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ABSTRACT

Hearing depends on a properly formed inner ear to transmit sound information to the brain.
Purinergic signaling has been implicated in the development of the inner ear, especially with
regard to the cochlea. P2rx3 receptors are predominantly expressed in many afferent sensory
neurons and have been shown to play an essential role in afferent signaling transduction.
However, the function of this sensory neuron-specific purinergic receptor in auditory
development remains elusive. During development, primary auditory neurons, also known as
spiral ganglion neurons (SGNs), build connections with sensory hair cells. In the murine cochlea,
P2rx3 is highly expressed in embryonic SGNs, suggesting a role of extracellular ATP in
regulating their development via P2rx3-mediated calcium signaling. By using P2rx3 null mice
combined with powerful techniques including genetic sparse labeling and calcium imaging, I
have discovered that P2rx3 receptors regulate SGN maturation. My doctoral dissertation offers
new insights into the fundamental principles of extracellular ATP-mediated primary afferent
neuron maturation and hearing establishment. This knowledge not only furthers our
understanding of neuronal branch development but also empowers therapeutic endeavors toward
regenerating SGNs.
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CHAPTER 1
Introduction
KEY CONCEPTS
Neuronal morphogenesis:
The mechanisms that control neuronal morphogenesis is a fundamental question in
developmental neurobiology (Luo, 2002). Neurons establish connections with specialized
morphological processes such as axons and dendrites to build synapses (Polleux and Snider,
2010; Shen and Scheiffele, 2010; Lefebvre et al., 2015). During development, axons often travel
long distances with highly dynamic growth cones while dendrites often grow elaborate arbors
locally to receive synaptic inputs (Jan and Jan, 2010; Dent et al., 2011; Kolodkin and TessierLavigne, 2011; Dong et al., 2015). Precise connectivity between neurons underlies proper signal
transduction and serves as the physical foundation for physiology. Thus, it is imperative for the
developing nervous system to employ various strategies to ensure well-established neuronal
morphology and connections. In the work described in this dissertation, I used the peripheral
auditory organ to probe the question.

Inner ear:
The mammalian inner ear is housed inside the hardest bone, the temporal bone, of the animal.
The inner ear is comprised of the vestibular organs and the auditory organs. The vestibular
portion contains two maculae (saccule and utricle) and three ampullae (anterior, posterior, and
lateral cristae) along with three semicircular canals to detect linear/gravitational acceleration and
angular head movements. The auditory portion contains the organ of Corti. The inner ear is
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originally derived from the ectoderm to form the otic placode, which later turns into the otic
vesicle (otocyst). It takes a variety of signaling pathways such as Sonic hedgehog (Shh), Wnts,
retinoic acid (RA), fibroblast growth factor (FGF) and bone morphogenic proteins (BMP) to
pattern the dorsal-ventral axis and anterior-posterior axis of the inner ear during early
development (Groves and Fekete, 2012; Wu and Kelley, 2012; Munnamalai and Fekete, 2020).
With cells proliferating and differentiating to form distinct compartments within the organ,
morphogens such as BMPs, FGFs, Wnts, and Shh form patterning gradients and set the
boundaries, while Notch, along with other signaling pathways and transcriptions factors,
specifies the fates of cells into neurons, sensory cells, and non-sensory cells. (Groves and Fekete,
2012; Wu and Kelley, 2012; Munnamalai and Fekete, 2016).

Cochlear development:
Hearing function depends on the normal development of the cochlea (Basch et al., 2016; Driver
and Kelley, 2020). A number of signaling pathways instruct cochlear development such as
retinoids (Romand, 2003), Notch (Kiernan, 2013), FGF (Wright and Mansour, 2003), Shh
(Riccomagno et al., 2002), BMPs (Ohyama et al., 2010), Wnt (Munnamalai and Fekete, 2013),
Eph/ephrin (Defourny, 2019), planar cell polarity (PCP) (Ezan and Montcouquiol, 2013).
A functional cochlea requires the precise wiring between the spiral ganglion neurons (SGNs) and
the sensory hair cells (HCs) along with indispensable supporting cells (Wan et al., 2013). In the
cochlea, spiral ganglion neurons are bipolar neurons undergoing a dynamic array of
developmental processes to establish their connections with hair cells in the sensory epithelium
including axon outgrowth, axon guidance/targeting, and pruning of branches to reach a mature
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state (Coate and Kelley, 2013). Subsequently, synapses are formed in the early postnatal stages,
spontaneous activity instructs the tonotopic map (Kandler et al., 2009), and hearing begins by
postnatal day 12 (P12; in mouse) (Appler and Goodrich, 2011). The cochlea develops in a baseto-apex gradient: the basal portion of the cochlea is more mature than the apical portion at any
given developmental stage. Many peripheral sensory systems use topographic maps to build their
ascending circuitry. The auditory system is no exception. A stereotyped connectivity pattern
relaying sound information called tonotopy: the base of the cochlea detects high-frequency
sounds, whereas the apex of the cochlea detects low-frequency sounds (Mann and Kelley, 2011).
Biophysical properties such as thickness of the basilar membrane and molecular machinery such
as glutamate receptors and voltage gated calcium channels are also distributed in a base to apex
gradient. The coiled cochlea is thus able to cover the entire spectrum of the detectable frequency
in mammals. In this dissertation, I describe how I uncovered fundamental mechanisms of early
cochlear development by focusing on the function of P2rx3.

Spiral ganglion neurons:
Spiral ganglion neurons are primary auditory neurons localized in the peripheral hearing organ,
the cochlea. They are bipolar or pseudo-unipolar neurons with central processes (“axons”)
extending into the brain via the 8th cranial nerve and peripheral processes (“dendrites”)
innervating mechanosensitive hair cells. There are two types of spiral ganglion neurons: type I
(90%-95%), which innervate inner hair cells, and type II (5%-10%), which innervate outer hair
cells. Recently, it has been shown that type I SGNs, can be classified into three categories: type
Ia, type Ib, and type Ic depending on their molecular composition, electrophysiological
3

properties (inferred), and where they synapse on inner hair cells (inferred). Spiral ganglion
neurons are critical for relaying auditory information from the periphery to the CNS. Notably,
the most common strategies for treating hearing impairment, including hearing aids or cochlear
implants, require healthy and functional spiral ganglion neurons. In the work described in this
dissertation, I concentrated on examining the basic principles of the morphology and
spontaneous activity of SGN development.

SGNs are derived from epithelial cells, which embark on a neuronal fate (prompted by
transcriptional factors Eya1, Six1, Neurog1, NeuroD1) and delaminate from the otocyst from E9
to E12. After most of the SGNs have exited the cell cycle (becoming post mitotic) between
E12.5 and E15.5, while extending along with and migrating away from the cochlear epithelium,
SGNs grow highly branched peripheral axons to explore the sensory epithelium and refine their
terminal arbors before hearing onset to form single bouton endings with hair cells (Gulley and
Reese, 1977; Koundakjian et al., 2007). Numerous axon guidance molecules such as Eph/Ephrin,
Slit/Robo, Semaphorins/plexins/neuropilins likely play instructive or permissive roles in both
type I and II SGN targeting (Coate and Kelley, 2013). Each type I SGN only innervates one
inner hair cell, whereas each inner hair cell makes contacts with 5 to 30 type I SGN terminals.
Furthermore, cellular morphology and compositions at the synapses connecting SGNs and hair
cells form a gradient among three groups (Liberman et al., 2011), and such a stereotypical
gradient is not fully mature until P28 in mouse (Liberman and Liberman, 2016). Each type II
SGN forms en passant synapses with multiple outer hair cells while turning towards the cochlear
base. In support of my thesis, I characterized the form and activity patterns of developing SGNs.
4

Hair cells:
Hair cells in the cochlea are mechanosensitive cells localized in the organ of Corti (Kazmierczak
and Müller, 2012). As their name implies, hair cells grow staircase stereocilia bundles at the
apical surface. Those stereocilia can be deflected, which opens mechano-transduction channels
located at their tip links. Subsequent ion influx depolarizes the hair cells, which converts sound
input from mechanical force into electrical and chemical signals (Gillespie and Müller, 2009).
Impaired hair cell function is one of the leading causes of hearing loss and therefore aiming to
regenerate damaged or lost hair cells is of great importance to meet clinical demands (Müller and
Barr-Gillespie, 2015). In the murine cochlea, there are three rows of outer hair cells, which
primarily act as the cochlear amplifier, and one row of inner hair cells, which primarily relays
sound information to spiral ganglion neurons (Schwander et al., 2010). Both the sensory hair
cells and non-sensory supporting cells are derived from epithelial progenitor cells. Although a
master regulator of hair cells, Atoh1, is both necessary and sufficient for inducing hair cells, it
takes numerous other factors upon transcriptional regulation of Atoh1 to specify hair cell fates
(Kelley, 2006; Groves et al., 2013). For example, Notch signaling pathway regulates the number
of hair cells via lateral inhibition: newly formed hair cells prevent the neighboring cells become
hair cells and thus turn them into supporting cells (Kelley, 2006; Groves et al., 2013). In this
work, I examined the formation of developing hair cells.

Hearing loss:
Hearing is an indispensable aspect of communication for humans. Impaired hearing damages
people’s ability to socialize with others. It can be devastating to the emotional wellbeing of
5

hearing-impaired patients. The resulting mental illnesses, including social isolation and
depression drastically decrease the quality of life. The WHO states that at least 0.3% newborns,
5% of young adults (age below 45) and more than 50% of senior adults (age above 70) are
affected by various forms of haring loss. It is estimated that around 900 million people
worldwide will experience difficulties in hearing by 2050. With the world’s increased aging
population, social economic impacts generated by hearing impairment will likely exacerbate
without effective interventions. Hearing loss caused by various forms of damage to hair cells or
spiral ganglion neurons are collectively referred as “sensorineural hearing loss.” Severe hearing
loss can occur solely as non-syndromic deafness or manifest with other sensory defects as
syndromic deafness (Müller and Barr-Gillespie, 2015). Hearing loss affecting newborn babies is
called congenital hearing loss and they are largely genetically predisposed (Petit et al., 2001);
hearing loss associated with aging is called presbycusis, and often the ability to detect highfrequency sounds is progressively lost (Liberman, 2017). Outside these intrinsic factors such as
genetic mutations and sensorineural degeneration, environmental factors can also cause damage
to hearing such as loud noise, ototoxic drugs, and viruses (O’Sullivan et al., 2017; Kujawa and
Liberman, 2019). Numerous therapeutic strategies have been conceived of such as gene therapy
to correct mutated deafness genes (Ahmed et al., 2017), stem-cell therapies to replace lost hair
cells or spiral ganglion neurons (Fujioka et al., 2015), small molecules such as neurotrophins to
promote regeneration, or drugs targeting cell signaling pathways to manipulate cell fates
(Ramekers et al., 2012). For patients, these endeavors are likely to improve hearing loss,
especially if combined with current interventions like hearing aids or cochlear implants (Géléoc
and Holt, 2014). The fundamental principles I have unraveled as part of this dissertation will
6

provide insights into future therapies to regenerate SGNs by recapitulating the course of the
development.

Purinergic signaling:
The essence of purinergic signaling is that in addition to serving as intracellular energy currency,
ATP can be released into the extracellular matrix and acts as a neurotransmitter to activate
membrane-bound purinergic receptors. Subsequent intracellular calcium elevations mediate
various signaling responses (Khakh and North, 2012). Purinergic signaling has been
demonstrated in the development of frog, chick, and mammalian embryos and has a role in the
development of the cardiovascular system, skeletal muscle, urinary bladder, retina, inner ear, and
lung (Burnstock and Dale, 2015). Particularly, purinergic signaling is involved in all aspects of
neural development including proliferation, migration, maturation, differentiation, and survival
(Zimmermann, 2011). The expression of P2RX3, one of the ionotropic ATP receptors, is
transient during the period when SGNs develop a relatively mature innervation pattern with HCs.
Such specific and correlated expressions of P2RX3 in SGNs and HCs implies a critical role of
P2rx3 in cochlear development, especially during embryonic stages.

