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Abstract Intercellular Ca®" waves can coordinate the
action of large numbers of cells over significant distances.
Recent work in many different systems has indicated that
the release of ATP is fundamental for the propagation of
most Ca®" waves. In the organ of hearing, the cochlea,
ATP release is involved in critical signalling events during
tissue maturation. ATP-dependent signalling is also impli-
cated in the normal hearing process and in sensing
cochlear damage. Here, we show that two distinct Ca®"
waves are triggered during damage to cochlear explants.
Both Ca®" waves are elicited by extracellular ATP acting
on P2 receptors, but they differ in their source of Ca®",
their velocity, their extent of spread and the cell type
through which they propagate. A slower Ca*" wave
(14 pm/s) communicates between Deiters’ cells and is
mediated by P2Y receptors and Ca®" release from IP;-
sensitive stores. In contrast, a faster Ca>" wave (41 pm/s)
propagates through sensory hair cells and is mediated by
Ca”" influx from the external environment. Using inhib-
itors and selective agonists of P2 receptors, we suggest
that the faster Ca®" wave is mediated by P2X, receptors.
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Thus, in complex tissues, the expression of different
receptors determines the propagation of distinct intercellular
communication signals.

Keywords Cochlea - P2X receptors - Calcium -
Damage signalling - Cell—cell signalling - ATP- Hair cells -
Supporting cell

Introduction

Cell-cell communication is essential for the normal
development and function of multi-cellular organisms.
One mode of cell-cell communication is via the para-
crine spread of intercellular calcium (Ca®>") waves. The
propagation of intercellular Ca>" waves involves changes in
intracellular Ca®*, and the latter have the potential to
regulate a myriad of cellular processes. In auditory hair
cells, the sensory receptors of the cochlea, Ca*" plays a
critical role at numerous stages of sound transduction [1].
Ca®" homeostasis within cochlear cells has to be tightly
regulated for their optimal function and to preserve their
capacity to transduce sounds. The dysregulation of intracel-
lular Ca®" is implicated in the death of most cell types [2]
including hair cells [3, 4]. Hair cell death is a major cause of
sensorineural hearing loss [S]. In the mammalian cochlea,
hair cell loss is permanent [6], resulting in hearing
impairment and deafness. Worldwide, approximately 278
million people suffer from moderate to profound hearing
deficits (www.who.int/pbd/deafness/en) that affect their
ability to communicate and interact socially. Despite the
significant social and economic impact of this phenomenon,
we know surprisingly little about the cell signalling pathways
that are activated during noise and ototoxic damage and how
such insults cause hair cell death.
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Recent work has implicated the release of ATP in the
regulation of cell-cell communication in the cochlea, both
during development [7] and damage [8—10], and in both
cases, ATP has been shown to trigger intercellular Ca”*
waves. ATP-sensitive P2 receptors are thought to sense and
integrate cellular damage into downstream signalling cas-
cades [9, 11, 12]. P2 receptors are subdivided into ionotropic
P2X and metabotropic P2Y receptors that generate intracel-
lular Ca" signals through influx of extracellular Ca®" or the
release from IP;-sensitive intracellular Ca®" stores, respec-
tively [13]. In the cochlea, mechanical damage of a single
hair cell triggers an increase of intracellular Ca®" in
surrounding cells and an intercellular Ca®" wave that
propagates away from the damaged area through the
activation of metabotropic P2Y receptors by extracellular
ATP. The wave was most prominent in the cells of the outer
sulcus region [8, 14]. More recently, we showed that when a
group of hair cells is damaged, an intercellular Ca** wave is
clearly observed in the hair cell region. The Ca®" wave
contributed to the activation of extracellularly regulated
kinases 1 and 2 (ERK1/2) in specific cell types within the
multi-cellular tissue, i.e. Deiters’ and phalangeal cells,
supporting cells that neighbour the sensory hair cells [9].
The selective nature of the downstream signalling empha-
sises the complexity of cell-cell communication pathways in
such tissue but also the necessity of research using multi-
cellular model systems. In those experiments, the Ca®" wave
and its propagation through the hair cell region were not
fully characterised. Here, we provide a more complete
characterisation of the nature of the intercellular and
intracellular Ca®" signals generated as a result of mechanical
damage in the cochlea. We describe two distinct intercellular
Ca®" waves that differ in their source of Ca®*, velocities,
extent of spread and also the cell types in which they occur.

Materials and methods
Solutions, dyes and drugs

The experiments were carried out in HEPES (10 mM)-
buffered Hanks balanced saline solution (HB-HBSS)
containing 1 mM Ca*" and 1 mM Mg>". All drugs were
diluted to their final concentration in HB-HBSS. In a
subset of experiments, 1 mM Ca®>" in HB-HBSS was
replaced with 1 mM Mg?" and additionally chelated with
1 mM EGTA (ethylene glycol-bis({3-aminoethyl ether)-N,
N,N',N' -tetraacetic acid). The conditions in which this
external solution was used will be referred to as 0 Ca*".
Stock solutions of TNP-ATP (100 mM, Tocris), ATP (100 mM)
and CTP (100 mM) were prepared in 18 MQ nanopure water.
Lyophilised apyrase was reconstituted at 400 U/ml in HB-
HBSS and used at a final concentration of 100 U/ml. U73122
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was dissolved in DMSO at 5 mM with its final concentration
being 10 uM. All stock solutions were stored at —20°C in
aliquots in order to avoid freeze thawing. Ca®'-sensitive dyes
were purchased from Invitrogen, and all other substances
unless otherwise stated were obtained from Sigma.

