 / cochlea demonstrates complete absence of P2rx3 immunostaining. K–M, A whole-mount view of an
E16.5 cochlea showing P2rx3 present on SGN cell bodies, radial bundles, and axonal terminals; note that P2rx3 antibodies do not
overlap with the Tuj1 staining (magenta) of the olivocochlear efferent fibers, which are prominent in the IGSB (white arrowheads).
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Figure 3. P2rx3 is not required for SGN axonal outgrowth. A, B, WT and P2rx3 / cochleae at E15.5 were labeled with NFH (gray)
to reveal SGN peripheral axon radial bundles (rb). C, Quantification of normalized radial bundle length at E15.5. Each datapoint represents one cochlea. P2rx3 / cochleae show normal axonal outgrowth (in mm, WT apex: 30.7 6 3.6, N = 6; KO apex: 30.8 6 1.4,
N = 7; WT base: 63.5 6 2.9, N = 6; KO base: 63.1 6 4.8, N = 8; four WT animals from two litters and four KO animals from two litters;
comparison between WT and KO apex, t(7) = 0.022, p = 0.983; comparison between WT and KO base: t(11) = 0.071, p = 0.9444). D, E,
Littermate control and P2rx3 / cochleae at E17.5 were labeled with NFH (gray) to show SGN radial bundles. Yellow lines indicate
radial bundle length. F, Quantification of normalized radial bundle length at E17.5 and P2rx3 / is comparable to WT littermates (in
mm, WT apex: 114.9 6 4.1, N = 8; KO apex: 124.7 6 4.6, N = 8; WT base: 154.8 6 3.5, N = 8; KO base: 153.6 6 3.1, N = 7; four WT animals from four litters and four KO animals from four litters; comparison between WT and KO apex, t(14) = 1.59, p = 0.1337; comparison
between WT and KO base: t(13) = 0.26, p = 0.7955). G, H, Littermate control and P2rx3 / cochleae at P0 were labeled with NFH
(green) to show SGN radial bundles and with Myo6 (magenta) to show HCs. I, Quantification of normalized radial bundle length at P0.
No axonal elongation defect was detected (in mm, WT apex: 154.6 6 2.6, N = 6, KO apex: 154.4 6 1.9, N = 6; WT base: 170.2 6 2.6,
N = 6; KO base: 171 6 1.4, N = 6; three WT animals from three litters and three KO animals from three litters; comparison between WT
and KO apex, t(9) = 0.058, p = 0.9548; comparison between WT and KO base: t(8) = 0.29, p = 0.7779). n.s., not significant.

marker (Simmons et al., 1996), was unchanged (Fig. 4A–
H). The distribution of Sox10-positive Schwann and supporting cells also did not appear to be affected by P2rx3
loss (Fig. 4I,J). The lack of phenotype in efferents or
Schwann cells was expected given that neither of these
July/August 2020, 7(4) ENEURO.0179-20.2020

cell types express P2rx3. Given that P2rx3 is expressed
by hair cells during development, we asked whether
P2rx3 / cochleae showed changes in hair cell differentiation and/or patterning. As shown in Figure 4K,L,
P2rx3 / cochleae at E16.5 show a normal distribution
eNeuro.org
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Figure 4. P2rx3 / cochleae develop normal gross morphology. A–H, WT and P2rx3 / littermate cochleae at E16.5 were labeled
with GAP-43 (green) to show efferent fibers, and NFH (red), and Tuj1 (blue) to show all neuronal processes. No obvious gross innervation defects were observed. I, J, Schwann cells labeled with Sox10 (gray) show normal distribution patterns between WT and
P2rx3 / cochleae at E17.5. K, L, Myo6 immunostaining (gray) shows no morphologic defects between littermate control and
P2rx3 / hair cells at E16.5. M, N, Stereocilia bundles labeled with Phalloidin (green) and HCs labeled with Myo6 (magenta) show
no morphologic defects between WT and P2rx3 / cochleae at P0.

of Myo6-positive hair cells. P2rx3 / cochleae also
show normal hair cell stereocilia bundles at P0 indicated
by Phalloidin staining (Fig. 4M,N, stereocilia are noted
with white arrowheads). Patterns of stereocilia were also
unchanged in P2rx3 /
cochleae at P6 (data not
shown). Overall, the loss of P2rx3 did not alter the gross
morphology of either SGNs or hair cells during the developmental period when P2rx3 is highly expressed.
P2rx3 is necessary for normal SGNs branching
patterns
Given how P2rx3 expression by SGNs during development coincides with their phase of branch refinement, we
next asked whether SGNs from P2rx3 / cochleae show
changes in branch morphology. To do this, we bred the
P2rx3 /
line with mice carrying Sox2CreERT2 and
tdTomato
and analyzed hundreds of individually-laR26R
beled SGNs. Among the tdTomato-labeled SGNs from
both P2rx3 / and littermate control mice, 9–10% were
clearly Type II SGNs and 90–91% were clearly Type I
July/August 2020, 7(4) ENEURO.0179-20.2020

SGNs (Fig. 5A,B). Since this is the expected distribution
(Spoendlin, 1969), we believe the labeling to be stochastic.
We also note that, among the labeled SGNs, a small proportion failed to extend to the sensory epithelium at P0.
Since we were unable to identify these SGNs as Type I or
Type II (Fig. 5A,B, “ambiguous”), they were excluded from
this analysis. After reconstructing and analyzing hundreds
of labeled fibers in both genotypes, we found that loss of
P2rx3 renders Type I SGNs with more complex branching
patterns at P0 (Fig. 5C,D). Figure 5C’,D’ shows examples
of labeled SGNs with volumetric reconstructions; magenta labels indicate branch volumes; green spheres indicate branch tips. Compared with controls, SGNs from
P2rx3 / mice showed increased branch numbers at
both the cochlear apex and base (Fig. 5E), suggesting
P2rx3 normally controls the arborization patterns of the
SGN peripheral endings. P2rx3 / SGNs showed decreased average branch length values (Fig. 5F), which led
us to plot branch number against average branch length
for each SGN analyzed. After doing this, we found that
eNeuro.org
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Figure 5. P2rx3 / cochleae at P0 show more complex branching patterns at axonal terminals. A, B, Pie charts illustrating the
composition of Type I and Type II SGNs among all sparsely labeled SGN from WT and P2rx3 / cochleae at P0. C, C’,
Representative image of Type I SGN terminal arborization from a WT cochlea at P0. Note there are two axonal terminals shown (yellow arrows). D, D’, Representative image of Type I SGN terminal arborization from a P2rx3 / cochlea at P0. Note there are two
axonal terminals shown (red arrows). E, Quantification of branch number at P0. All of the following quantifications are at P0. Each
datapoint represents one SGN peripheral axon (WT apex, n = 98, KO apex, n = 107, WT base, n = 105, KO base, n = 50; N = 8 from
four WT animals, three litters and N = 6 from three KO animals, two litters. WT apex: 18.4 6 0.7, KO apex: 34.5 6 1.6, WT base:
15.8 6 0.8, KO base: 23.4 6 1.2; comparisons between WT and KO apex, t(144) = 8.97, p , 0.0001; between WT and KO base:
t(90) = 5.37, p , 0.0001). F, Quantification of average branch length (in mm, WT apex: 3.5 6 0.1, KO apex: 2.8 6 0.07, WT
base: 3.7 6 0.1, KO base: 3.0 6 0.1; comparisons between WT and KO apex, t(168) = 6.12, p , 0.0001; between WT and KO base:
t(135) = 3.70, p = 0.0003). G, Regression plot between average branch length and branch number (WT: Y = 0.08pX 1 4.9, KO: Y =
0.02pY 1 3.5). H, Quantification of total branch length (in mm, WT apex: 61.7 6 2.3, KO apex: 90.3 6 3.8, WT base: 52.4 6 2.0, KO
base: 67.2 6 2.8; comparisons between WT and KO apex, t(172) = 6.39, p , 0.0001, between WT and KO base, t(101) = 4.29,
July/August 2020, 7(4) ENEURO.0179-20.2020
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p , 0.0001). I, Quantification of average branch depth (WT apex: 3.1 6 0.1, KO apex: 4.7 6 0.1, WT base: 2.8 6 0.1, KO base:
3.9 6 0.2; comparisons between WT and KO apex, t(188) = 9.17, p , 0.0001, between WT and KO base, t(90) = 5.61, p , 0.0001). J,
Quantification of total branch volume (in mm3, WT apex: 55.1 6 1.8, KO apex: 77.4 6 2.8, WT base: 51.9 6 1.9, KO base: 62.7 6 2.3;
comparisons between WT and KO apex, t(181) = 6.75, p , 0.0001, between WT and KO base, t(112) = 3.63, p = 0.0004). K,
Quantification of average branch diameter (in mm, WT apex: 1.1 6 0.01, KO apex: 1.1 6 0.01, WT base: 1.1 6 0.01, KO base:
1.1 6 0.01; comparisons between WT and KO apex, t(203) = 1.33, p = 0.1837, between WT and KO base, t(129) = 1.47, p = 0.1454). n.s.,
not significant. pppp , 0.001; ppppp , 0.0001.