Purinergic signaling and glutamate neurotransmission:
ATP can be co-released with other neurotransmitters and extracellular signaling molecules. It has
been shown to modulate synaptic transmissions such as glutamate release and the activation of
glutamatergic receptors. In the cochlea, ribbon synapses between HCs and SGNs are
glutamatergic synaptic connections and the assembly of ribbon synapses commences in early
7

postnatal stages. By P0, immature presynaptic ribbons and postsynaptic GluA2/3 with
postsynaptic densities already appear (Yu and Goodrich, 2014). Additionally, past findings
studying auditory neurons in the brainstem demonstrated that ATP can evoke action potentials
with increased calcium influx specifically in the prehearing cochlea, which facilitates
glutamatergic neurotransmission (Dietz et al., 2012). In the work described in this dissertation, I
show the contribution of purinergic signaling and glutamate signaling to spontaneous activity in
SGNs.

Ribbon synapses:
The auditory ribbon synapse is a unique type of synapse in terms of its morphology, molecular
profile, and physiological properties (Safieddine et al., 2012). Like conventional synapses, the
ribbon synapse is comprised of a presynaptic side, which houses an electron-dense protein
complex with many synaptic vesicles attached, and a postsynaptic terminal housing scaffolding
proteins and neurotransmitter receptors. At the postsynaptic side, kainate, NMDA, and AMPA
receptor subunits mediate glutamate transmission (Glowatzki and Fuchs, 2002). In particular,
GluR2, GluR3, GluR4 are largely clustered at the periphery of the postsynaptic densities
(Wichmann and Moser, 2015). Unlike conventional synapses, the presynaptic side of ribbon
synapses have a large, ribbon-shaped structure responsible for tethering many vesicles to form a
readily releasable pool. This machinery is important for ribbon-dependent synchrony of
glutamate release (Khinich and Moser, 2005). To enable the ribbon synapse to have full capacity,
accurate connections and a complete array of synaptic machinery including presynaptic ribbon,
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postsynaptic densities and adhesive synaptic proteins need to be established during development
or after noise injury.

The main component of the synaptic ribbon is a protein named RIBEYE, consisting of two
domains. The domain A is unique to the ribbon body and is required for synapse assembly; the
domain B is thought to regulate membrane fission and fusion of synaptic vesicles. The domain B
is shared with a transcriptional co-repressor CtBP2 so immunostaining using antibody against
CtBP2 visualizes both the synapse (as stained by anti-RIBEYE) and the nucleus of hair cells
(Schmitz et al., 2000). Recently, two back-to-back papers examining RIBEYE knockout mice
found that despite the loss of synaptic ribbons, synapses between hair cells and spiral ganglion
neurons were retained. Another aspect of the incredible compensation of the inner ear is that
although neurophysiological transmission is disrupted including altered calcium channel
regulation, reduced firing rate of neurons, and slowed synaptic vesicle replenishment and
exocytosis, it is not entirely eliminated, which lead to only mild hearing deficits (Becker et al.,
2018; Jean et al., 2018). As part of the work described in this dissertation, I examined the
formation of ribbon synapses in the context of P2rx3 signaling.

P2rx3 in the auditory system:
Prior to my thesis work, P2rx3 had been shown to be expressed in the mammalian cochlea. One
descriptive study using P2rx3 antibody showed a developmentally regulated pattern of P2rx3
protein expression from E18 until P6 (Huang et al., 2006). In accordance with the mRNA
microarray data from the Goodrich lab, in this P2rx3 diminishing phase, they found P2rx3
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expression in SGN cell bodies and type-I terminals throughout this period and more expression
at the type-I fiber terminals compared to the type-II fibers terminals. Intriguingly, they showed
that apical type-II terminals are not P2rx3 positive until P3, whereas middle and basal type-II
terminals begin to show P2rx3 signals as early as E18.5. All the signals became absent in SGNs
by hearing onset. In hair cells, P2rx3 protein expression disappears first from the cochlear base
then apex, and first from the inner hair cells then the outer hair cells. Apical inner hair cells
showed P2rx3 signals from P0-P3 while inner hair cells in the mid-region showed P2rx3 signals
from E18-P0. Similarly, apical outer hair cells were P2rx3 positive from P0-P6 while middle
outer hair cells were P2rx3 positive from E18-P3. All the signals became absent in HCs by P6
(Huang et al., 2006). It seems that P2rx3 protein is down-regulated firstly in the more mature
basal regions and more mature inner hair cells, and later down-regulated in the apical region and
outer hair cells as the mature. The temporal and spatial expression patterns of P2rx3 suggest that
it has a critical role in SGN development and hair cell innervation.

In addition to the P2rx3 characterization in mouse cochlea, the Housley group had two other
papers investigating the role of P2rx3 in the neonatal rat. In neonatal rat cochleae at P4, P2rx3 is
the most dominant form of P2X receptor subunits, followed by one of the P2rx2 splice variants,
P2rx2-3. These receptor subunits can form heteromeric trimers with a stoichiometry of
P2rx3/P2rx2-3/P2rx3. P2rx3 receptor subunits are present at P4 but later downregulated and
became absent after hearing onset. Using a P2rx3 specific agonist, α,β,me-ATP, to treat P4 rat
SGNs for three days in vitro, they found that activation of P2rx3 receptors inhibits BDNFinduced neurite growth (Greenwood et al., 2007). In an earlier paper characterizing P2rx3
10

expression in neonatal rat cochlea by immunostaining, they found that P2rx3 were expressed in
the SGN cell bodies at E16.5 and became completely absent from P14 onward. During this
transient period, P2rx3 signals were prominent in type-I terminals E18-P6 while prominent in
type-II terminals P2-P8 (Huang et al., 2005). This evidence showed a similar developmental
regulation of the P2rx3 expression pattern as in mouse cochleae. Despite species differences in
terms of P2rx3 expressions between mice and rats (for instance, P2rx3 expression was shown not
in the rat hair cells but present in hair cells in mice), these early expression studies indicated
potential function of this ATP receptor in early cochlear development.
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CHAPTER 2
The Purinergic Receptor P2rx3 is Required for Spiral Ganglion Neuron Branch
Refinement during Development
The mammalian cochlea undergoes a highly dynamic process of growth and innervation during
developmenta. This process includes spiral ganglion neuron (SGN) branch refinement, a process
whereby type I SGNs undergo a phase of “debranching” prior to 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

a

This chapter has been published: Wang, Z., Jung, J. S., Inbar, T. C., Rangoussis, K. M.,

Faaborg-Andersen, C., & Coate, T. M. (2020). The Purinergic Receptor P2rx3 is Required for
Spiral Ganglion Neuron Branch Refinement during Development. eNeuro, 7(4).
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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.

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.

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
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
13

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 pre- 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, 2013; 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.
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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 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.

15

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 Dr.
Thomas Finger at University of Colorado School of Medicine. P2rx3 knockout 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 (shown in Figure 2.6 only) 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 wildtype 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 wildtype forward: ACC AGC TCG CAG ACC TAC AT, Sox2CreER wildtype
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 generate
knockouts (KO) 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 (Figures 2.8 and 2.9), P2rx3 WT
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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 strainmatched and experimental progeny were age-matched. For timed pregnancies, plug dates were
assumed to be E0.5; the day of birth was considered as P0.

Immunohistochemistry and antibodies:
To prepare tissues for immunostaining, whole heads with the brain removed were fixed in 4%
paraformaldehyde (PFA) for 45 minutes at RT and rinsed extensively in 1X PBS. For synapse
staining, tissues were fixed for 25 minutes 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 one hour at RT. Bony capsules were
decalcified with 0.5M EDTA for 24 hours. For whole-mount 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 m. For
most staining experiments, primary antibodies were applied at 4C overnight and secondary
antibodies were applied at RT for 1 hour. For synapse staining, primary antibodies were applied
overnight at 37C; secondary antibodies were applied overnight at 4C. For neuronal subtype
staining, sections underwent antigen retrieval prior to 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, 0.05% Tween, pH 6.0) was added to cover the surface of each
slide. Slides with buffer were steamed for 30 minutes then cooled at room temperature for five
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minutes. They were then rinsed in PBS a minimum of 10 minutes. For immunostaining that
followed, primary antibodies were added to sections overnight at 37˚C. Fluorescent secondary
antibodies (1:1,000) were added to the samples for 1 hour.

The antibodies and concentrations used in this paper were as follows: rabbit-anti-GAP43
(Millipore AB5220, 1:1,000, RRID: AB_2107282), goat-anti-Sox10 (R&D system AF2864,
1:500, RRID: AB_442208), rabbit-anti-dsRed (Clontech 632496, 1:2,000, RRID:
AB_10013483), mouse-anti-Tuj1 (Biolegend, 1:1,000, RRID: AB_2313773), rabbit-antiMyosinVI (Proteus Biosciences 25-6791, 1:1,000, RRID: AB_10013626), goat-anti-MyosinVI
(Coate et al., 2015, 1:1,000, 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, 1:1,000, RRID:
AB_2313760), goat-anti-ribeye (Santa Cruz Biotechnology SC-5967, 1:500, RRID:
AB_2086771), rabbit-anti-shank1a (Neuromics PA19016, 1:1,000, RRID: AB_1622814),
chicken-anti-Calb1 (Abeomics 34-1020, 1:500, RRID: AB_2810884), rabbit-anti-Calb2 (Thermo
Fisher Scientific PA5-34688, 1:1,000, RRID: AB_2552040), mouse-anti-Pou4f1 (Millipore
Sigma MAB1585, 1:100, RRID: AB_94166). Actin stereocilia bundles were detected by 405phalloidin conjugate at 1:1,000 (Santa Cruz Biotechnology), cell nuclei were detected by DAPI
at 1ug/ml (Santa Cruz Biotechnology). Host-specific 488-Alexa, Cy3, and Cy5 secondary
antibodies were used (1:500) accordingly.
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Experimental design and statistical analyses:
All statistical tests were performed using Prism 8.0 (GraphPad). Results were reported as mean
± SEM. A two-tailed unpaired t test with Welch’s correction was used to determine statistical
significance unless specifically noted. p ≥ 0.05, ns; *p < 0.05; **p < 0.01, ***p < 0.001, ****p <
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 whole-mount samples, line length
measurements were taken (8 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 63X objective (Plan-Apochromat 63x/1.40
Oil DIC M27) at 1024 by 1024 pixels. Z-stacks stepped by optimal 0.42 µm were adjusted in
individual images to include the entire range of terminal arborization. Only non-overlapping
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.
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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 cut-off surface area of 1 m. For reconstructing
ribeye puncta, the Different Spot Sizes (region growing) function was enabled. Estimated XYZ
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
20x objective (Plan-Apochromat 20x/0.8 M27); triple-immunostaining for Pou4f1, Calb1, Calb2,
plus DAPI was visualized in four separate channels (see Figure 2.9I-L for a detailed illustration).
To control for any sample-to-sample variation in background levels, pixel intensities were
examined on non-SGNs (see arrowhead in 2.9I-L; possibly Schwann or otic mesenchyme cells).
SGNs with strong staining above this value were deemed positive. Pou4f1-positive cells were
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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:
Prior to innervating inner hair cells during cochlear development, type I SGNs undergo a process
of branch refinement (or “debranching”; Figure 2.1A) that is dependent, in part, on Semaphorin5B (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 and Zeng, 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
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terminals clearly (Figure 2.1B-C; see arrow in C). Cochleae were collected at E15.5, E16.5, P4,
P8, P11, and P21 (examples shown in 2.1D-F). 30 to 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 (Figure 2.1G) and branch depth values (Figure 2.1H). “Branch
depth” values were assigned based on the branching order: primary branch as 1, secondary as 2,
tertiary as 3, etc. Average 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 to
12) and depth values (ranging between 1.9 to 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 ± 0.4, n=39) and branch depth values (0.8 ± 0.1, n=39; see Tables 1 and 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 ± 0.2, n=27; branch depth, 0.09 ± 0.06, n=27).
Many SGNs with single contacts were visible also between P8 and P11 (Figure 2.1F). Together,
SGN terminal branches clearly refine over the course of a 4-week period. From E15.5 to P4,
SGN branching values are stable, even though 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
axonal branching behavior (Figure 2.2).
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Figure 2.1. 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
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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 μm, E15.5, 11.8 ± 0.9, n = 28, N = 4; E16.5,
9.2 ± 1.0, n = 32, N = 3; and P4, 9.8 ± 0.6, n = 36, N = 6; P8, 3.6 ± 0.4, n = 39, N = 4; P11,
3.6 ± 0.5, n = 45, N = 5; P21, 1.3 ± 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 ± 0.1; E16.5,
1.9 ± 0.1; and P4, 2.1 ± 0.1; P8, 0.8 ± 0.1; P11, 0.7 ± 0.1; P21, 0.09 ± 0.06; same samples and
statistical tests as in G). See Tables 1, 2 for detailed comparisons and results of statistical tests.
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Table 2.1. Detailed comparisons of SGN branch numbers at different stages

Table 2.2. Detailed comparisons of SGN branch depth at different stages
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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 cross-sections from a series of developmental stages (Figure 2.2A). 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 (Figure 2.2B, C). By E15.5, developing inner
hair cells show P2rx3 protein at faintly detectable levels (see “oC” in 2.2D, E), while SGNs
show P2rx3 at robust levels (Figure 2.2D). At E16.5 and E17.5, P2rx3 receptors are visible on
SGNs and all hair cells (Figure 2.2E, F); this pattern lasts only through E18.5 when the P2rx3
signal disappears from the inner hair cell (Figure 2.2G; yellow arrowhead). By P0, P2rx3
expression on outer hair cells becomes minimal (Figure 2.2H) and by P6 at the middle turn of the
cochlea, neither SGNs nor hair cells show detectable levels of P2rx3 (Figure 2.2I). 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 (not shown). This temporal pattern of protein
expression aligns precisely with the pattern of P2rx3 mRNA reported previously (Lu et al., 2011;
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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 (Figure 2.2J). During the
course of these studies, we co-labeled fixed cochleae with anti-P2rx3 antibodies and various
neuronal markers to determine if P2rx3 is 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 Figures 2.2K-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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Figure 2.2. Expression of P2rx3 in spiral ganglion neurons 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 cross-section 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).

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
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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 wild
type (WT) littermate controls at multiple embryonic stages, then measured the lengths of radial
bundles, which are fasciculated SGN peripheral axons (Figure 2.3). At E15.5, no significant
differences were measured between the two genotypes at either apex or base in terms of
peripheral axon length (Figure 2.3A-C). Similarly, at E17.5 and P0, no differences were
measurable (Figure 2.3D-F and G-I), suggesting that P2rx3 loss does not impair SGN peripheral
axon growth. In addition, we found that treating cultured embryonic SGNs with α, β, meATP, a
known P2rx3 agonist (North, 2002), led to no changes in neurite length (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 (not shown). We also found that the distribution of fibers
positive for GAP-43, an efferent marker (Simmons et al., 1996), was unchanged (Figure 2.4AH). The distribution of Sox10-positive Schwann and supporting cells also did not appear to be
affected by P2rx3 loss (Figure 2.4I and J). The lack of phenotype in efferents or Schwann cells
was expected given that neither of these 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 2.4K and L, P2rx3-/- cochleae at E16.5
show a normal distribution of Myo6-positive hair cells. P2rx3-/- cochleae also show normal hair
cell stereocilia bundles at P0 indicated by Phalloidin staining (Figure 2.4M and N; stereocilia are
noted with white arrowheads). Patterns of stereocilia were also unchanged in P2rx3-/- cochleae at
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P6 (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.
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Figure 2.3. 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 μm, WT apex: 30.7 ± 3.6, N = 6; KO apex: 30.8 ± 1.4, N = 7; WT base: 63.5 ± 2.9, N = 6; KO
base: 63.1 ± 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 μm, WT apex: 114.9 ± 4.1, N = 8; KO apex: 124.7 ± 4.6, N = 8;
WT base: 154.8 ± 3.5, N = 8; KO base: 153.6 ± 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 μm, WT apex: 154.6 ± 2.6, N = 6, KO apex: 154.4 ± 1.9, N = 6; WT base:
170.2 ± 2.6, N = 6; KO base: 171 ± 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.
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Figure 2.4. 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
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(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.

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 R26RtdTomato
and analyzed hundreds of individually-labeled SGNs. Among the tdTomato-labeled SGNs from
both P2rx3-/- and littermate control mice, 9% to 10% were clearly type II SGNs and 90% to 91%
were clearly type I SGNs (Figure 2.5A and 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 (“ambiguous” in 2.5A and B), 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
(Figure 2.5C and D). Figures 2.5C’ and D’ show examples of labeled SGNs with volumetric
reconstructions; magenta labels indicate branch volumes; green spheres indicate branch tips.
Compared to controls, SGNs from P2rx3-/- mice showed increased branch numbers at both the
cochlear apex and base (Figure 2.5E), suggesting P2rx3 normally controls the arborization
patterns of the SGN peripheral endings. P2rx3-/- SGNs showed decreased average branch length
values (Figure 2.5F), which led us to plot branch number against average branch length for each
34

SGN analyzed. After doing this, we found that terminals with large branch numbers typically
have shorter individual branches, and that P2rx3 loss exaggerates this effect (Figure 2.5G;
Control slope = -0.08; P2rx3-/- slope = -0.02). 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; Figure 2.5H), average branch depth (a
measurement of branch complexity; Figure 2.5I), and total branch volume (the sum of all branch
volumes; Figure 2.5J). Curiously, though, loss of P2rx3-/- did not appear to affect branch
diameter (Figure 2.5K). Overall, these data suggest P2rx3 normally maintains the proper size of
the SGN terminal arbor at the time when hair cells become innervated.
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Figure 2.5. P2rx3-/- cochleae at P0 show more complex branching patterns at SGN 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 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 ± 0.7, KO apex: 34.5 ± 1.6, WT base: 15.8 ± 0.8, KO
base: 23.4 ± 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 μm, WT
apex: 3.5 ± 0.1, KO apex: 2.8 ± 0.07, WT base: 3.7 ± 0.1, KO base: 3.0 ± 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 = −0.08*X + 4.9, KO: Y = −0.02*Y + 3.5). H, Quantification of total branch
length (in μm, WT apex: 61.7 ± 2.3, KO apex: 90.3 ± 3.8, WT base: 52.4 ± 2.0, KO base:
67.2 ± 2.8; comparisons between WT and KO apex, t(172) = 6.39, p < 0.0001, between WT and
KO base, t(101) = 4.29, p < 0.0001). I, Quantification of average branch depth (WT apex:
3.1 ± 0.1, KO apex: 4.7 ± 0.1, WT base: 2.8 ± 0.1, KO base: 3.9 ± 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,
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Quantification of total branch volume (in μm3, WT apex: 55.1 ± 1.8, KO apex: 77.4 ± 2.8, WT
base: 51.9 ± 1.9, KO base: 62.7 ± 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 μm, WT apex: 1.1 ± 0.01, KO apex: 1.1 ± 0.01,
WT base: 1.1 ± 0.01, KO base: 1.1 ± 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. ***p < 0.001; ****p < 0.0001.

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
(Figure 2.6A and B; see yellow arrowheads) or pillar cell side of the inner hair cells (Figure 2.6A
and B; see 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
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significant impact on either one of these populations. Figure 2.6A’ and B’ show views from
Figures 2.6A and B rotated 180 degrees 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 (Figure 2.6C).
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 (Figure
2.6D-F). So, at P0, while P2rx3 does not appear to control type I SGN synaptic position, it
appears to regulate branching in a way that is not specific to type I SGNs that terminate on either
side of the inner hair cell.
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Figure 2.6. 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 ± 0.7, KO modiolar: 33.9 ± 2.0, WT pillar: 19.2 ± 0.7, KO pillar:
29.1 ± 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 μm, WT
modiolar: 4.0 ± 0.1, KO modiolar: 2.9 ± 0.1, WT pillar: 3.3 ± 0.08, KO pillar: 2.9 ± 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 μm, WT modiolar:
53.3 ± 2.4, KO modiolar: 93.8 ± 5.1, WT pillar: 60.2 ± 2.0, KO pillar: 77.3 ± 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). ****p < 0.0001.
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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 (Figure 2.7). 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 (Figure 2.7A and A’). P2rx3-/- SGNs clearly showed more collateral branches,
akin to the increased branch numbers seen at their peripheral terminals (Figure 2.7B and 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 (Figure 2.7A and
B; yellow arrowheads), and the segment of SGN axons adjacent to the cell bodies, but oriented
toward the brainstem as the “central” segment (Figure 2.7A and B; red arrowhead). Compared to
controls, P2rx3-/- SGNs showed a significant increase of total branch length and branch number
for peripheral and central segments adjacent to the cell bodies (Figure 2.7C and D). To determine
if 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 7 cochleae were scored and only 11 SGNs exhibited a few small excess collateral
branches (Figure 2.7E and 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.
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Figure 2.7. P2rx3-/- cochleae have more collateral branches near SGN cell bodies at P0 but
not at P6.
A, A’, B, B’, Representative images of P2rx3+/+ 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 μm, 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 ± 0.5, KO peripheral: 11.3 ± 0.9, WT central: 16.7 ± 0.7, KO central: 20.7 ± 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 ± 0.1, KO peripheral: 3.8 ± 0.3, WT central: 6.0 ± 0.2, KO central: 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 P2rx3+/+ and P2rx3−/− SGN
cell body regions showing smooth peripheral axons and central axons, respectively, at P6. *p <
0.05; **p < 0.01; ***p < 0.001.

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; Figure 2.1), we
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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 (Figure 2.8A and B). After we measured their morphological attributes (as in Figure
2.5), we found that the P2rx3-/- SGNs showed no differences in average branch number, average
branch length, and average branch depth (Figure 2.8C-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 branch number, we also observed no difference regarding
the distribution of the data points in both genotypes (Figure 2.8F). However, P2rx3-/- SGNs
showed a significantly increased average branch diameter in the base and overall increased total
branch volume (Figure 2.8G, H), indicating some persisting effects from the loss of P2rx3
signaling. We also found some instances where morphological 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 to the apex (Figure 2.8C, E) whereas for average
branch diameter, P2rx3-/- SGNs showed an increase in the base (Figure 2.8G); 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 (Figure 2.2), there are likely compensatory
mechanisms that occur toward the end of first postnatal week that also promote SGN branch
refinement.
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Figure 2.8. 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 ± 0.5, KO apex: 16.4 ± 0.8, WT base: 14 ± 0.5, KO
base: 13.7 ± 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, 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 μm,
WT apex: 2.5 ± 0.06, KO apex: 2.5 ± 0.09, WT base: 2.2 ± 0.06, KO base: 2.3 ± 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 ± 0.08, KO apex: 3.2 ± 0.1, WT base: 3.1 ± 0.1, KO base: 2.9 ± 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 = −0.03*X + 2.9, KO: Y = −0.04*X + 3.0). G, Quantification of average branch diameter
(in μm, WT apex: 1.4 ± 0.01, KO apex: 1.4 ± 0.02, WT base: 1.4 ± 0.02, KO base: 1.5 ± 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
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apex and base, t(210) = 3.99, p < 0.0001). H, Quantification of total branch volume (in μm3, WT
apex: 47.9 ± 1.5, KO apex: 54.6 ± 2.0, WT base: 42.9 ± 1.4, KO base: 48.7 ± 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 μm3, WT apex: 144 ± 3.6, N = 8; KO apex: 150.1 ± 6.4, N = 8;
WT mid: 156 ± 3.8, N = 8; KO mid: 164.2 ± 7.0, N = 8; WT base: 173.4 ± 6.7, N = 7; KO base:
169 ± 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 ± 1.7, N = 8; KO
apex: 28.1 ± 0.6, N = 8; WT mid: 23.3 ± 1.3, N = 8; KO mid: 25.6 ± 1.3, N = 8; WT base:
20.0 ± 1.0, N = 8; KO base: 23.1 ± 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 μm3, WT apex: 0.17 ± 0.008, KO apex: 0.19 ± 0.017, WT
mid: 0.19 ± 0.01, KO mid: 0.19 ± 0.018, WT base: 0.21 ± 0.01, KO base: 0.21 ± 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.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Next, we wanted to investigate if 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 (Figure 2.8I and J). Compared to controls, we found no
differences in P2rx3-/- cochlea regarding Shank1a volume (Figure 2.8M), surface area and
sphericity (not shown). These data 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
to WT cochlea (Figure 2.8N and 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 preand post-synaptic ribbon synapse structures. This is consistent with the observed recovery of
SGN terminal branches in P2rx3-/- cochleae at P6.