terminals with large branch numbers typically have shorter individual branches, and that P2rx3 loss exaggerates
this effect (control slope = 0.08; P2rx3 / slope =
0.02; Fig. 5G). These data suggest there is likely a redistribution of cytoskeletal structures in P2rx3 / SGNs.
P2rx3 / SGNs also showed an increase in values for
total branch length (the sum of all branch lengths; Fig.
5H), average branch depth (a measurement of branch
complexity; Fig. 5I), and total branch volume (the sum of
all branch volumes; Fig. 5J). Curiously, though, loss of
P2rx3 / did not appear to affect branch diameter (Fig.
5K). Overall, these data suggest P2rx3 normally maintains
the proper size of the SGN terminal arbor at the time
when hair cells become innervated.
Although Type I SGNs are all similar in appearance,
they are quite heterogeneous in terms of their firing characteristics and synaptic positions on inner hair cells
(Liberman, 1978, 1982; Frank et al., 2009; Meyer et al.,
2009; Wu et al., 2016). In particular, Type I SGNs with
high rates of spontaneous discharge tend to contact the
side of the inner hair cell nearest the pillar cell, whereas
those with low rates of discharge tend to contact the side
of the inner hair cell closest to the modiolus. Despite their
elaborate branching patterns, we were easily able to distinguish whether individually-labeled Type I SGNs at P0
were positioned on either the modiolar side (Fig. 6A,B,
yellow arrowheads) or pillar cell side of the inner hair cells
(Fig. 6A,B, red arrowheads). This analysis was assisted by
the use of Atoh1nGFP (Lumpkin et al., 2003), which allowed
us to distinguish different sides of the inner hair cell.
Interestingly, the majority of SGN peripheral axons and
their small branches appeared to be restricted to either
the modiolar or the pillar side (and not somewhere in between) by P0. This implies that early guidance events may
control the innervation location of subgroups of SGN peripheral axons as a prelude to their final differentiation.
This allowed us to ask whether the loss of P2rx3 had a
more significant impact on either one of these populations. Figure 6A’,B’ shows views from Figure 6A,B rotated
180° along their vertical axes. In this view, the modiolar
and pillar terminations are more easily visualized. Overall,
the loss of P2rx3 did not change the proportion of Type I
SGNs that contacted either side of the inner hair cell at P0
(Fig. 6C). Type I SGNs that terminated on the modiolar
and pillar cell sides of the inner hair cell appeared to all be
equally affected by the loss of P2rx3: both populations in
P2rx3 / cochleae showed increased branch numbers,
decreased average length, and increased total branch
length (Fig. 6D–F). So, at P0, while P2rx3 does not appear
to control Type I SGN synaptic position, it appears to
July/August 2020, 7(4) ENEURO.0179-20.2020

regulate branching in a way that is not specific to Type I
SGNs that terminate on either side of the inner hair cell.
During our analysis of the branch refinement defects at
the SGN terminals in P2rx3 / cochleae, we noticed that
the axonal segments proximal to their cell bodies showed
many small protrusions at P0 and that these protrusions
(which we term “collateral branches”) seemed more numerous than what is normally seen in controls (Fig. 7). In
controls, some collateral branches are localized in the
main shaft of both peripheral axons and central axons
while others originate from the cell bodies (Fig. 7A,A’).
P2rx3 / SGNs clearly showed more collateral branches,
akin to the increased branch numbers seen at their peripheral terminals (Fig. 7B,B’). When we analyzed these
samples, we defined the segment of the SGN axons adjacent to the SGN cell bodies, but oriented toward the hair
cells as the “peripheral” segment (Fig. 7A,B, yellow arrowheads), and the segment of SGN axons adjacent to the
cell bodies, but oriented toward the brainstem as the
“central” segment (Fig. 7A,B, red arrowhead). Compared
with controls, P2rx3 / SGNs showed a significant increase of total branch length and branch number for peripheral and central segments adjacent to the cell bodies
(Fig. 7C,D). To determine whether the excessive collateral
branches adjacent to the cell bodies of the P2rx3 /
SGNs persist into later stages, we collected similar samples at P6, when P2rx3 is no longer expressed; 333
P2rx3 / SGNs from seven cochleae were scored, and
only 11 SGNs exhibited a few small excess collateral
branches (Fig. 7E,F). Overall, the loss of P2rx3 / leads
to excessive collateral branches on the axonal segments
around the cell bodies at P0, but these effects do not appear to be permanent.
P2rx3 mutants do not show persistent SGN branching
defects or altered ribbon synapse distribution
To ask whether the SGN terminal branching defects in
the P2rx3 / SGNs (observed at P0) persisted through
the normal phase of branching refinement (starting after
P4; Fig. 1), we examined individually-labeled Type I SGNs
from P2rx3 / SGNs and controls from mice at P6. Like
WT SGNs, P2rx3 / SGNs at P6 showed very little
branching and had a smooth, unramified appearance (Fig.
8A,B). After we measured their morphologic attributes (as
in Fig. 5), we found that the P2rx3 / SGNs showed no
differences in average branch number, average branch
length, and average branch depth (Fig. 8C–E). These data
suggest that the branching phenotype in the P2rx3 /
SGNs largely recovers after the first postnatal week.
Moreover, after plotting average branch length against
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Figure 6. All P2rx3 / SGNs show branching phenotype. A, A’, B, B’, Representative images of WT and P2rx3 / Type I SGN terminals innervating the modiolar side of the inner hair cells (away from outer hair cells, yellow arrowhead) and pillar cell side of the
inner hair cells (close to outer hair cells, red arrowhead) at P0, respectively. The hair cells (and some supporting cells) shown in blue
are a result of Atoh1nGFP, which was carried on this line. C, Pie charts illustrating the compositions of Type I SGNs among all
sparsely labeled neurons from WT and P2rx3 / cochleae at P0. D, Quantification of branch number at P0 and all the following
quantifications are at P0. Each datapoint represents one SGN terminal arborization (WT modiolar: n = 90, KO modiolar: n = 65, WT
pillar: n = 103, KO pillar: n = 81; N = 8 from four WT animals, three litters and N = 6 from three KO animals, two litters. WT modiolar:
14.6 6 0.7, KO modiolar: 33.9 6 2.0, WT pillar: 19.2 6 0.7, KO pillar: 29.1 6 1.8; comparisons between WT and KO modiolar,
t(82) = 9.25, p , 0.0001, between WT and KO pillar, t(107) = 5.18, p , 0.0001). E, Quantification of average branch length (in mm, WT
modiolar: 4.0 6 0.1, KO modiolar: 2.9 6 0.1, WT pillar: 3.3 6 0.08, KO pillar: 2.9 6 0.07; comparisons between WT and KO modiolar,
t(150) = 6.00, p , 0.0001, between WT and KO pillar, t(182) = 3.99, p , 0.0001). F, Quantification of total branch length (in mm, WT modiolar: 53.3 6 2.4, KO modiolar: 93.8 6 5.1, WT pillar: 60.2 6 2.0, KO pillar: 77.3 6 3.5; comparisons between WT and KO modiolar,
t(93) = 7.21, p , 0.0001, between WT and KO pillar, t(130) = 4.28, p , 0.0001). ppppp , 0.0001.
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Figure 7. P2rx3 / cochleae have more collateral branches near SGN cell bodies at P0 but not at P6. A, A’, B, B’, Representative
images of P2rx31/1 and P2rx3 / SGN cell body regions showing collateral branches on the peripheral axons (yellow arrowheads)
and central axons (red arrowheads) at P0, respectively. The fluorescence signal on the cell bodies was saturated to visualize the collaterals. C, Quantification of total branch length at P0 (in mm, WT peripheral, n = 190, KO peripheral, n = 148, WT central, n = 192, KO
central, n = 147; N = 8 from four WT animals, three litters and N = 6 from three KO animals, two litters. WT peripheral: 7.5 6 0.5, KO
peripheral: 11.3 6 0.9, WT central: 16.7 6 0.7, KO central: 20.7 6 1.2; comparisons between WT and KO peripheral, t(233) = 3.81,
p = 0.0002, between WT and KO central, t(238) = 2.89, p = 0.0042). D, Quantification of branch number at P0 (WT peripheral:
2.8 6 0.1, KO peripheral: 3.8 6 0.3, WT central: 6.0 6 0.2, KO central: 6.6 6 0.3; comparisons between WT and KO peripheral,
t(239) = 3.47, p = 0.0006, between WT and KO central, t(303) = 1.99, p = 0.0473). E, F, Representative images of P2rx31/1 and P2rx3 /
SGN cell body regions showing smooth peripheral axons and central axons, respectively, at P6. pp , 0.05; ppp , 0.01; pppp , 0.001.
July/August 2020, 7(4) ENEURO.0179-20.2020

eNeuro.org

Research Article: New Research

14 of 21

Figure 8. P2rx3 / SGN axonal terminal branching phenotype is largely normal at P6, and P2rx3 / cochleae show normal presynaptic Ribeye and postsynaptic Shank1a structures. A, B, Representative images of WT and P2rx3 / Type I SGN terminals at
P6. C, Quantification of branch number at P6 and all of the following quantifications are at P6. Each datapoint represents one SGN
terminal arborization (WT apex, n = 176, N = 8, KO apex, n = 99, N = 7, WT base, n = 106, N = 8, KO base, n = 113, N = 7; four WT animals from two litters and four KO animals from three litters; WT apex: 15.0 6 0.5, KO apex: 16.4 6 0.8, WT base: 14 6 0.5, KO base:
13.7 6 0.7; comparisons between WT and KO apex, t(181) = 1.48, p = 0.1408, between WT and KO base, t(206) = 0.39, p = 0.6991,
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between WT apex and base, t(268) = 1.31, p = 0.19, between KO apex and base, t(196) = 2.59, p = 0.0102). D, Quantification of average
branch length (in mm, WT apex: 2.5 6 0.06, KO apex: 2.5 6 0.09, WT base: 2.2 6 0.06, KO base: 2.3 6 0.07; comparisons between
WT and KO apex, t(185) = 0.48, p = 0.6351, between WT and KO base, t(215) = 0.56, p = 0.5756, between WT apex and base,
t(263) = 2.77, p = 0.0059, between KO apex and base, t(188) = 2.1, p = 0.0371). E, Quantification of average branch depth (WT apex:
3.1 6 0.08, KO apex: 3.2 6 0.1, WT base: 3.1 6 0.1, KO base: 2.9 6 0.1; comparisons between WT and KO apex, t(180) = 0.84,
p = 0.4047, between WT and KO base, t(217) = 1.32, p = 0.1899, between WT apex and base, t(225) = 0.07, p = 0.9439, between KO
apex and base, t(202) = 1.99, p = 0.0479). F, Regression plot of average branch length and branch number (WT: Y = 0.03pX 1 2.9,
KO: Y = 0.04pX 1 3.0). G, Quantification of average branch diameter (in mm, WT apex: 1.4 6 0.01, KO apex: 1.4 6 0.02, WT base:
1.4 6 0.02, KO base: 1.5 6 0.02; comparisons between WT and KO apex: t(218) = 1.77, p = 0.0774, between WT and KO base,
t(217) = 3.59, p = 0.0004, between WT apex and base, t(208) = 1.84, p = 0.0674, between KO apex and base, t(210) = 3.99, p , 0.0001).
H, Quantification of total branch volume (in mm3, WT apex: 47.9 6 1.5, KO apex: 54.6 6 2.0, WT base: 42.9 6 1.4, KO base:
48.7 6 1.7; comparisons between WT and KO apex, t(209) = 2.68, p = 0.0079, between WT and KO base, t(209) = 2.64, p = 0.0089, between WT apex and base, t(274) = 2.44, p = 0.0152, between KO apex and base, t(202) = 2.26, p = 0.025). I, J, WT and P2rx3 / cochleae at P6 were stained with Shank1a (green) to show postsynaptic scaffold structures of ribbon synapse. K, L, WT and P2rx3 /
cochleae at P6 were stained with Ribeye (magenta) to show presynaptic ribbon structures. M, Shank1a volume (in mm3, WT apex:
144 6 3.6, N = 8; KO apex: 150.1 6 6.4, N = 8; WT mid: 156 6 3.8, N = 8; KO mid: 164.2 6 7.0, N = 8; WT base: 173.4 6 6.7, N = 7; KO
base: 169 6 8.9, N = 8; comparison in apex: t(11) = 0.83, in mid: t(11) = 1.03, in base: t(13) = 0.40, see p values in the figure; from eight
animals, three litters, in each genotype group). Comparisons between two genotypes at apex, mid, base indicate a normal postsynaptic morphology. N, O, Number of Ribeye puncta per inner hair cell (WT apex: 24.4 6 1.7, N = 8; KO apex: 28.1 6 0.6, N = 8; WT
mid: 23.3 6 1.3, N = 8; KO mid: 25.6 6 1.3, N = 8; WT base: 20.0 6 1.0, N = 8; KO base: 23.1 6 1.0, N = 8; comparison in apex:
t(9) = 2.12, in mid: t(14) = 1.19, in base: t(14) = 2.14, see p values in the figure; from eight animals, three litters, in each genotype group).
Average Ribeye volume (in mm3, WT apex: 0.17 6 0.008, KO apex: 0.19 6 0.017, WT mid: 0.19 6 0.01, KO mid: 0.19 6 0.018, WT
base: 0.21 6 0.01, KO base: 0.21 6 0.015; comparison in apex: t(10) = 1.07, in mid: t(11) = 0.015, in base: t(12) = 0.17). Comparisons between two genotypes at apex, mid, base indicate a normal presynaptic morphology. n.s., not significant. pp , 0.05; ppp , 0.01;
pppp , 0.001; ppppp , 0.0001.

branch number, we also observed no difference regarding
the distribution of the data points in both genotypes (Fig.
8F). However, P2rx3 / SGNs showed a significantly increased average branch diameter in the base and overall
increased total branch volume (Fig. 8G,H), indicating
some persisting effects from the loss of P2rx3 signaling.
We also found some instances where morphologic measurements differed between the apex and the base in
P2rx3 / SGNs, whereas no apex-base differences were
seen within WT SGNs. For example, for branch number
and average branch depth, values in the P2rx3 / SGNs
at the base are consistently reduced compared with the
apex (Fig. 8C,E), whereas for average branch diameter,
P2rx3 / SGNs showed an increase in the base (Fig.
8G); differences like this were not apparent in controls.
So, overall, P2rx3 / SGNs at P6 appear to have recovered from most of the branching defects observed at P0 but
retain some modest defects. Given that P2rx3 expression
stops shortly after birth (Fig. 2), there are likely compensatory mechanisms that occur toward the end of first postnatal
week that also promote SGN branch refinement.
Next, we wanted to investigate whether the branch
pruning defects in P2rx3 / SGNs lead to abnormal ribbon synapse formation. Cochlear ribbon synapses undergo a long and dynamic maturation process starting from
late embryonic stage through P30 (Yu and Goodrich,
2014; Michanski et al., 2019). To do this, we stained P6
cochleae with antibodies that mark the presynaptic factor
Ribeye, and antibodies that mark the postsynaptic factor
Shank1a (Huang et al., 2012). In terms of the postsynaptic
environment, Shank1a positive scaffold structures appear
cup-shaped at the bottom of the inner hair cells at P6 (Fig.
8I,J). Compared with controls, we found no differences in
P2rx3 / cochlea regarding Shank1a volume (Fig. 8M),
surface area and sphericity (data not shown). These data
July/August 2020, 7(4) ENEURO.0179-20.2020