P2rx3-/- cochleae show altered proportions of Type I SGN subtype markers:
Recent single-cell RNAseq 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
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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, 2014), and that P2rx3 appeared to control normal patterns of branching and
maturation during development (Figure 2.5 - Figure 2.7 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 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 (Figure 2.9A-H; see
Materials and Methods; Brooks et al., 2020). This method is illustrated in Figure 2.9I-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
2.9M and 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 (Figure 2.9M and N). The base of P2rx3-/- cochleae
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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 due to SGN death, we also compared SGN density between P2rx3-/cochleae and controls and found no differences (Figure 2.9O). 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 Calb2-positive neurons in the
P2rx3-/- cochleae, these data support a model whereby P2rx3 may provide a modest contribution
to type I SGN differentiation.
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Figure 2.9. 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. P2rx3+/+ and P2rx3−/− cochlear apex (WT Calb2 all:
0.485 ± 0.021, KO Calb2 all: 0.597 ± 0.025, t(10) = 3.46, 95% CI [0.03984, 0.1854], p = 0.0063;
WT Calb1 all: 0.795 ± 0.033, KO Calb1 all: 0.727 ± 0.027, t(10) = 1.6, 95% CI [−0.1638,
0.02706], p = 0.141; WT Pou4f1 all: 0.163 ± 0.027, KO Pou4f1 all: 0.144 ± 0.016, t(8) = 0.62,
95% CI [−0.09136, 0.05251], p = 0.5512; WT Calb2 only: 0.116 ± 0.019, KO Calb2 only:
0.162 ± 0.029, t(9) = 1.34, 95% CI [−0.03249, 0.1255], p = 0.2147; WT Calb1 only: 0.356 ± 0.027,
KO Calb1 only: 0.261 ± 0.02, t(9) = 2.83, 95% CI [−0.1694, −0.01909], p = 0.0194; WT Pou4f1
only: 0.086 ± 0.015, KO Pou4f1 only: 0.108 ± 0.016, t(10) = 1.02, 95% CI [−0.02699,
0.07275], p = 0.3306; WT Calb2/Calb1: 0.365 ± 0.021, KO Calb2/Calb1:
0.433 ± 0.013, t(8) = 2.72, 95% CI [0.01045, 0.1239], p = 0.0257; WT Calb1/Pou4f1:
0.074 ± 0.024, KO Calb1/Pou4f1: 0.033 ± 0.006, t(6) = 1.64, 95% CI [−0.1039,
0.02136], p = 0.1559; WT Calb2/Pou4f1: 0.0036 ± 0.0023, KO Calb2/Pou4f1:
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0.0026 ± 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 ± 0.01, KO Calb2 all: 0.611 ± 0.032, t(6) = 2.8, 95% CI [0.01163, 0.1734], p = 0.0312; WT
Calb1 all: 0.777 ± 0.024, KO Calb1 all: 0.763 ± 0.014, t(8) = 0.51, 95% CI [−0.07792,
0.04968], p = 0.6243; WT Pou4f1 all: 0.179 ± 0.023, KO Pou4f1 all: 0.138 ± 0.025, t(10) = 1.21,
95% CI [−0.118, 0.03495], p = 0.2538; WT Calb2 only: 0.097 ± 0.01, KO Calb2 only:
0.138 ± 0.014, t(9) = 2.37, 95% CI [0.001816, 0.08083], p = 0.0422; WT Calb1 only:
0.302 ± 0.023, KO Calb1 only: 0.251 ± 0.014, t(8) = 1.92, 95% CI [−0.1121, 0.01011], p = 0.0908;
WT Pou4f1 only: 0.127 ± 0.018, KO Pou4f1 only: 0.099 ± 0.019, t(10) = 1.04, 95% CI [−0.08538,
0.03097], p = 0.3219; WT Calb2/Calb1: 0.422 ± 0.014, KO Calb2/Calb1:
0.473 ± 0.026, t(8) = 1.72, 95% CI [−0.01819, 0.1206], p = 0.1261; WT Calb1/Pou4f1:
0.053 ± 0.013, KO Calb1/Pou4f1: 0.038 ± 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 ± 0.00016, N = 6; KO apex,
0.0032 ± 0.0007, N = 6, t(6) = 1.81, p = 0.1246, 95% CI [−0.0005, 0.003]; WT base,
0.0026 ± 0.0003, N = 6; KO base, 0.0038 ± 0.0007, N = 6, t(7) = 1.56, p = 0.1615, 95% CI
[−0.0006, 0.003]). n.s., not significant. *p < 0.05; **p < 0.01.
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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 (Figure 2.10). Future studies will determine the extent to which the action of
P2rx3 in this process is dependent on ATP, and what downstream signaling events in SGNs
might be initiated by P2rx3 (Figure 2.10). 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 (Figure 2.2). So, it likely does not participate in SGN excitation, which is known to be
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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 (Figures 2.5 and 2.6),
represents a novel function for P2rx3.

Figure 2.10. 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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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 (Figure 2.1). 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
(Figure 2.2). The reduction of P2rx3 is likely a result of P2rx3 transcriptional down-regulation,
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 morphological 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
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and North, 2012), we predict that P2rx3 activation normally leads to calcium transients that
modulate the SGN cytoskeleton as it matures (Figure 2.9L). 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 remains to be determined.
Since P2rx3 is expressed as early as E12.5 in SGNs (Figure 2.2), 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 address 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 2.9,
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 if 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 Ca2+ 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
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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 (Figure 2.8). 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 (Figure 2.8).

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 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 P2rx3-mediated 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
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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-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 if 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 prior to hearing onset (Wang and Bergles, 2014). 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.,
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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 Ca2+ transients are
altered in P2rx3-/- SGNs, which would link P2rx3 and Ca2+ to SGN branch refinement.
Additionally, since Calb2 is a Ca2+ -binding protein (Schwaller, 2009), changes to the rate or
spatial distribution of Ca2+ buffering in P2rx3-/- SGNs might underlie the more widespread
distribution of Calb2 or somehow change its program of expression. In the context of type I
subtypes carrying distinct molecular identity including Calb2, our data suggested a modest shift
in type I SGN subtype specification.

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
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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 neuro-modulatory 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 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., 2016). In this study, we did not examine the function of P2rx3 in the wiring of the SGN
central axons (which do express P2rx3; Figure 2.2) with neurons in the cochlear nucleus. In
future studies it will be important to determine if 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
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susceptible to permanent hearing loss due to 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 (Figures 2.8 and
2.9), 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
(Figure 2.9) 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.
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CHAPTER 3
The Purinergic Receptor P2rx3 Regulates Spontaneous Calcium Activity
in the Developing Cochlea
Spontaneous activity in the developing nervous system is a fascinating phenomenon: immature
neural circuits appear to “rehearse” before receiving mature inputb. Extensive work has
demonstrated that spontaneous electrical and calcium activity plays a critical role in properly
building and refining neuronal connections to establish complete sensory maps for visual,
auditory, and motor systems (Kirkby et al., 2013). Retinal waves with distinct spatiotemporal
patterns across multiple species before eye opening are important for visually associated synaptic
strengthening and circuit formation (Ackman and Crair, 2014). Precise topographic organization
of the auditory system, tonotopy, is also thought to be initially constructed by spontaneous
activity sweeping across the cochlea and auditory nuclei in the brainstem (Kandler et al., 2009).
In addition, spontaneous activity originating from the supporting cells in the cochlea triggers HC
depolarization via ATP gated purinergic signaling. This subsequently activates SGNs and then
propagates the “pre-hearing” activity into the brain (Wang and Bergles, 2014; Babola et al.,
2018).

b

Part of this chapter has been published: (Babola, T. A.*, Li, S.*, Wang, Z.*, Kersbergen, C. J.,

Elgoyhen, A. B., Coate, T. M., & Bergles, D. E. (2020). Purinergic signaling controls
spontaneous activity in the auditory system throughout early development. In press, Journal of
Neuroscience, *equal contribution)
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Spontaneous activity is characterized by patterned electrical or calcium activity generated
spontaneously in the neural circuits without sensory input and they have been discovered in
many systems including retina, spinal cord, and hippocampus. These are fascinating phenomena
representing genetically programmed rehearsals of later experience-dependent activity. Research
has shown that such intrinsic neuronal firing plays a critical role in the appropriate formation of
neural circuits, synapse formation, and axon pathfinding (Blankenship and Feller, 2010).
Spontaneous activity has been shown to play a substantial role in the formation of sensory maps,
refinement of axon branches, and reorganization of synapses (Kirkby et al., 2013). Emerging
evidence implied that these patterned spontaneous events function along with hardwired
molecular cues to refine tonotopic map in the auditory system (Kandler et al., 2009).

In the auditory system, a series of papers from Dr. Dwight Bergles’s lab showed that, prior to
hearing onset at P12, the mammalian cochlea generates spontaneous activity that propagates all
the way to higher auditory processing regions in the brain, including the inferior colliculus and
auditory cortex (Wang and Bergles, 2014). They used neonatal ex vivo cochlear explants to show
that 1) inner supporting cells release ATP (Tritsch et al., 2007); 2) extracellular ATP activates
inner supporting cells in a cell autonomous manner via P2Y receptors to allow calcium influx; 3)
elevated intracellular calcium activates calcium dependent chloride channels, which leads to
chloride efflux (Wang et al., 2015); 4) anion efflux pulls both water and potassium out of inner
supporting cells and elevated potassium depolarize inner hair cells; 5) glutamate release from
activated inner hair cells subsequently activates spiral ganglion neurons; and 6) spontaneous
firing propagates in the afferent pathway to cochlear nucleus, inferior colliculus (Tritsch and
65

Bergles, 2010), and auditory cortex. These processes are most prominent from P5 to hearing
onset and quickly diminish afterward (Tritsch and Bergles, 2010), suggesting their physiological
function as pre-patterning the auditory pathway before sensing external sound stimuli.

Here, we set out to investigate the emergence of spontaneous activity in the developing cochlea
as early as E16.5 to fully understand the developmental time course of such an important
physiological event, and to determine the underlying mechanisms that drive the propagation of
spontaneous activity from the origin, the supporting cells, and to SGNs. In particular, we
examined the function of P2rx3.

MATERIALS AND METHODS
Mouse lines:
Snap25-GCaMP6s mice were purchased from The Jackson Laboratory (Stock No. 025111).
GCaMP6f reporter mice were kind gift from Dr. Stefano Vicini at Georgetown University
Medical Center (original strain was on a mixed background, Jackson Laboratory Stock No.
024105 and they have been bred onto the C57BL/6J background, Jackson Laboratory Stock No.
028865). Timed pregnant NIH-Swiss mice (Charles River Laboratories) were used for Fluo-4,
AM experiments as the control group while P2rx3 null mice on the C57BL/6J background as the
experimental group.
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Immunostaining:
The immunostaining protocol was described in chapter 2 in detail. Here is the antibody
information in this chapter: chicken anti-GFP (Aves Lab, 1:1000).