suggest that postsynaptic structures in the P2rx3 /
cochlea at P6 are normal. In terms of the presynaptic environment, numerous ribbon bodies localize to the bottom
of the inner hair cells with a few dispersed throughout the
cytoplasm (Yu et al., 2013). Overall, P2rx3 / cochleae
showed similar Ribeye number and average Ribeye volume compared with WT cochlea (Fig. 8N,O). Therefore,
despite the possibility that excessive branches and terminal endings might cause malformed synaptic connections
between SGN peripheral axons and inner hair cells, we report that P2rx3 / cochleae exhibited a normal distribution of presynaptic and postsynaptic ribbon synapse
structures. This is consistent with the observed recovery
of SGN terminal branches in P2rx3 / cochleae at P6.
P2rx32/2 cochleae show altered proportions of Type
I SGN subtype markers
Recent single-cell RNA sequencing analyses have identified three subpopulations of Type I SGNs (Petitpré et al.,
2018; Shrestha et al., 2018; Sun et al., 2018). The three
populations are distinguishable by various molecular
markers and differentiation is dependent on activity as a
result of input from inner hair cells (Shrestha et al., 2018;
Sun et al., 2018). Considering that ATP signaling is critical
for spontaneous activity in the developing cochlea
(Tritsch et al., 2010; Wang and Bergles, 2015), and that
P2rx3 appeared to control normal patterns of branching
and maturation during development (Figs. 5-7 here), we
predicted that loss of P2rx3 would impair Type I SGN differentiation. To test this, we collected P30 WT and
P2rx3 / cochleae and stained cross-sections simultaneously with antibodies that identify Calbindin (Calb1),
Calretinin (Calb2), and the transcription factor Pou4f1.
These factors were shown previously to delineate the
eNeuro.org
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three subpopulations of Type I SGNs (Petitpré et al.,
2018; Shrestha et al., 2018; Sun et al., 2018), but it was
also clear that some Type I SGNs expressed more than
one of these factors. While the presence of any combination of these factors does not necessarily indicate functional attributes of the SGNs, any changes in their
proportions between groups could indicate altered differentiation. Here, we devised a method of staining and
scoring samples to enable us to account for SGNs positive for one or multiple markers (Fig. 9A–H; see Materials
and Methods; Brooks et al., 2020). This method is illustrated in Figure 9I–L, where colored circles indicate examples of SGNs counted as positive for one or more marker.
The green, salmon, and dark blue circles respectively indicate SGNs positive for Calb1 only, Pou4f1 only, or Calb2
only. The light blue circle highlights an SGN double positive for Calb1 and Calb2; the SGN circled in yellow is double positive for Pou4f1 and Calb1. As shown in Figure 9M,
N, we found that the proportion of SGNs expressing
Calb2 (Calb2 all) was increased in the P2rx3 / cochleae
by 11% in the apex and 9.2% in the base. In the apex of
P2rx3 / cochleae, there was a corresponding decrease
in SGNs positive only for Calb1, and an increase of SGNs
positive for both Calb1 and Calb2 (Fig. 9M,N). The base of
P2rx3 / cochleae showed a different scenario: the increase in the entire population of Calb2 expressing cells
manifested as a result of an increase in cells positive for
Calb2 only. To examine the possibility these differences
might be because of SGN death, we also compared SGN
density between P2rx3 / cochleae and controls and
found no differences (Fig. 9O). Thus, loss of P2rx3 leads
to an increase in the number of Calb2-positive cells.
Previously, it was shown that, when Type I SGNs differentiate, they tend to express just one of these factors
(Petitpré et al., 2018; Shrestha et al., 2018; Sun et al.,
2018). Given this and the increase in numbers of Calb2positive neurons in the P2rx3 / cochleae, these data
support a model whereby P2rx3 may provide a modest
contribution to Type I SGN differentiation.

Discussion
SGNs are the primary afferent neurons that connect the
peripheral and the central auditory systems (Appler and
Goodrich, 2011; Nayagam et al., 2011; Coate and Kelley,
2013). Making precise connections between SGNs and
sensory hair cells depends on numerous events, such as
the correct targeting of axonal terminals to either inner or
outer hair cells (Coate et al., 2015; Druckenbrod and
Goodrich, 2015). One critical aspect of cochlear wiring is
that each SGN peripheral axon must refine its elaborate
terminal arborization to form a one-to-one connection
with a single inner hair cell. Understanding these events in
the auditory system will help elucidate how complex neural circuits in other parts of the nervous system refine their
connectivity patterns (Jan and Jan, 2003). In this report,
we have defined the developmental time course of SGN
peripheral axon branching refinement and found that
P2rx3 is an important player in this process (Fig. 10).
Future studies will determine the extent to which the action of P2rx3 in this process is dependent on ATP, and
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what downstream signaling events in SGNs might be initiated by P2rx3 (Fig. 10). P2rx3 receptors are known to be
expressed in a variety of afferent sensory neurons and
have been shown to play an essential roles in their excitability (Housley et al., 2009). For example, in the urinary
system, P2rx3 was shown to be expressed by pelvic afferent nerves and is necessary for their activity in vitro
(Vlaskovska et al., 2001) and in vivo (Cockayne et al.,
2000). P2rx3 is also expressed by, and necessary for, the
activation of nociceptors (Souslova et al., 2000; Tsuda et al.,
2000), taste afferents (Finger et al., 2005; Vandenbeuch et
al., 2015), gut afferents (Bian et al., 2003), and many others.
As shown here, P2rx3 is expressed by SGNs and hair cells
in the cochlea but is eliminated well before the onset of hearing (Fig. 2). So, it likely does not participate in SGN excitation, which is known to be mediated mainly by AMPA
signaling (Glowatzki and Fuchs, 2002), and the extent to
which P2rx3 contributes to prehearing spontaneous activity
in the cochlea remains to be seen. To our knowledge, a role
in neuron branching refinement, as shown here (Figs. 5, 6),
represents a novel function for P2rx3.
Here, we showed distinct temporal and spatial expression
patterns of P2rx3 receptors in the developing cochlea.
Using anti-P2rx3 antibody staining, we showed that SGNs
express P2rx3 receptors on their cell bodies and neuronal
processes from E12.5 to P6. This period of development
corresponds to when SGNs migrate, form contacts with
inner and outer hair cells, and undergo branching refinement
(Fig. 1). P2rx3 expression by inner and outer hair cells is
considerably more transient: inner hair cells express P2rx3
from E15.5 to E18.5, and outer hair cells express P2rx3 from
E16.5 to P3. Our results align with and extend previous findings of dynamic P2rx3 receptor expression from E18 to P6
in the mouse cochlea (Huang et al., 2006). In terms of when
P2rx3 is turned off, P2rx3 mRNA is mostly undetectable in
SGNs after P6 (Lu et al., 2011; Li et al., 2020), and this corresponds with the elimination of P2rx3 protein expression
(Fig. 2). The reduction of P2rx3 is likely a result of P2rx3 transcriptional downregulation but could also be related to ligand-activated endocytosis from the plasma membrane
(Vacca et al., 2009). The expression of P2rx3 in hair cells appears to follow a similar time course as Atoh1, which is expressed by all hair cells transiently and early in their
development (Driver et al., 2013). Given that no obvious morphologic abnormality was observed from our immunostaining studies of hair cells, it appears that P2rx3 is dispensable
for their morphogenesis. What remains to be determined is
the extent to which the SGN phenotypes we observed in the
P2rx3 / cochleae resulted from a lack of P2rx3 in SGNs,
hair cells, or both. Future investigations of cell type-specific
loss of P2rx3 will shed light on this important issue.
Overall, the data here suggest an inhibitory role for P2rx3 in
maintaining the proper size of the SGN terminal arborization.
Since P2X receptors are known to induce calcium signals
(Khakh and North, 2012), we predict that P2rx3 activation
normally leads to calcium transients that modulate the SGN
cytoskeleton as it matures (Fig. 10). In these studies, the earliest developmental stage of P2rx3 / cochleae we examined using the sparse labeling approach was P0. Whether
P2rx3 / SGNs show excessive branches earlier than P0
eNeuro.org