Cochlear explant culture:
For imaging of SGNs, a detailed cochlear culture protocol has been described previously
(Driver and Kelley, 2010). Briefly, cochleae collected from Snap25-T2A-GCaMP6s E16.5 and
P0 embryos were dissected in 1X Hank’s buffered saline solution (HBSS)/HEPES and
separated into apical and basal pieces. Cochlear pieces were transferred onto polycarbonate
membrane filters (Sterlitech PCT0213100) in a 14mm bottom well dish with #0 cover glass (In
Vitro Scientific, D29-14-0-N) filled with 250 µL media containing L-15 media (Invitrogen,
21083027), 10% fetal bovine serum, 0.2% N2, 0.001% ciprofloxacin, and 0.1 mM Trolox.
Cochlear pieces were flattened by surface tension and incubated at 37 degree with 95% O2/5%
CO2 for a minimum of 2 and maximum of 6 hours before imaging.

Fluo-4 AM calcium imaging and analysis:
We are grateful for the calcium imaging protocol using Fluo-4 AM dye from Dr. Dwight
Bergles’s lab. Fluo-4 AM dye was purchased from Molecular Probes (Lot# 1739650).
Sulfinpyrazone (Sigma #1637008) and Pluronic F-127 (Sigma #540025), NMDA (Sigma
#m3262), AP-5 (Sigma #a8054), CPP (Abcam, ab120159) were kind gifts From Drs. Alberto
Sepulveda-Rodriguez and Stefano Vicini. CNQX (Sigma, C239) was a kind gift from Dr. JianYoung Wu.
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For data acquired by imaging Fluo-4 AM dye, LSM stack images were loaded in Fiji then
processed with image registration (rigid body in StackReg, EPFL Biomedical Imaging Group)
and bleach correction (exponential fit in Fiji built-in function). Regions of Interest (ROIs) were
manually drawn around SGN cell bodies which exhibited both increases and decreases in
fluorescence intensity during the 5-minute imaging session. SGNs were discerned by their shape
(round and sometimes with processes) and by their location (within the ganglia). SGNs which
showed high intensity without a decrease were likely damaged and were excluded from the
analysis. Mean grey values of each ROI over 300 time points were calculated and then computed
in Matlab to detect peaks. Quantification was performed using a customized script thanks to Dr.
Qiuxiang Zhang. In brief, fluorescence intensity (raw traces) is normalized as ∆F/F0, where F0 is
defined as the bottom 15th percentile of fluorescence values. The averaged magnitude of
spontaneous activity was obtained by dividing the integral/sum of signal by 1 Hz (frame number)
during the whole recording period. The frequency is defined as the average number of peaks per
second during the whole recording period and the amplitude is defined as the sum of all peak
areas during the whole recording period.

Confocal imaging of explants:
For imaging of SGNs, cultured cochlear pieces were removed from the incubator and
placed with SGNs/IHCs facing down. Cochlear pieces were stabilized with a platinum harp with
nylon strings. The bottom of the well was filled with 250 µL static bath of artificial cerebrospinal
fluid (ACSF) consisting of the following (in mM): 145 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 1
NaH2PO4, 5 HEPES, and 5 D-glucose with a pH of 7.4. Imaging was performed at room
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temperature (22 – 24ºC). Images were captured at 1 frame per second using a Zeiss laser
scanning confocal microscope (LSM 880, Zeiss) through a 20X objective (Plan-Apochromat
20x/0.8 M27) at 800 x 800 pixels (708 µm x 708 µm; 16-bit depth, 1.32 µs dwell time)
resolution. Tissues were illuminated with a 488 nm Argon laser with emission ranging 500-540
nm and a GaAsp detector. Baseline imaging sessions consisted of 5 consecutive minutes of
recording. Image acquisition was stopped and CNQX (50 µM; Sigma, C239) and CPP (100 µM;
Abcam, ab120159) or MRS2500 (1 µM; Tocris, 2154) were added directly to the bath and
allowed to equilibrate for 5 minutes before capturing an additional 5-minutes used for analysis of
pharmacological block.

Analysis of in vitro Ca2+ transients:
For analysis of SGN signals, image stacks were imported into MATLAB where a region
of interest was drawn around the SGNs. A 10 by 10-pixel grid was imposed across the
entire image and only squares within the drawn SGN ROI region were analyzed. Fluorescence
changes were normalized as ΔF/Fo values, where ΔF = F - Fo and Fo was defined as the fifth
percentile value for each pixel. Peaks in the signals were detected in MATLAB using the built-in
peak detection function (findpeaks) with a fixed value threshold criterion (5th percentile value +
5 SDs). Active area is defined as the percentage of active ROIs (ROIs with at least 1 peak)
within the drawn SGN region. The correlation coefficient was defined as the 80th percentile
correlation coefficient among active ROIs only. Correlated events were defined as coincident
SGN activation of 35 SGN ROIs. While this parameter (35 SGNs for a correlated event) was
subjective, re-analysis of the data where this parameter was varied (down to 15 ROIs for a
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correlated event) revealed that relative frequencies of correlated events were preserved
between conditions. Active ROI frequency, amplitude, and half-widths were calculated using
only active ROIs.

Experimental design and statistical analysis:
All statistics in figure 3.2-3.5 were performed in the MATLAB (Mathworks) programming
environment. Statistics in figure 3.6 was performed in Prism (GraphPad) as in Chapter 1. All
statistical details, including the exact value of n, what n represents, and which statistical test was
performed, can be found in the figures or figure legends. For transparency, all individual data
points are included in the figures. Data are presented as mean ± standard error of the mean
(SEM).

Because the main comparison between conditions was the mean, the SEM is displayed to
highlight the dispersion of sample means around the population mean. All datasets were tested
for Gaussian normality using the D’Agostino’s K2 test. For single comparisons, significance was
defined as p <= 0.05. When multiple comparisons were made, the Benjamini-Hochberg or
Bonferroni correction was used to adjust p-values accordingly to lower the probability of type I
errors. For multiple condition datasets, one-way ANOVAs were used, followed by Tukey’s
multiple comparison tests.
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RESULTS
Given our findings that P2rx3 receptors specifically mediate SGN axon de-branching to promote
SGN maturation, and how it predominantly allows calcium influx as a non-selective cation
channel gated by extracellular ATP (Egan, 2004), we set out to investigate P2rx3-mediated
activity in SGNs using calcium imaging. Previous research showed that E14 SGNs generate
spontaneous action potentials (Marrs and Spirou, 2012). In addition, it has been shown that ATP
is the driving force to initiate coordinated spontaneous calcium transients in postnatal inner
supporting cells, inner hair cells, and SGNs (Tritsch et al., 2010). Intriguingly, P2rx3 expression
occurs prior to the presence of these postnatal spontaneous events, which do not become robust
until P5. I hypothesized that another form of spontaneous calcium transient exists in the late
embryonic stages. First, we asked the question that if there are spontaneous calcium transients in
SGNs prior to birth. Using snap25-GCaMP6s reporter mouse line (Madisen et al., 2015), in
which GCaMP6s is constitutively expressed in snap25-expressing neurons, we observed robust
expression of GCaMP (stained by anti-GFP) in afferent neurons in both apex and base at E16.5
and P0. The GCaMP staining overlaps with P2rx3, but not entirely with Tuj1, which is expressed
by efferent fibers (Figure 3.1). These data showed that snap25-GCaMP6s reporter reliably labels
only SGNs, similar to our anti-P2rx3 staining. Thus, snap25-GCaMP6s is a tool for detecting
calcium transients strictly from SGNs and no other cell types.
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Figure 3.1. snap25-GCaMP6s is specifically expressed in SGNs as P2rx3.
A-D, immunostaining of GFP (green), P2rx3 (red), and Tuj1 (blue) of E16.5 cochlear apex.
E-H, same set of staining of E16.5 cochlear base.
I-L, same set of staining of P0 apex.
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M-P, same set of staining of P0 base. In all scenarios, anti-GFP staining shows the expression of
pan-neuronal snap25-GCaMP6s reporter is specifically expressed in SGNs as they entirely
overlap with anti-P2rx3 staining. On the other hand, anti-Tuj1 stains both SGNs and efferent
fibers.

Previous studies demonstrate that burst firing of SGNs during the prehearing period (before P12)
requires glutamatergic synaptic excitation from the inner hair cells (Seal et al., 2008). Within
apical portions of the cochlea, SGN afferent fibers extend into the newly differentiated hair cell
region at E16, but SGNs do not exhibit post-synaptic densities, and IHCs do not form ribbons
until E18 (Michanski et al., 2019), suggesting that IHC activity may not propagate through SGNs
to the brain at this stage. Current evidence suggests that P2ry1-mediated currents in ISCs trigger
coordinated activation of SGNs by way of IHCs, so we set out to investigate how such activity
commences in SGNs during early development.

We performed time lapse imaging of excised cochleae from mice that expressed GCaMP6s in
SGNs. To comprehensively analyze calcium transients, we placed a grid of square ROIs over
SGNs to monitor changes in fluorescence over time across the population (Figure 3.2A-D). SGN
calcium transients were infrequent and non-correlated at the E16.5 apex, just as inner supporting
cells show little activity at this stage (data not shown here). In the E16.5 base, where ISCs
exhibit robust ATP-mediated currents (data not shown here), SGNs were also largely silent, with
some preparations (10/32) exhibiting infrequent, concurrent activation of groups of SGNs
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(Figure 3.2E). In contrast, at P0, most SGNs at the basal end of apical preparations exhibited
correlated activation (10/16 preparations), consistent with the base-to-apex emergence of activity
in ISCs (Figure 3.2F). Compared to E16.5 and P0 apical preparations, P0 basal preparations had
larger average numbers of SGNs activated, higher correlations among ROIs, and more frequent
correlated events, although no differences were observed in the duration of events (Figure 3.2G,
H). Considering only active ROIs from each preparation, transients from P0 basal preparations
were more frequent than E16.5 apical preparations and were larger in amplitude than all other
preparations (Figure 3.2H). These data indicate that spontaneous activation of SGNs emerges
between E16.5 and P0 in a basal to apical developmental gradient and the activity pattern
undergoes a process from uncoordinated to coordinated.
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Figure 3.2. Tonotopic differences in extent of spontaneous SGN activation at early
developmental time points.
A, Image of an excised basal portion of cochlea from a P0 Snap25-T2A-GCaMP6s mouse, which
expresses GCaMP6s in SGNs. Dotted line indicates region shown in B.
B, For analysis of time lapse imaging, a grid of square ROIs was placed over SGNs. ROIs were
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numbered top-to-bottom, then left-to-right. All ROIs were analyzed, but only random ROIs were
chosen to display in figures (white squares). Imaging was performed at room temperature
(~25°C).
C, Individual ROI traces for SGNs (100 randomly selected). Colored boxes are examples of SGN
coordinated activity that align with time-color representation in D. Black traces indicate ROIs
with at least one detected peak (5th percentile value ± 5 SDs). Grey traces indicate ROIs with no
detected peaks.
D, SGN Ca2+ transients colored based on time of occurrence.
E, Individual ROI traces and time-color representation of Ca2+ transients in E16.5 apical (top)
and basal (bottom) regions of the cochlea. Black traces indicate ROIs with at least one detected
peak (5th percentile value ± 5 SDs). Grey traces indicate ROIs with no detected peaks.
F, Similar to E, but in P0 apical (top) and basal (bottom) regions of the cochlea.
G, Quantification of active area (percentage of ROIs with at least one detected peak), correlation
coefficient (80th percentile), and correlated events per minute in E16.5 and P0 cochleae. n = 17
E16.5 apical portions from 9 mice, n = 34 E16.5 basal portions from 17 mice, n = 16 P0 apical
portions from 8 mice, and n =32 P0 basal portions from 16 mice, (one-way ANOVA with Tukey
post-hoc; ****p < 5e-5)
H, Quantification of frequency, amplitude, and duration of Ca2+ transients calculated from
individual active ROIs. n values are reported in G, (one-way ANOVA with Tukey post-hoc;
****p < 5e-5, ***p < 5e-4, *p < 0.05, all other comparisons not indicated are not significant).
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Efflux of potassium into the extracellular space following P2RY1 activation non-selectively
depolarizes nearby cells and their processes, including SGN dendrites (Babola et al., 2020).
Although synaptic excitation is required to induce burst firing of SGNs in wild type mice,
homeostatic increases in SGN membrane resistance and thereby excitability in deaf mice
(Vglut3 KOs) allows direct activation of groups of SGNs by brief elevations of extracellular
potassium (Babola et al., 2018). Given that the membrane resistance of SGNs is extremely high
at birth (Marrs and Spirou, 2012), it is possible that extruded K+ could directly drive the activity
of nearby SGNs at earlier developmental time points as an alternative to glutamate stimulation.
To determine if coordinated SGN calcium transients requires release of glutamate from IHCs, we
applied both the AMPA and NMDA receptor antagonists CNQX and CPP to acutely isolated P0
preparations of basal cochleae (Figure 3.3A-C). The number of coordinated events, the
correlation coefficient between ROIs, the number of active ROIs, and the average frequency of
transients per ROI were significantly decreased by the treatment, indicating that coordinated
activation of SGNs at this early developmental stage also requires activation of ionotropic
glutamate receptors (Figure 3.3A-C). While coordinated SGN transients were abolished,
individual SGNs exhibited infrequent calcium transients when deprived of glutamatergic
excitation, suggesting that there is a form of activity that is independent of synaptic excitation
(Figure 3.3B, C); however, this activity was not coordinated between neighboring SGNs,
suggesting that it may arise through cell intrinsic processes.
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Given the dependence of coordinated IHC activation on P2ry1-mediated ISC activity,
coordinated SGN activity should also be sensitive to P2ry1 inhibition because it is downstream
of the activity from ISC-IHC. Indeed, application of an P2ry1 receptor antagonist, MRS2500,
decreased the number of coordinated SGN transients, the correlation coefficient between ROIs,
and the number of active ROIs (Figure 3.3D-F). The average ROI transient frequency did not
decrease in MRS2500, consistent with observations of increased, uncorrelated activity of IHCs
with prolonged P2RY1 inhibition (data not shown here). Together, these data indicate that
activation of P2RY1 on ISCs leads to IHC depolarization, glutamate release, and post-synaptic
activation of SGNs when functional synapses first emerge at ~P0.
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Figure 3.3. Correlated activation of SGNs requires P2ry1-mediated excitation of IHCs.
A, Individual ROI traces and time-color representation of Ca2+ transients in control (baseline)
conditions from P0 basal portion of excised cochlea. Colored boxes on left correspond to same
colored events on right. Black traces indicate ROIs with at least one detected peak (5th percentile
value ± 5 SDs). Grey traces indicate ROIs with no detected peaks.
B, Similar to A, but with application of the AMPAR and NMDAR antagonists CNQX (50 µM)
and CPP (100 µM).
C, Quantification of correlated event frequency, correlation coefficient (80th percentile), active
area (percentage of ROIs with at least one detected peak), and frequency of transients in active
79

ROIs before and after application of CNQX/CPP. n = 8 P0 basal portions from 4 mice, (paired ttest with Benjamini-Hochberg adjustment; **p < 0.005, *p < 0.05).
D, Similar to A.
E, Similar to D, but with application of the P2RY1 antagonist (MRS2500, 1 μM).
F, Quantification of correlated event frequency, correlation coefficient (80th percentile), active
area (percentage of ROIs with at least one detected peak), and frequency of transients in active
ROIs before and application of MRS2500. n = 7 P0 basal portions from 4 mice, (paired t-test
with Benjamini-Hochberg adjustment; ***p < 5e-4, **p < 0.005, *p < 0.05, ns: not significant).

Next, we probed the contribution of ionotropic glutamate receptors and purinergic receptors to
spontaneous activity in SGNs. Like the experiments using WT cochlea (Figure 3.4A), applying
CNQX/CPP on P2rx3 null cochlea eliminated all coordinated activity. Intriguingly, it also nearly
eliminated all the uncoordinated activity (active ROI frequencies and active ROI area dropped to
nearly zero) which was persistent in the WT preparation after the treatment (Figure 3.4B).
Together, these data suggest that, whereas synchronized spontaneous activity in SGNs is driven
by glutamate input from the hair cells, another form of spontaneous activity which appears
discrete and uncoordinated is present in early developing SGNs and may be regulated by P2rx3
receptor activity. Nonetheless, when the baseline activity between WT versus P2rx3 null SGNs
were compared, there does not seem to be a difference in any regards (Figure 3.4C). This is
likely due to the high variance (reasons unknow after excluding the possibility of timing of each

80

preparation throughout the day of experiment) among preparations and thus any alteration of
uncoordinated activity is masked in the background by prominent coordinated activity.

Figure 3.4. Spontaneous activity in SGNs at P0 is dependent on glutamate input but not
P2rx3 receptors.
A, Paired comparisons between WT P0 baseline versus CNQX/CPP treatment indicate a
significant reduction of spontaneous activity upon blocking ionotropic glutamatergic receptors.
This set of experiment has been presented in Figure 3.3A-C but included here to inform
subsequent data involving P2rx3 null.
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B, Paired comparisons between P2rx3 null P0 baseline versus CNQX/CPP treatment indicate a
significant reduction of spontaneous activity upon blocking ionotropic glutamatergic receptors.
C, Unpaired comparisons between WT baseline versus P2rx3 null baseline activity at P0 indicate
P2rx3 loss-of-function does not significantly alter baseline spontaneous activity when activity
pattern is overwhelmingly coordinated activity at P0.

Given the sharp contrast between coordinated activity at P0 and uncoordinated activity at E16.5,
we questioned whether early spontaneous calcium transients at E16.5 uses the same trigger,
glutamate, as at P0. To our surprise, CNQX/CPP treatment does not abolish spontaneous
activity. Rather, it showed significantly increased active ROI frequency and area as if blocking
glutamatergic receptors stimulates SGNs to fire more calcium transients and more frequently
(Figure 3.5A). Given that coordinated activity is rare at this stage, elicited activity after the
treatment remains uncoordinated. In E16.5 WT cochlear preparations, any minimal coordinated
activity remains unchanged after CNQX/CPP, whereas in the P2rx3 null cochlear preparations
there is barely any coordinated activity (Figure 3.5B). It seems that P2rx3 contributes to the
initiation of coordinated activity and such an immature coordinated activity is not subject to the
blocking of ionotropic glutamate receptors. It is also possible that at this early stage, synaptic
connections involving presynaptic ribbon structures in the hair cells and postsynaptic density and
glutamatergic receptors are not in place yet, so CNQX/CPP appear to block neither coordinated
nor uncoordinated activity; rather, it stimulated some forms of cell intrinsic processes to evoke
more calcium transients. Given that P2rx3 expression is at its peak around E16.5, we
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investigated if early uncoordinated activity in SGNs is dependent on P2rx3. When baseline
activity is compared between the two genotypes, P2rx3 null SGNs showed significantly
increased active ROI frequency (Figure 3.5C). This again raises the possibility that P2rx3 is
mediating those uncoordinated activity and P2rx3 loss-of-function leads to a compensatory
increase of the activity perhaps via SGN specific homeostatic responses.
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Figure 3.5. Spontaneous activity in SGNs at E16.5 is mediated by P2rx3 but not dependent
on glutamate input.
A, Paired comparisons between WT E16.5 baseline versus CNQX/CPP treatment indicate no
reduction of spontaneous activity upon blocking ionotropic glutamatergic receptors. Rather,
increased active ROI frequency and active area suggest an enhanced activity.
B, Paired comparisons between P2rx3 null E16.5 baseline versus CNQX/CPP treatment indicate
no significant reduction of spontaneous activity upon blocking ionotropic glutamatergic
receptors. Rather, increased active area suggests an enhanced activity.
C, Unpaired comparisons between WT baseline versus P2rx3 null baseline activity at E16.5
indicate P2rx3 loss-of-function leads to significantly increased baseline spontaneous activity
when activity pattern is predominantly uncoordinated activity at E16.5.

As a prelude to the experiments described above using Snap25-GCaMP6s, I had also performed
a series of experiments using the calcium dye, Fluo-4, AM to examine SGN excitability in WT
and P2rx3 null cochleae. I chose to include these data points in my thesis because some
interesting similarities and differences were found (see the Discussion for more comparisons of
the two approaches). Consistently, we documented spontaneous calcium transients in E16.5
cochlear apex and base. Overall, we found no differences in how many cells which exhibited
spontaneous calcium transients suggesting that P2rx3 is not essential for driving embryonic
spontaneous activity (Figure 3.6C). We found no significant differences in event frequency and
peak number between P2rx3-/- cochleae versus age-matched P2rx3+/+ control cochleae (Figure
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3.6B). We also compared the apex versus base within each genotype and found that there is a
significant increase in both event frequency and peak number in the cochlear base, which
suggests that with cochlear maturation, spontaneous calcium transients in SGNs becomes more
frequent and this pattern is maintained in P2rx3-/- SGNs (Figure 3.6B), which is consistent with
Snap25-GCaMP6s experiment shown in Figure 3.2. Furthermore, we found that P2rx3-/- SGNs
showed significantly increased event amplitude over the five-minute imaging period and it is
consistent in both P2rx3-/- cochlear apex and base compared to the controls suggesting
compensatory mechanisms due to the loss of P2rx3-mediated calcium influx (Figure 3.6A).
Interestingly, neither the P2rx3-/- base or the P2rx3+/+ base showed an increase in amplitude
comparing to the corresponding apex, which implies that calcium transient’s amplitude does not
increase with cochlear maturation at this early stage (Figure 3.6A), which is again consistent
with Snap25-GCaMP6s experiment shown in Figure 3.2. Together, we conclude that P2rx3
receptors are not required for embryonic spontaneous calcium transients but may potentially
contribute to mediating such an important activity.
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Figure 3.6. Spontaneous activity in SGNs at E16.5 is mediated by P2rx3 using a chemical
calcium dye, Fluo-4 AM.
A, Quantification of calcium transient amplitude shows that KO SGNs exhibit higher amplitude
of calcium transients. WT apex: 49.32 ± 2.61, n = 16 cochleae; KO apex: 66.31 ± 4.71, n = 18
cochleae; WT base: 57.45 ± 5.09, n = 14 cochleae; KO base: 80.33 ± 6.12, n = 17 cochleae.
Comparisons between WT and KO apex: p = 0.004, t(26) = 3.154; between WT and KO base: p =
0.0076, t(29) = 2.873; between WT apex and base: p = 0.1711, t(20) = 1.421; between KO apex and
base: p = 0.0794, t(31) = 1.815; Welch’s t test, **p < 0.01, ns, not significant.
B, Quantification of calcium transient frequency shows that frequency of calcium transients in
KO SGNs are unchanged. WT apex: 0.063 ± 0.004, KO apex: 0.057 ± 0.003, WT base: 0.074 ±
0.003, KO base: 0.073 ± 0.003; comparisons between WT and KO apex: p = 0.1921, t(30) =
1.335, between WT and KO base: p = 0.7798, t(27) = 0.2823, between WT apex and base: p =
0.0346, t(28) = 2.221, between KO apex and base: p = 0.0005, t(33) = 3.852; Welch’s t test , *p <
0.05, ***p < 0.001, ns, not significant.
C, quantification of the number of SGNs that showed calcium transients during the recording;
not change in the KO SGNs. WT apex: 29 ± 3, KO apex: 26 ± 3, WT base: 21 ± 3, KO base: 24
± 4; comparisons between WT and KO apex: p = 0.4423, t(31) = 0.7784, between WT and KO
base: p = 0.4515, t(27) = 0.764, between WT apex and base: p = 0.0992, t(27) = 1.707, between KO
apex and base: p = 0.761, t(33) = 0.3067; Welch’s t test , ns, not significant.
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DISCUSSION
Spontaneous activity in the nervous system has been an intriguing phenomenon for the
neuroscience community. In the auditory system, pioneering research has been done to elucidate
the origin and progression of spontaneous activity using murine models (Tritsch et al., 2007;
Tritsch and Bergles, 2010; Wang and Bergles, 2014; Babola et al., 2020). However, SGNs are
competent to fire action potentials as early as E14 (Marrs et al., 2013) and purinergic receptors
are expressed throughout embryonic stages. So, there is uncharted territory regarding
spontaneous activity during embryonic development of the cochlea, particularly the SGNs. Using
a state-of-the-art genetically encoded calcium indicator mouse line, we showed that the E16.5
apex has relatively few calcium transients whereas the E16.5 base develops more discrete
calcium transients. Furthermore, the P0 apex and base showed significantly more spontaneous
calcium transients, which are often synchronous events. Extensive research has shown robust
spontaneous calcium transients originated from the cochlea (via P2ry1 receptors in the inner
supporting cells) to propagate throughout the auditory pathway. Our findings here show that
embryonic SGNs exhibit spontaneous calcium transients early on and they mature over time.