Research Article: New Research

17 of 21

Figure 9. P2rx3 / cochleae show altered proportions of Type I SGN subtype markers. A–H, Representative images of WT and
P2rx3 / cochlear cross-sections at P30 labeled with Calb1, Pou4f1, and Calb2 to show three Type I SGN subtypes, respectively.
White arrow indicates a Calb1/Calb2-double positive neuron. I–L, Representative images of a P30 cochlear cross-section immunolabeled with Calb1, Pou4f1, Calb2, and DAPI to illustrate quantification of the three Type I SGN subtypes. Circled SGNs are the
same for each image. Circles indicate examples of cells counted as Calb1-positive, Pou4f1-positive, Calb2-positive, Calb1/Calb2double positive, or Pou4f1/Calb1-double positive. Arrowheads indicate stained areas lacking SGNs; cells like these were used to
monitor background fluorescence levels. M, Comparisons of subtype proportion in each group. Each 95% CI indicates the difference in means between WT and P2rx3 / in each group. P2rx31/1 and P2rx3 / cochlear apex (WT Calb2 all: 0.485 6 0.021, KO
Calb2 all: 0.597 6 0.025, t(10) = 3.46, 95% CI [0.03984, 0.1854], p = 0.0063; WT Calb1 all: 0.795 6 0.033, KO Calb1 all: 0.727 6 0.027,
t(10) = 1.6, 95% CI [ 0.1638, 0.02706], p = 0.141; WT Pou4f1 all: 0.163 6 0.027, KO Pou4f1 all: 0.144 6 0.016, t(8) = 0.62, 95% CI
[ 0.09136, 0.05251], p = 0.5512; WT Calb2 only: 0.116 6 0.019, KO Calb2 only: 0.162 6 0.029, t(9) = 1.34, 95% CI [ 0.03249,
0.1255], p = 0.2147; WT Calb1 only: 0.356 6 0.027, KO Calb1 only: 0.261 6 0.02, t(9) = 2.83, 95% CI [ 0.1694, 0.01909],
p = 0.0194; WT Pou4f1 only: 0.086 6 0.015, KO Pou4f1 only: 0.108 6 0.016, t(10) = 1.02, 95% CI [ 0.02699, 0.07275], p = 0.3306; WT
Calb2/Calb1: 0.365 6 0.021, KO Calb2/Calb1: 0.433 6 0.013, t(8) = 2.72, 95% CI [0.01045, 0.1239], p = 0.0257; WT Calb1/Pou4f1:
0.074 6 0.024, KO Calb1/Pou4f1: 0.033 6 0.006, t(6) = 1.64, 95% CI [ 0.1039, 0.02136], p = 0.1559; WT Calb2/Pou4f1:

July/August 2020, 7(4) ENEURO.0179-20.2020

eNeuro.org

Research Article: New Research

18 of 21

continued
0.0036 6 0.0023, KO Calb2/Pou4f1: 0.0026 6 0.0016, t(9) = 0.36, 95% CI [ 0.007409, 0.005352], p = 0.7241;Welch’s t test, N = 6 from
six WT animals, two litters and N = 6 from six KO animals, three litters). N, Comparisons of subtype proportion in each group in WT
and P2rx3 / cochlear base (WT Calb2 all: 0.519 6 0.01, KO Calb2 all: 0.611 6 0.032, t(6) = 2.8, 95% CI [0.01163, 0.1734], p = 0.0312;
WT Calb1 all: 0.777 6 0.024, KO Calb1 all: 0.763 6 0.014, t(8) = 0.51, 95% CI [ 0.07792, 0.04968], p = 0.6243; WT Pou4f1 all:
0.179 6 0.023, KO Pou4f1 all: 0.138 6 0.025, t(10) = 1.21, 95% CI [ 0.118, 0.03495], p = 0.2538; WT Calb2 only: 0.097 6 0.01, KO
Calb2 only: 0.138 6 0.014, t(9) = 2.37, 95% CI [0.001816, 0.08083], p = 0.0422; WT Calb1 only: 0.302 6 0.023, KO Calb1 only:
0.251 6 0.014, t(8) = 1.92, 95% CI [ 0.1121, 0.01011], p = 0.0908; WT Pou4f1 only: 0.127 6 0.018, KO Pou4f1 only: 0.099 6 0.019,
t(10) = 1.04, 95% CI [ 0.08538, 0.03097], p = 0.3219; WT Calb2/Calb1: 0.422 6 0.014, KO Calb2/Calb1: 0.473 6 0.026, t(8) = 1.72, 95%
CI [ 0.01819, 0.1206], p = 0.1261; WT Calb1/Pou4f1: 0.053 6 0.013, KO Calb1/Pou4f1: 0.038 6 0.01, t(10) = 0.88, 95% CI [ 0.05097,
0.02231], p = 0.4023; WT Calb2/Pou4f1: 0, KO Calb2/Pou4f1: 0; Welch’s t test). O, Quantification of SGN density (WT apex,
0.0019 6 0.00016, N = 6; KO apex, 0.0032 6 0.0007, N = 6, t(6) = 1.81, p = 0.1246, 95% CI [ 0.0005, 0.003]; WT base, 0.0026 6 0.0003,
N = 6; KO base, 0.0038 6 0.0007, N = 6, t(7) = 1.56, p = 0.1615, 95% CI [ 0.0006, 0.003]). n.s., not significant. pp , 0.05; ppp , 0.01.

remains to be determined. Since P2rx3 is expressed as early
as E12.5 in SGNs (Fig. 2), it could regulate aspects of branch
formation in addition to refinement. In addition, some cellular
mechanisms of SGN branch refinement remain unclear: does
each small branch retract into the main branch, or does each
small branch fragment and slough off into the extracellular
space? To approach questions like this and gain further insights into how P2rx3 receptors contribute to SGN terminal
morphogenesis, time-lapse imaging studies will need to be
conducted. As shown in Figure 9, we also found that cochleae lacking P2rx3 showed a modest change in how Type I
SGN subtype markers were represented. In particular,
P2rx3 / cochleae at P30 showed increased numbers of
SGNs that were positive for Calb2. Based on previous work
showing that Type I SGN subtypes become distinguishable
by marker expression increasingly over developmental time
(Shrestha et al., 2018; Sun et al., 2018), this phenotype possibly represents reduced Type I SGN differentiation. Extensive
profiling of Type I SGN markers and firing characteristics
would need to be done to determine whether P2rx3 loss
leads to any functional changes. As noted below, it is also
possible that the increased proportion of Calb2-positive cells
in P2rx3 / cochleae could have resulted from altered Ca21
fluctuations.
Previously, P2rx3 was proposed to inhibit SGN axon
outgrowth (Greenwood et al., 2007), but our data here
suggest this is not the case: P2rx3 / cochleae showed
no differences in radial bundle length compared with controls. However, it is possible that redundant mechanisms
might compensate for the loss of P2rx3 in the context of
axon outgrowth. Given the branch morphology phenotype
in P2rx3 / cochleae, it was surprising that SGNs lacking
P2rx3 did not show changes in synaptic structures (Fig.
8). It is possible that our staining methods were not sensitive enough to detect subtle changes in ribbon synapse
compositions or organization in P2rx3 / cochleae, or it
is possible that any defects recovered by P6 along with
the branching defects (Fig. 8).
What are the mechanisms by which P2rx3 controls the
dynamics of SGN branch refinement? One possibility is
that P2rx3 signaling may interact with Sema5B/PlexinA1
downstream signals, which was shown previously to
serve a role in SGN branching refinement (Jung et al.,
2019). Another possibility is that SGN microtubules are
normally destabilized by P2rx3-mediated increases in calcium (Liu and Dwyer, 2014). In this case, loss of P2rx3 signaling might lead to more stabilized, and thus more
July/August 2020, 7(4) ENEURO.0179-20.2020

numerous branches. There are also numerous cytosolic and
adhesion factors that respond to calcium to modulate filopodial dynamics during growth cone guidance (Gomez et
al., 2001; Gomez and Zheng, 2006; Rosenberg and Spitzer,
2011). Since P2rx3 likely regulates calcium entry into the
SGNs, any one of these factors might participate in SGN
branch regulation downstream of P2rx3. In addition, nerve
growth factor (NGF) signaling was shown to regulate P2rx3mediated synaptic activity by decreasing the phosphorylation of threonine residues on P2rx3, which altered its assembly on the membrane (D’Arco et al., 2007). Although NGF
has not been reported in the cochlea, it is possible that it or
other trophic cues might modulate P2rx3 activity. Future
work will need to dissect the molecular mechanisms of how
P2rx3 signaling in SGNs regulates how their branches are
refined during hair cell innervation.
Previously, it was shown that P2rx3 expression is regulated by several mechanisms (Giniatullin et al., 2008). For
example, in trigeminal nociceptive neurons, calcitonin
gene-related peptide (CGRP) upregulated P2rx3 transcription and membrane trafficking via protein kinase A
(PKA; Fabbretti et al., 2006). Another study showed that
brain-derived neurotrophic factor (BDNF), calcium/calmodulin-dependent kinase II (CaMKII), and cAMP-response element-binding protein (CREB) were involved
in P2rx3 transcriptional regulation (Simonetti et al.,
2008). Other P2rx3 regulators could include C-terminal
Src inhibitory kinase (Csk; D’Arco et al., 2009), cyclin-

Figure 10. A model for the role of P2rx3 in SGN branch refinement. Cartoon schematic illustrating a model whereby P2rx3 receptors in SGNs possibly detect extracellular ATP, and possibly
generate calcium signals that regulate SGN branch refinement.
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dependent kinase-5 (Cdk5; Nair et al., 2010), and calcium/calmodulin-dependent serine protein kinase (CASK;
Gnanasekaran et al., 2013). In future studies, it will be important to determine whether similar or different mechanisms
exist in the cochlea.
The data in this report add to an already existing body of
knowledge on purinergic signaling in the developing cochlea.
Like other parts of the nervous system such as retina, spinal
cord, and hippocampus, which display input-independent
spontaneous activity for establishing mature neural circuits
(Blankenship and Feller, 2010), the developing cochlea also
exhibits spontaneous activity before hearing onset (Wang
and Bergles, 2015). Purinergic signaling is known to play an
essential role in this aspect of cochlear development (Tritsch
et al., 2010). Briefly, ATP released from inner supporting cells
activates P2ry1 auto-receptors to release calcium from internal stores, which then opens TMEM16A chloride channels
(Wang et al., 2015; Babola et al., 2020). Subsequent potassium release depolarizes inner hair cells, which then propagates spontaneous activity into the brain by releasing
glutamate onto Type I SGNs (Babola et al., 2018). There is a
large body of evidence that disrupted spontaneous activity
patterns impairs refinement of sensory maps (Kandler et al.,
2009; Kirkby et al., 2013). In the developing auditory brainstem, the loss of efferent cholinergic neurotransmission alters
temporal patterns of spontaneous activity and disrupts topographic refinement of synaptic connections and pruning of
axon terminals (Clause et al., 2014). In future work, we will determine the extent to which Ca21 transients are altered in
P2rx3 / SGNs, which would link P2rx3 and Ca21 to SGN
branch refinement. Additionally, since Calb2 is a Ca21 binding protein (Schwaller, 2009), changes to the rate or spatial
distribution of Ca21 buffering in P2rx3 / SGNs might
underlie the more widespread distribution of Calb2 or somehow change its program of expression.
Recently, outer hair cells were also shown to exhibit
spontaneous calcium transients, which were stimulated
by neighboring Deiters’ cells. Pharmacological blockade
of P2rx3 receptors inhibited the firing dynamics of outer
hair cells, and this altered normal patterns of outer hair
cell ribbon synapse distribution and innervation (Ceriani et
al., 2019). Extracellular ATP is also known to excite Type II
SGNs (Weisz et al., 2009), and recent studies have shown
that purinergic signaling occurs in Type II SGNs in response to hair cell damage (Liu et al., 2015). P2rx3 protein
is expressed by all developing SGNs, and it will be important to determine in future studies if P2rx3 serves a similar
role in the branching behavior of Type II SGNs as it does
in Type Is. The scarcity of singly labeled Type II SGNs in
the Sox2CreERT2; R26RtdTom cochleae prevented us from
comprehensively studying how Type II SGNs were affected by P2rx3 in this study.
Purinergic signaling has been implicated in a neuromodulatory role beyond cochlea in the auditory system.
P2X receptor expressing bushy cells in the cochlear nucleus showed ATP evoked action potentials and calcium
signals. Endogenous extracellular ATP not only facilitates
spontaneous activity, but also sound-evoked activity largely
during developmental stages (Dietz et al., 2012). It seems
that neurotransmission mediated by extracellular purines is
July/August 2020, 7(4) ENEURO.0179-20.2020

19 of 21

a primitive form of neuronal communication in addition to
the dominant glutamatergic transmission. Indeed, ATP
modulation matures in a high-to-low frequency pattern in
the cochlear nucleus, and this is mediated by P2rx2/3 receptors, which decrease in activity following development
(Jovanovic et al., 2017). In this study, we did not examine
the function of P2rx3 in the wiring of the SGN central axons
(which do express P2rx3; Fig. 2) with neurons in the
cochlear nucleus. In future studies, it will be important to determine whether SGN branching and refinement during connectivity in the cochlear nucleus, as in the periphery, is
dependent on P2rx3.
Whether loss of P2rx3 leads to hearing impairment remains an open question. Interestingly, one of the closely related family members of P2rx3, P2rx2, has been implicated
in hearing loss associated with DFNA41 (Yan et al., 2013).
P2rx2 point mutants lacked ATP-evoked inward currents
and ATP-stimulated membrane permeability. Both humans
carrying this mutation and P2rx2 null mice showed progressive high-frequency hearing loss (Yan et al., 2013). In a separate study, P2rx2 null mice failed to develop temporary
threshold shift (TTS) making them more susceptible to permanent hearing loss because of synaptic damage (Housley
et al., 2013). P2rx2 receptors are known to form heteromeric
trimers with P2rx3 (Jiang et al., 2003), but given that P2rx2
does not seem to be expressed in embryonic SGNs or HCs,
it is not likely that functional P2rx2-containing receptors play
a role in early SGN development. Given there is no apparent
alteration in SGN numbers or hair cell synaptic contacts in
mice lacking P2rx3 (Figs. 8, 9), it is doubtful they would
show any measurable auditory brainstem response (ABR)
threshold shift. It is also doubtful that the modest change in
SGN subtype marker distribution (Fig. 9) would lead to any
ABR threshold changes. Nevertheless, it will be important in
future studies to examine whether any of the complex aspects of auditory detection in the ascending auditory system
are dependent on P2rx3.

References
Appler JM, Goodrich LV (2011) Connecting the ear to the brain: molecular mechanisms of auditory circuit assembly. Prog Neurobiol
93:488–508.
Arnold K, Sarkar A, Yram MA, Polo JM, Bronson R, Sengupta S,
Seandel M, Geijsen N, Hochedlinger K (2011) Sox2 1 adult stem
and progenitor cells are important for tissue regeneration and survival of mice. Cell Stem Cell 9:317–329.
Babola TA, Li S, Gribizis A, Lee BJ, Issa JB, Wang HC, Crair MC,
Bergles DE (2018) Homeostatic control of spontaneous activity in
the developing auditory system. Neuron 99:511–524.
Babola TA, Kersbergen CJ, Wang HC, Bergles DE (2020) Purinergic
signaling in cochlear supporting cells reduces hair cell excitability
by increasing the extracellular space. Elife 9:e52160.
Bian X, Ren J, DeVries M, Schnegelsberg B, Cockayne DA, Ford A,
Galligan JJ (2003) Peristalsis is impaired in the small intestine of
mice lacking the P2X 3 subunit. J Physiol 551:309–322.
Blankenship AG, Feller MB (2010) Mechanisms underlying spontaneous patterned activity in developing neural circuits. Nat Rev
Neurosci 11:18–29.
Brooks PM, Rose KP, Macrae ML, Rangoussis KM, Gurjar M,
Hertzano R, Coate TM (2020) Pou3f4-expressing otic mesenchyme cells promote spiral ganglion neuron survival in the postnatal mouse cochlea. J Comp Neurol 528:1967–1919.
eNeuro.org