Spontaneous activity emerges in many nervous systems such as the retina, the cerebellum, and
the hippocampus, and the underlying mechanisms vary by phases and corresponding molecules.
Especially drawing contrasts from the peripheral visual system where there are three distinct
phases of spontaneous activity during development driven by gap junctions, acetylcholine, and
glutamate, respectively (Ackman et al., 2012; Burbridge et al., 2014). In each phase, spontaneous
activity manifests in different frequencies and involves varying number of cells (Blankenship
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and Feller, 2010). They are thought to instruct visual map formation (Xu et al., 2011; Zhang et
al., 2012; Ackman and Crair, 2014). It remained elusive whether the peripheral auditory system
utilize a similar strategy by progressing through multiple steps of spontaneous activity before
hearing onset. Here we demonstrated that, as early as P0, the cochlea uses the same mechanism,
glutamate, to trigger spontaneous activity in SGNs. Applying a cocktail of ionotropic glutamate
receptor antagonists to block hair cell input, or the P2ry1 antagonist to block inner supporting
cell initiation, both eliminated coordinated calcium transients in SGNs.

Intriguingly, we showed that spontaneous activity at E16.5 are not subject to elimination by
glutamatergic blockers which indicates they are independent from hair cell input. They are not
subject to elimination by a P2ry1 antagonist, either (data not shown here), suggesting that both
inner supporting cells and hair cells that are upstream of SGNs in the afferent pathway are not
controlling this very early spontaneous activity. Given that synaptic machinery between hair
cells and SGNs are not readily available yet at this early stage, these spontaneous calcium
transients are likely SGN intrinsic. It remains curious if they propagate to the higher auditory
centers via the cochlear nucleus and the inferior colliculus, what the underlying molecular
mechanisms are, and what their functions are. Another striking feature of calcium activity at
E16.5 is that it appears in a discrete and uncoordinated pattern. One interpretation is that these
events are the immature form of larger coordinated calcium waves so that they would disappear
after P0 and all spontaneous activity transform into the synchronized pattern. An alternative
interpretation is that the uncoordinated activity, which emerges at the beginning, persists into
postnatal stages until hearing onset and represents a different category of spontaneous activity
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governing a distinct function for development. It is technically challenging to interrogate the
hypotheses because the uncoordinated activity is largely masked by the coordinated activity at
later stages.

Nonetheless, the cochlea is an incredibly homeostatic system, as losing glutamate release from
inner hair cells does not prevent spontaneous activity propagation through SGNs (Babola et al.,
2018). Here, although P2ry1 antagonist eliminated all the coordinated calcium transients, it leads
to prolonged tonic firing in SGNs, just as it does in inner hair cells (not shown here) possibly due
to some homeostatic responses.

Given the specific expression pattern of P2rx3 and profound involvement of purinergic signaling
in spontaneous activity in the developing cochlea, we hypothesized the P2rx3 is required for
spontaneous calcium transients. Comparisons of baseline activity between the wildtype cochlea
versus the P2rx3 null cochlea indicate that P2rx3 is not required for spontaneous activity in
developing SGNs. At P0, although intrinsically various among cochlear preparations, large
sample sizes from multiple litters showed no significant difference in all aspects of spontaneous
calcium transients. At E16.5, activity is not eliminated or reduced. P2rx3 null SGNs surprisingly
showed elevated activity as shown by a significantly increased event frequency. It is possible
that redundant mechanisms compensate for the loss of P2rx3 to drive either more calcium influx
from extracellular matrix into the cell or tap into the internal calcium storage to release calcium
ions intracellularly. Regardless, it implies that early spontaneous calcium transients are important
cellular processes for SGN development, perhaps responsible for mediating cytoskeletal
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rearrangement underlying branch formation and pruning. And P2rx3, although not required for
generating such an activity, is involved in mediating it.

There are discrepancies between P2rx3 null experiments (baseline activity) using either
GCaMP6s or Fluo-4. Whereas GCaMP6s experiments showed an increased frequency which
suggests calcium transients fire faster, Fluo-4 experiment showed increased amplitude which
suggests that calcium transients are stronger. It could be due to the intrinsic properties of the two
methods to report calcium transients. For example, GCaMP6s is genetically programed to be
expressed in SGNs to detect calcium while Fluo-4 is an invasive dye to penetrate plasma
membrane to temporarily reside inside the SGNs. Despite showing different aspects of calcium
transients, experiments using both methods point out a significantly enhanced spontaneous
activity when P2rx3 is lost from SGNs. Nevertheless, the Fluo-4 AM experiment had many
drawbacks. First, the chemical dye is not tissue-specific, which means that every cell in the
cochlear explant was loaded with the dye, so that any kind of calcium activity was detected in
every type of cells. Second, chemical dye leaks and bleaches over time. Third, chemical dye
loading is cytotoxic which adds more unpredictability to the ex vivo preparation. Therefore, the
genetically encoded calcium indicator GCaMP6s was used to further examine the embryonic
spontaneous activity. GCaMPs have been used for years and have far surpassed the sensitivity
and fluorescent intensity of chemical dyes (Lin and Schnitzer, 2016).
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CHAPTER 4
Conclusions and Future Directions
Our sense of hearing relies on a finely tuned system of neuronal connectivity, which originates in
the sensory hair cells of the cochlea and extends into the brain via spiral ganglion neurons
(SGNs). During development, the auditory system undergoes considerable neuronal
reorganization as Type I and II SGNs innervate the inner and outer hair cells, respectively. This
process occurs through a series of cellular signaling events, mediated by a multitude of receptors
and their associated ligands. We hypothesize that the ATP-gated P2rx3 receptor, which is critical
for relaying sensory information from the periphery to the central nervous system, also plays a
role in SGN development.

In our recently published paper (Wang et al., 2020) (Chapter 2), we showed that P2rx3
expression occurs as early as embryonic day 12.5 (E12.5) in SGNs and continues through postnatal day 0 (P0), when developing SGNs actively extend and retract axonal processes. Using the
P2rx3 null mice, we demonstrated that P2rx3 receptors are required for maintaining the proper
size and complexity of the terminal and collateral branches of SGNs at P0. This phenotype
largely recovers later at P6 when P2rx3 expression is diminished. This is the primary phenotype,
as we showed that the gross morphology of the developing cochlea, such as cochlear length,
axonal extension, and terminal targeting, are intact. Because P2rx3 is also transiently expressed
in the newborn hair cells, we examined the patterning and morphology of those sensory cells and
found that P2rx3 is dispensable. Although we detected no defects in the synapses around this
time, we found that mature SGNs at P30 developed a modest disproportion of Type I SGN
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subtypes using distinct molecular markers. Overall, our work using the P2rx3 null mice shed
new light on the function of P2rx3 receptors in cochlear development and may provide future
insights into regenerating damaged SGNs.

In a different line of work, we have bred the snap25-GCaMP6s allele onto the P2rx3 null
background to study spontaneous activity in the developing SGNs using calcium imaging
(Chapter 3). We have found that spontaneous calcium spikes commence as early as E16.5 in a
discrete fashion and later develop into synchronized firing patterns around P0. Our data showed
that such an early spontaneous activity is not dependent on the well-defined glutamate
neurotransmission and could be regulated by P2rx3 receptors. We will continue using these mice
to conduct pharmacological experiments to probe the underlying mechanisms. Additionally, we
plan to introduce another genetically encoded indicator mouse line, membrane anchored
GCaMP6s to specifically examine subcellular calcium activity at the SGN axonal terminals. We
will breed P2rx3-/-; Neurog1CreERT2; Rosa26mGCaMP6s mice to perform these experiments.

KEY QUESTIONS
P2rx3 receptor as an important afferent signaling molecule:
There are two groups of purinergic receptors that respond to extracellular ATP including seven
members of P2X receptors and eight members of P2Y receptors. P2X receptors are ATP-gated
cat-ion channels which allow sodium ions and calcium ions to flow into the cell (Khakh and
North, 2006). Among them, P2rx3 receptors are essential for afferent signaling transduction in
several sensory systems (Housley et al., 2009).
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In the gustatory system, P2rx3 receptors are localized in the postsynaptic connections between
sensory cells in the tongue and taste nerve, and they have been demonstrated to be the primary
receptor for extracellular ATP, which functions as a neurotransmitter to transmit taste stimuli
from the taste buds to gustatory nerves (Finger et al., 2005). In a follow-up study, the same group
confirmed that ATP is necessary for transducing sensory information of all taste modalities
(Vandenbeuch et al., 2015). In the gastrointestinal tract, ATP induces afferent excitation and
P2rx3 mutant mice showed disrupted peristalsis (Bian et al., 2003). In the carotid body, ATP
serves as the principle neurotransmitter to activate carotid sinus nerve to transduce chemosensory
information (Piskuric and Nurse, 2013). Remarkably, a recent paper reported that P2rx3 mRNA
expression was significantly upregulated in petrosal sensory neurons in a rat hypertension model
accompanied by hyperreflexia and blocking P2rx3 receptors effectively reduced carotid body
hyperreflexia and arterial pressure, suggesting the potential of P2rx3 as a drug target to treat
human hypertension (Pijacka et al., 2016).

In the urinary bladder, distension leads to ATP release from urothelium, which activates pelvic
afferent nerves. P2rx3 mutant mice showed reduced afferent activation in an in vitro bladderpelvic nerve preparation (Vlaskovska et al., 2001), and these mice also showed reduced urinary
bladder reflexes in vivo (Cockayne et al., 2000). In other words, P2rx3 null mice are unable to
sense the urinary bladder distension thus fail to void bladder when it is full. These results
indicate a role of P2rx3 in visceral mechano-sensory transduction.
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In the nociceptive system, P2rx3 has been shown to predominantly mediate afferent signaling in
the dorsal root ganglion neurons and participate in nodose ganglion neurons by P2X2/3
heteromeric receptors. Despite having normal responses to noxious mechanical and thermal
stimuli, P2rx3 null mice had reduced behavioral responses to ATP or formalin injection
(nocifensive behaviors) and thermal hyperalgesia (failure to transmit proper non-noxious
“warming” stimuli) in chronic but not acute inflammation (Souslova et al., 2000). These results
imply that P2rx3 has a modulatory role in persistent inflammatory pain. In addition to the
homomeric P2rx3 receptors, research has shown that activating heteromeric P2rx2/3 receptors
mediates mechanical allodynia (Tsuda et al., 2000). Therefore, evidence suggests a crucial role
of P2rx3 in nociceptive signaling transduction.

Furthermore, human P2rx3 receptor structures have been recently elucidated (Mansoor et al.,
2016) and this will aid drug development specifically stimulating or blocking this important
afferent specific ATP receptors. Taken together, owing to the versatile capacities of P2rx3
receptors in a host of sensory systems for afferent signaling transduction, it has drawn attention
from pharmaceutical companies to develop therapeutic antagonists (Ford, 2012).

Regulation of P2rx3 receptors:
Previous research has shown that many molecules regulate the expression dynamics of P2rx3
receptors. In spinal cord and dorsal root ganglion neurons, one paper reported that GDNF and
NGF induce P2rx3 expression reflected by a higher intensity in the endogenously expressing
region and expanded expression pattern in more cells in vivo (Ramer et al., 2001). Research has
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shown that cyclin-dependent kinase 5 (Cdk5) down-regulates P2rx3 receptors with the presence
of a Cdk5 activator, p35, in a HEK cell in vitro assay (Nair et al., 2010). With the same strategy,
these authors also found that protein kinase C (PKC) mediated threonine phosphorylation
potentiates P2rx3 receptors activity (D’Arco et al., 2007) and C-terminal Src kinase (Csk)
mediated tyrosine phosphorylation depress P2rx3 receptor activity (D’Arco et al., 2009).
Regarding other neurotransmitter receptors, GABA-A receptor was shown to interact with the
specific intracellular motif of P2rx3 receptor subunit to mediate the cross-inhibition between the
two. The authors showed both molecular coupling of the two receptors by immunostaining dorsal
root ganglion neurons and spinal cord tissues and ionic coupling by electrophysiological
recording in the recombinant receptor system in Xenopus oocytes and primary DRG neuron
cultures (Toulmé et al., 2007). Although many molecular mechanisms are potentially implicated
in regulating P2rx3 activities, there is little evidence about P2rx3-triggered downstream signaling
effectors. Therefore, it is crucial to identify molecular targets underlying P2rx3-mediated branch
refinement in the following work.

P2rx3-mediated calcium signaling and cytoskeletal effectors:
Intracellular calcium signaling instructs neuronal motility by interacting with different calciumbinding proteins. Subsequent changes involving kinase and phosphatase activities and their
modulation of cytoskeletal effector proteins to guide neuronal growth cones. Calcium signaling
is implicated in the dynamic rearrangement of actin filaments and growth cone branching (Gallo,
2011). The remarkably diverse functions of calcium ions rely on a vast number of effectors
including actin-myosin cytoskeleton network proteins such as ADF/cofilin, Gelsolin, Myosins
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I/II/V, microtubule network such as MAP2 and Tau, and calcium binding proteins such as
calmodulin (CaM), kinases such as CaMKII, and phosphatases such as calcineurin (Henley and
Poo, 2004). Moreover, the wide-range of effects that calcium has on neuronal motility often
depend on corresponding range and gradients of calcium concentration, different combinations
of activated downstream molecules, and a tug-of-war between local kinases and phosphatases
(Gomez and Zheng, 2006).

We aim to identify the cytoskeletal effectors that P2rx3 receptors regulate to modify axonal
branching. Our approach is to collect age-matched P2rx3 null SGNs and wildtype SGNs and
detect changes of phospho-cytoskeletal proteins using both a candidate approach (i.e. western
blots) and a screening approach (i.e. phosphoprotein antibody array plates).

To study the downstream signaling mechanisms underlying the ATP-induced calcium influx via
P2rx3 receptors, we will be using a screening approach with Cytoskeleton Phospho Antibody
Array from Full Moon Biosystems. In principle, this array is a high-throughput, ELISA-based
antibody plate to screen for phosphorylated cytoskeletal effector proteins. Each plate contains
141 site-specific and phospho-specific antibodies, and each antibody contains 6 replicates.
Cochlear cell lysates from WT and P2rx3 null mice will be prepared and biotinylated according
to the manufacturer’s protocol. Protein samples will be incubated with the plate to allow specific
binding. Finally, screening signals will be detected by dye-labeled streptavidin and candidates
which are up-regulated or down-regulated will be analyzed by comparing the P2rx3 null plate
with the WT plate. This experiment will offer new insights into the molecular pathway
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downstream of P2rx3 receptors regarding axon branching. Depending on the results, we will
validate specific candidates with Western blots to gain a better resolution on the protein quantity.
These results will open new avenues to interrogate molecular mechanisms underlying SGN
branching and connectivity.

Contribution of SGN-expressing P2rx3 and HC-expressing P2rx3 in branch refinement:
All studies in this dissertation were using a P2rx3 constitutive knockout mouse line which was
extensively studied in many sensory systems except for the auditory system. Despite the progress
made using this line, many questions and challenges remains due to the limitations of a global
knockout mouse model. For example, P2rx3 is transiently expressed in both the neurons and the
hair cells so the global knockout moues are lacking P2rx3 in both cell types. This makes it
difficult to dissect cell-autonomous function of the receptor: is excessive branches a result of
P2rx3 loss-of-function specifically in the neurons, or from disrupted coordination between
neurons and hair cells via P2rx3-mediated signaling with cross-talk of other signaling pathways?
What about the elevated spontaneous calcium transients and shifted type I subtype marker
expressions in P2rx3 null neurons? Using a constitutive knockout line is difficult to pinpoint
specific effect at the spatial resolution (different cell types); it is also unable to define gene
function at a fine temporal resolution (different time points/developmental stages). For instance,
P2rx3 is expressed in neurons from E12.5 to P6 and in hair cell from E15.5 to P6. Although
transient, expression spans across nearly two weeks during early development. It is unclear to
define whether abnormal axon terminal arborization and altered spontaneous activity was due to
receptor loss-of-function during the entire duration or only at specific time window. To answer
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these questions, a P2rx3 conditional line is necessary. Indeed, a P2rx3 conditional line was
generated from our collaborator, Dr. Dwight Bergles’s lab. Combined with cell type specific
Cre-driver lines, one can probe whether excessive branches in P2rx3 global KO was SGN
autonomous. By crossing the P2rx3 conditional mouse with SGN-specific driver mouse such as
Ngn1CreERT2 (with Tamoxifen), one can specifically delete P2rx3 from SGNs and examine
terminal branches. In parallel, by using a hair cell specific driver mouse line, one can specifically
delete P2rx3 from hair cells. If SGN-specific deletion results in increased branching while HCspecific deletion does not, it indicates the effect of P2rx3 on SGN terminal branching is cellautonomous. Alternatively, if both SGN- and HC-specific deletion results in increased
branching, it suggests that HC also plays a role in modulating SGN terminal architecture
potentially through a mechanism involving both presynaptic and postsynaptic P2rx3 receptor
dependent signaling. Furthermore, by manipulating the time of tamoxifen with CreERT2, P2rx3
could be deleted at various developmental stages to examine the temporal aspects of its function.

Localized calcium transients at SGN axonal terminals:
To overcome the intrinsic drawbacks of chemical calcium dye, we implemented a pan-neuronal
snap25-GCaMP6s mouse line. Although we were able to capture SGN specific and bright
calcium transients, fluorescence signals were weaker in the axons and terminals compared to the
cell bodies where we focused our quantifications on. Given the localization of P2rx3 expression
throughout the cell and functional receptors detecting extracellular ATP at the plasma membrane
presumably at the axonal terminals, we would like to advance our characterization of the calcium
transients to concentrate on the terminals. This will provide more direct evidence about calcium
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transients derived from extracellular ATP and better reflect electrophysiological conditions of
the local environment. We will use Cre-dependent membrane anchored GCaMP6s (mGCaMP6s)
knock-in mouse line. The advantage of this line is as its name implies, GCaMP6s is
preferentially localized on the plasma membrane to allow direct visualization of calcium
transients at this cellular compartment. It is a Cre-dependent mouse line so we can again use
SGN-specific Cre driver line, Ngn1CreERT2 to induce mGCaMP6s expression in SGNs then
proceed to calcium imaging at the axonal terminals. This enhanced cellular resolution will enable
more precise evaluation of local calcium transients, which is more specific to reflect neuronal
activity upon the activation of SGNs by HCs. By comparing P2rx3+/+; Ngn1CreERT2; mGCaMP6s
and P2rx3-/-; Ngn1CreERT2; mGCaMP6, one can keep pursuing the question of whether P2rx3 is
required for local calcium transients. Furthermore, if needed, one can swap the P2rx3 global KO
with P2rx3 conditional alleles. The genetics will be trickier, as Ngn1CreERT2 needs to both induce
mGCaMP6 expression (one copy should suffice) and deleting P2rx3 (both copies) from SGNs,
but the advantage this strategy gains is to eliminate any potential involvement of P2rx3 in HCs.
A compromised strategy could be to combine one copy of the P2rx3 floxed allele with one copy
of P2rx3 null allele in the breeder mouse so that Ngn1CreERT2 will only need to remove one copy
of the P2rx3 floxed allele to result a P2rx3 loss-of-function. In this case, P2rx3fl/- (a
heterozygote) would be used as littermate controls.

Relationship between branch refinement and spontaneous calcium transients:
One conceptual gap of the current data is that we have no direct evidence to bridge the excessive
branching with altered calcium transients in the P2rx3 null SGNs. It is not known how the
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morphological and physiological aspects of P2rx3 loss-of-function are coupled; are they
correlated or causally related; if causal, does excessive branching precede elevated calcium
transients or vice versa? Indeed, one can investigate the cellular dynamics of axonal branching
using our established sparse labeling approach (P2rx3-/-; Sox2CreERT2; Rosa26tdTomato; Atoh1nGFP)
combined with live confocal microscopy. But, to investigate real-time changes of calcium
transients underlying branching dynamics, one need to combine both mGCaMP6 reporter allele
and tdTomato reporter allele with Ngn1CreERT2 (without Tamoxifen). This will allow direct
observation of changes of calcium transients and neuronal processes to establish causality of the
two readouts, rather than conducting two sets of experiments separately then making correlative
interpretations. In the case that one mGCaMP6 allele and one tdTomato allele on the Rosa26
locus does not work, snap25-GCaMP6s could be used as an alternative. The tradeoff of this
strategy will be to lose some subcellular resolution of the calcium transients and sparseness of
the GCaMP expression. Nevertheless, since tdTomato is sparsely expressed using Ngn1CreERT2
without tamoxifen, quantification of both green and red fluorescence will still be feasible. Again,
one can take a step further by swapping the P2rx3 global KO with P2rx3 conditional alleles in
this set of experiments.

The role of P2rx3 receptors in hearing:
All the current data do not rule out the possibility that P2rx3 homomeric receptors contribute to
normal hearing. Therefore, it is important to conduct hearing tests such as auditory brainstem
response (ABR) in the future to examine the functional consequences of P2rx3 receptor loss. If
there is increased threshold or decreased amplitude of wave I (indicative of SGN function), it
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would suggest the early branching defects and later shift of type I SGN differentiation in the
absence of P2rx3 signaling leads to hearing impairment. Because the global P2rx3 KO mice
have no functional receptors in both hair cells and SGNs, if necessary, the P2rx3 conditional line
by specifically deleting P2rx3 from either hair cells or SGNs could be used to parse out their
specific contribution to the hearing deficits. Additionally, although we did not observe any
morphological defects in hair cells or the sensory epithelium in the P2rx3 null line, we cannot
rule out the possibility of electrophysiological defects in hair cells. To accompany and ABR
experiments, distortion products otoacoustic emissions (DPOAEs) can be performed to examine
outer hair cell function. These experiments will likely require transferring animals to our
collaborators at the Johns Hopkins University or the University of Maryland School of Medicine.

In conclusion, this dissertation rigorously defined some uncharted territory in terms of branch
refinement and spontaneous activity of SGNs during early cochlear development. And I
discovered novel functions of a known purinergic receptor, P2rx3, in promoting branch
refinement and regulating spontaneous calcium transients (Figure 4.1). Ongoing work aims to
address the molecular mechanisms potentially coupling these two aspects of SGN maturation.
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Figure 4.1 A model for the role of P2rx3 in SGN maturation.
P2rx3 receptor is required for SGN branch refinement and mediating spontaneous activity.
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