Research Article: New Research
Bulankina AV, Moser T (2012) Neural circuit development in the
mammalian cochlea. Physiology (Bethesda) 27:100–112.
Burns JC, Kelly MC, Hoa M, Morell RJ, Kelley MW (2015) Single-cell
RNA-Seq resolves cellular complexity in sensory organs from the
neonatal inner ear. Nat Commun 6:8557.
Burnstock G (2006) Historical review: ATP as a neurotransmitter.
Trends Pharmacol Sci 27:166–176.
Burnstock G (2012) Purinergic signalling: its unpopular beginning, its
acceptance and its exciting future. Bioessays 34:218–225.
Cai T, Jen HI, Kang H, Klisch TJ, Zoghbi HY, Groves AK (2015)
Characterization of the transcriptome of nascent hair cells and
identification of direct targets of the Atoh1 transcription factor. J
Neurosci 35:5870–5883.
Ceriani F, Hendry A, Jeng J, Johnson SL, Stephani F, Olt J, Holley
MC, Mammano F, Engel J, Kros CJ, Simmons DD, Marcotti W
(2019) Coordinated calcium signalling in cochlear sensory and
non-sensory cells refines afferent innervation of outer hair cells.
EMBO J 38:e99839.
Cheung KKK, Chan WYY, Burnstock G (2005) Expression of P2X purinoceptors during rat brain development and their inhibitory role
on motor axon outgrowth in neural tube explant cultures.
Neuroscience 133:937–945.
Clause A, Kim G, Sonntag M, Weisz CJC, Vetter DE, Ru† bsamen R,
Kandler K (2014) The precise temporal pattern of prehearing spontaneous activity is necessary for tonotopic map refinement.
Neuron 82:822–835.
Coate TM, Kelley MW (2013) Making connections in the inner ear: recent insights into the development of spiral ganglion neurons and
their connectivity with sensory hair cells. Semin Cell Dev Biol 24:460–
469.
Coate TM, Spita NA, Zhang KD, Isgrig KT, Kelley MW (2015)
Neuropilin-2/semaphorin-3F-mediated repulsion promotes inner
hair cell innervation by spiral ganglion neurons. Elife 4:e07830.
Coate TM, Scott MK, Gurjar MC (2019) Current concepts in cochlear
ribbon synapse formation. Synapse 73:e22087.
Cockayne DA, Hamilton SG, Zhu QM, Dunn PM, Zhong Y,
Novakovic S, Malmberg AB, Cain G, Berson A, Kassotakis L,
Hedley L, Lachnit WG, Burnstock G, McMahon SB, Ford AP (2000)
Urinary bladder hyporeflexia and reduced pain-related behaviour
in P2X3-deficient mice. Nature 407:1011–1015.
D’Arco M, Giniatullin R, Simonetti M, Fabbro A, Nair A, Nistri A,
Fabbretti E (2007) Neutralization of nerve growth factor induces
plasticity of ATP-sensitive P2X3 receptors of nociceptive trigeminal ganglion neurons. J Neurosci 27:8190–8201.
D’Arco M, Giniatullin R, Leone V, Carloni P, Birsa N, Nair A, Nistri A,
Fabbretti E (2009) The C-terminal Src inhibitory kinase (Csk)-mediated tyrosine phosphorylation is a novel molecular mechanism to
limit P2X3 receptor function in mouse sensory neurons. J Biol
Chem 284:21393–21401.
Dietz B, Jovanovic S, Wielsch B, Nerlich J, Rübsamen R, Milenkovic
I (2012) Purinergic modulation of neuronal activity in developing
auditory brainstem. J Neurosci 32:10699–10712.
Driver EC, Sillers L, Coate TM, Rose MF, Kelley MW (2013) The
Atoh1-lineage gives rise to hair cells and supporting cells within
the mammalian cochlea. Dev Biol 376:86–98.
Druckenbrod NR, Goodrich LV (2015) Sequential retraction segregates SGN processes during target selection in the cochlea. J
Neurosci 35:16221–16235.
Elkon R, Milon B, Morrison L, Shah M, Vijayakumar S, Racherla M,
Leitch CC, Silipino L, Hadi S, Weiss-Gayet M, Barras E, Schmid
CD, Ait-Lounis A, Barnes A, Song Y, Eisenman DJ, Eliyahu E,
Frolenkov GI, Strome SE, Durand B, et al. (2015) RFX transcription
factors are essential for hearing in mice. Nat Commun 6:8549.
Fabbretti E, D’Arco M, Fabbro A, Simonetti M, Nistri A, Giniatullin R
(2006) Delayed upregulation of ATP P2X 3 receptors of trigeminal
sensory neurons by calcitonin gene-related peptide. J Neurosci
26:6163–6171.
Finger TE, Danilova V, Barrows J, Bartel DL, Vigers AJ, Stone L,
Hellekant G, Kinnamon SC (2005) ATP signaling is crucial for
July/August 2020, 7(4) ENEURO.0179-20.2020

20 of 21

communication from taste buds to gustatory nerves. Science
310:1495–1499.
Frank MM, Goodrich LV (2018) Talking back: development of the olivocochlear efferent system. Wiley Interdiscip Rev Dev Biol 7:e324.
Frank T, Khimich D, Neef A, Moser T (2009) Mechanisms contributing
to synaptic Ca21 signals and their heterogeneity in hair cells. Proc
Natl Acad Sci USA 106:4483–4488.
Gibson DA, Ma L (2011) Developmental regulation of axon branching
in the vertebrate nervous system. Development 138:183–195.
Giniatullin R, Nistri A, Fabbretti E (2008) Molecular mechanisms of
sensitization of pain-transducing P2X3 receptors by the migraine
mediators CGRP and NGF. Mol Neurobiol 37:83–90.
Glowatzki E, Fuchs PA (2002) Transmitter release at the hair cell ribbon synapse. Nat Neurosci 5:147–154.
Gnanasekaran A, Sundukova M, Hullugundi S, Birsa N, Bianchini G,
Hsueh YP, Nistri A, Fabbretti E (2013) Calcium/calmodulin-dependent serine protein kinase (CASK) is a new intracellular modulator of P2X3 receptors. J Neurochem 126:102–112.
Gomez TM, Zheng JQ (2006) The molecular basis for calcium-dependent axon pathfinding. Nat Rev Neurosci 7:115–125.
Gomez TM, Robles E, Poo MM, Spitzer NC (2001) Filopodial calcium
transients promote substrate-dependent growth cone turning.
Science 291:1983–1987.
Greenwood D, Jagger DJ, Huang L-C, Hoya N, Thorne PR, Wildman
SS, King BF, Pak K, Ryan AF, Housley GD (2007) P2X receptor signaling inhibits BDNF-mediated spiral ganglion neuron development in the neonatal rat cochlea. Development 134:1407–1417.
Homma K, Niino Y, Hotta K, Oka K (2008) Ca(21) influx through P2X
receptors induces actin cytoskeleton reorganization by the formation of cofilin rods in neurites. Mol Cell Neurosci 37:261–270.
Housley GD, Bringmann A, Reichenbach A (2009) Purinergic signaling in special senses. Trends Neurosci 32:128–141.
Housley GD, Morton-Jones R, Vlajkovic SM, Telang RS,
Paramananthasivam V, Tadros SF, Wong ACY, Froud KE,
Cederholm JME, Sivakumaran Y, Snguanwongchai P, Khakh BS,
Cockayne DA, Thorne PR, Ryan AF (2013) ATP-gated ion channels
mediate adaptation to elevated sound levels. Proc Natl Acad Sci
USA 110:7494–7499.
Huang LC, Ryan AF, Cockayne DA, Housley GD (2006)
Developmentally regulated expression of the P2X3 receptor in the
mouse cochlea. Histochem Cell Biol 125:681–692.
Huang LC, Barclay M, Lee K, Peter S, Housley GD, Thorne PR,
Montgomery JM (2012) Synaptic profiles during neurite extension, refinement and retraction in the developing cochlea. Neural Dev 7:38.
Jan YN, Jan LY (2003) The control of dendrite development. Neuron
40:229–242.
Jiang LH, Kim M, Spelta V, Bo X, Surprenant A, North RA (2003)
Subunit arrangement in P2X receptors. J Neurosci 23:8903–8910.
Jovanovic S, Radulovic T, Coddou C, Dietz B, Nerlich J, Stojilkovic
SS, Rübsamen R, Milenkovic I (2017) Tonotopic action potential
tuning of maturing auditory neurons through endogenous ATP. J
Physiol 595:1315–1337.
Jung JS, Zhang KD, Wang Z, McMurray M, Tkaczuk A, Ogawa Y,
Hertzano R, Coate TM (2019) Semaphorin-5B controls spiral ganglion neuron branch refinement during development. J Neurosci
39:113–119.
Kalil K, Dent EW (2014) Branch management: mechanisms of axon
branching in the developing vertebrate CNS. Nat Rev Neurosci
15:7–18.
Kandler K, Clause A, Noh J (2009) Tonotopic reorganization of developing auditory brainstem circuits. Nat Neurosci 12:711–717.
Khakh BS, North RA (2006) P2X receptors as cell-surface ATP sensors in health and disease. Nature 442:527–532.
Khakh BS, North RA (2012) Neuromodulation by extracellular ATP
and P2X receptors in the CNS. Neuron 76:51–69.
Kiernan AE, Pelling AL, Leung KKH, Tang ASP, Bell DM, Tease C,
Lovell-Badge R, Steel KP, Cheah KSE (2005) Sox2 is required for
sensory organ development in the mammalian inner ear. Nature
434:1031–1035.
eNeuro.org

Research Article: New Research
Kirkby LA, Sack GS, Firl A, Feller MB (2013) A role for correlated
spontaneous activity in the assembly of neural circuits. Neuron
80:1129–1144.
Koundakjian EJ, Appler JL, Goodrich LV (2007) Auditory neurons
make stereotyped wiring decisions before maturation of their targets. J Neurosci 27:14078–14088.
Li C, Li X, Bi Z, Sugino K, Wang G, Zhu T, Liu Z (2020)
Comprehensive transcriptome analysis of cochlear spiral ganglion
neurons at multiple ages. Elife 9:e50491.
Liberman MC (1978) Auditory-nerve response from cats raised in a
low-noise chamber. J Acoust Soc Am 63:442–455.
Liberman MC (1982) Single-neuron labeling in the cat auditory nerve.
Science 216:1239–1241.
Liu C, Glowatzki E, Fuchs PA (2015) Unmyelinated type II afferent
neurons report cochlear damage. Proc Natl Acad Sci USA
112:14723–14727.
Liu G, Dwyer T (2014) Microtubule dynamics in axon guidance.
Neurosci Bull 30:569–583.
Lu CC, Appler JM, Houseman EA, Goodrich LV (2011)
Developmental profiling of spiral ganglion neurons reveals insights
into auditory circuit assembly. J Neurosci 31:10903–10918.
Lumpkin EA, Collisson T, Parab P, Omer-Abdalla A, Haeberle H,
Chen P, Doetzlhofer A, White P, Groves A, Segil N, Johnson JE
(2003) Math1-driven GFP expression in the developing nervous
system of transgenic mice. Gene Expr Patterns 3:389–395.
Luo L (2002) Actin cytoskeleton regulation in neuronal morphogenesis and structural plasticity. Annu Rev Cell Dev Biol 18:601–635.
Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, Gu H, Ng
LL, Palmiter RD, Hawrylycz MJ, Jones AR, Lein ES, Zeng H (2010) A
robust and high-throughput Cre reporting and characterization system for the whole mouse brain. Nat Neurosci 13:133–140.
Maison S, Liberman LD, Liberman MC (2016) Type II cochlear ganglion neurons do not drive the olivocochlear reflex: re-examination
of the cochlear phenotype in peripherin knock-out mice. eNeuro 3:
ENEURO.0207-16.2016.
Meyer AC, Frank T, Khimich D, Hoch G, Riedel D, Chapochnikov
NM, Yarin YM, Harke B, Hell SW, Egner A, Moser T (2009) Tuning
of synapse number, structure and function in the cochlea. Nat
Neurosci 12:444–453.
Michanski S, Smaluch K, Steyer AM, Chakrabarti R, Setz C,
Oestreicher D, Fischer C, Möbius W, Moser T, Vogl C, Wichmann
C (2019) Mapping developmental maturation of inner hair cell ribbon synapses in the apical mouse cochlea. Proc Natl Acad Sci
USA 116:6415–6424.
Nair A, Simonetti M, Fabbretti E, Nistri A (2010) The Cdk5 kinase
downregulates ATP-gated ionotropic P2X3 receptor function via
serine phosphorylation. Cell Mol Neurobiol 30:505–509.
Nayagam BA, Muniak MA, Ryugo DK (2011) The spiral ganglion: connecting the peripheral and central auditory systems. Hear Res
278:2–20.
North RA (2002) Molecular physiology of P2X receptors. Physiol Rev
82:1013–1067.
Petitpré C, Wu H, Sharma A, Tokarska A, Fontanet P, Wang Y,
Helmbacher F, Yackle K, Silberberg G, Hadjab S, Lallemend F
(2018) Neuronal heterogeneity and stereotyped connectivity in the
auditory afferent system. Nat Commun 9:3691.
Riccomagno MM, Kolodkin AL (2015) Sculpting neural circuits by
axon and dendrite pruning. Annu Rev Cell Dev Biol 31:779–805.
Rosenberg SS, Spitzer NC (2011) Calcium signaling in neuronal development. Cold Spring Harb Perspect Biol 3:a004259.
Scheffer DI, Shen J, Corey DP, Chen Z-Y (2015) Gene expression by
mouse inner ear hair cells during development. J Neurosci
35:6366–6380.
Schuldiner O, Yaron A (2015) Mechanisms of developmental neurite
pruning. Cell Mol Life Sci 72:101–119.
Schwaller B (2009) The continuing disappearance of “pure” Ca21
buffers. Cell Mol Life Sci 66:275–300.
Sherrill HE, Jean P, Driver EC, Sanders TR, Fitzgerald TS, Moser T,
Kelley MW (2019) Pou4f1 defines a subgroup of Type I spiral
July/August 2020, 7(4) ENEURO.0179-20.2020

21 of 21

ganglion neurons and is necessary for normal inner hair cell presynaptic Ca 21 signaling. J Neurosci 39:2728–2738.
Shrestha BR, Chia C, Wu L, Kujawa SG, Liberman MC, Goodrich LV
(2018) Sensory neuron diversity in the inner ear is shaped by activity. Cell 174:1229–1246.
Simmons DD, Moulding HD, Zee D (1996) Olivocochlear innervation
of inner and outer hair cells during postnatal maturation: an immunocytochemical study. Brain Res Dev Brain Res 95:213–226.
Simonetti M, Giniatullin R, Fabbretti E (2008) Mechanisms mediating
the enhanced gene transcription of P2X3 receptor by calcitonin
gene-related peptide in trigeminal sensory neurons. J Biol Chem
283:18742–18752.
Souslova V, Cesare P, Ding Y, Akopian AN, Stanfa L, Suzuki R,
Carpenter K, Dickenson A, Boyce S, Hill R, Nebenuis-Oosthuizen
D, Smith AJ, Kidd EJ, Wood JN (2000) Warm-coding deficits and
aberrant inflammatory pain in mice lacking P2X3 receptors. Nature
407:1015–1017.
Spoendlin H (1969) Innervation patterns in the organ of corti of the
cat. Acta Otolaryngol 67:239–254.
Sun S, Babola T, Pregernig G, So K, Nguyen M, Su M, Palermo A,
Bergles DE, Burns JC, Müller U (2018) Hair cell mechanotransduction
regulates spontaneous activity and spiral ganglion subtype specification in the auditory system. Cell 174:1247–1263.
Tritsch NX, Zhang Y-X, Ellis-Davies G, Bergles DE (2010) ATP-induced morphological changes in supporting cells of the developing cochlea. Purinergic Signal 6:155–166.
Tsuda M, Koizumi S, Kita a, Shigemoto Y, Ueno S, Inoue K (2000)
Mechanical allodynia caused by intraplantar injection of P2X receptor agonist in rats: involvement of heteromeric P2X2/3 receptor
signaling in capsaicin-insensitive primary afferent neurons. J
Neurosci 20:RC90.
Vacca F, Giustizieri M, Ciotti MT, Mercuri NB, Volonté C (2009) Rapid
constitutive and ligand-activated endocytic trafficking of P2X3 receptor. J Neurochem 109:1031–1041.
Vandenbeuch A, Larson ED, Anderson CB, Smith SA, Ford AP,
Finger TE, Kinnamon SC (2015) Postsynaptic P2X3-containing receptors in gustatory nerve fibres mediate responses to all taste
qualities in mice. J Physiol 593:1113–1125.
Visel A, Thaller C, Eichele G (2004) GenePaint.org: an atlas of gene
expression patterns in the mouse embryo. Nucleic Acids Res 32:
D552–D556.
Vlaskovska M, Kasakov L, Rong W, Bodin P, Bardini M, Cockayne
D. a, Ford a. P, Burnstock G (2001) P2X3 knock-out mice reveal a
major sensory role for urothelially released ATP. J Neurosci
21:5670–5677.
Wang HC, Bergles DE (2015) Spontaneous activity in the developing
auditory system. Cell Tissue Res 361:65–75.
Wang HC, Lin CC, Cheung R, Zhang-Hooks Y, Agarwal A, EllisDavies G, Rock J, Bergles DE (2015) Spontaneous activity of cochlear hair cells triggered by fluid secretion mechanism in adjacent
support cells. Cell 163:1348–1359.
Weisz C, Glowatzki E, Fuchs P (2009) The postsynaptic function of
type II cochlear afferents. Nature 461:1126–1129.
Wu JS, Young ED, Glowatzki E (2016) Maturation of spontaneous firing properties after hearing onset in rat auditory nerve fibers: spontaneous rates, refractoriness, and interfiber correlations. J
Neurosci 36:10584–10597.
Yan D, Zhu Y, Walsh T, Xie D, Yuan H, Sirmaci A, Fujikawa T, Wong
ACY, Loh TL, Du L, Grati M, Vlajkovic SM, Blanton S, Ryan AF,
Chen ZY, Thorne PR, Kachar B, Tekin M, Zhao HB, Housley GD, et
al. (2013) Mutation of the ATP-gated P2X(2) receptor leads to progressive hearing loss and increased susceptibility to noise. Proc
Natl Acad Sci USA 110:2228–2233.
Yu WM, Goodrich LV (2014) Morphological and physiological development of auditory synapses. Hear Res 311:3–16.
Yu WM, Appler JM, Kim YH, Nishitani AM, Holt JR, Goodrich LV
(2013) A Gata3-Mafb transcriptional network directs post-synaptic
differentiation in synapses specialized for hearing. Elife 2:e01341.
Zimmermann H (2011) Purinergic signaling in neural development.
Semin Cell Dev Biol 22:194–204.
eNeuro.org