Isolation and culture of cochlear explants

Cochleae were isolated from neonatal Sprague—Dawley rats
between P1 and P3 as described previously [9]. The
procedure was carried out according to UK Animals Act
of 1986 (Scientific procedures). In brief, cochlear isolation
was carried out in Medium 199 with Hanks salts and
25 mM HEPES (Invitrogen, UK) supplemented with
penicillin and fungizone (10 U/ml; 25 ng/ml). Cochlear
basal and middle turns that had the stria vascularis and
Reissner’s membrane removed were cultured on Celltak®-
coated (73 pg/ml; BD Biosciences, UK) MatTek® dishes
(USA). Cochlear explants were cultured in Dulbecco’s
modified Eagle’s medium with F12 (DMEM/F12, Gibco,
UK) containing 5% foetal bovine serum (Gibco, UK) at
37°C in a 5% CO,/95% air atmosphere and were used after
1 day in vitro.

Damage paradigm

Mechanical trauma was implemented using a microneedle
[9]. The tip of the microneedle was positioned 15 um above
the focal plane of the hair bundle of the first row of outer hair
cells (OHCs). Damage was induced by lowering the micro-
needle ~60 pm using the remote-controlled piezoelectric
manipulator (Scientifica, UK) where it was held for 2 s and
returned to its original position above the tissue.

Puff application

Nucleotides were applied locally using a micropipette
picospritzer (puff application). Micropipettes (2 um tip
diameter) were pulled using a two-step electrode puller
(Narashige, Japan). The micropipette was placed approxi-
mately 2 pm above the focal plane of the first row of OHCs
but positioned above the outgrowing Claudius-like cells.
Nucleotides were locally applied for 20 s with a pressure of
6 psi, which did not activate mechanically induced Ca*"
signals.

Epifluorescence Ca®" imaging

Changes in the cytoplasmic Ca®" concentrations were
measured in cochlear cultures using the ratiometric Ca*"
sensitive dye 1-[6-amino-2-(5-carboxy-2-oxazolyl)-5-
benzofuranyloxy]-2-(2-amino-5-methylphenoxy)ethane-N,
N,N',N'-tetraacetic acid (Fura-2). Fura-2-AM was dissolved
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in 10% Pluronic®F-127 (Invitrogen) in DMSO to a 3-mM
stock, and explants were loaded with 3 uM Fura-2-AM in
DMEM/F12 for 40 to 50 min at 37°C in a 5% C0,/95% air
atmosphere, washed four times in HB-HBSS and left at 25°C
for 20 min for the AM ester groups to be cleaved. Experiments
were carried out at room temperature (20-23°C). Fura-2 was
excited at 340 and 380 nm sequentially using a monochro-
mator (Kinetic Imaging, UK), and emitted light was acquired
on a 12-bit cooled CCD Sensicam camera (PCO, Germany).
[llumination and image capture were controlled using IQ
software (Andor Imaging, UK). Needle damage was induced
after collecting baseline data for approximately 20 s. Cochlear
coils were large enough to perform at least three lesions with
distances of at least 500 um separating the individual lesion
sites. The first damage stimulus was always carried out in HB-
HBSS containing the vehicle that the drugs were dissolved in.
The second and third damage stimuli were induced following
a 30-min incubation period in HB-HBSS supplemented with
the drug or its vehicle. In nominally free extracellular Ca®"
solutions (0 Ca®"), Ca®" was replaced with Mg?" to maintain
the divalent ion concentration. During experiments, 0 Ca®"
solutions were exchanged 5-10 min prior to the damage
stimuli (i.e. time required to establish the microneedle and
imaging settings).

Fluorescence emission intensities after excitation at 340
and 380 nm were determined in 2020 wm regions of
interests (ROIs) in distinct cochlear regions using Metamorph
software (Molecular Devices Inc.). ROIs were positioned at
the following distances as depicted in Fig. 1d: 42-70 (56),
98-126 (112) and 154-182 (168) um diagonally from the
lesion site for the OS region; 40—60 (50), 80-100 (90) and
120-140 (130) wm to both sites from the lesion site
longitudinally along the rows of HCs and at 60-80 (70),
100-120 (110) and 140-160 (150) um horizontally from the
lesion site in the Kolliker’s organ (Ko) region. In the
majority of experiments, the microneedle was positioned so
that it was at the top of the image, which allowed 20x20 um
ROIs to be positioned from 30 up to 280 um from the lesion
site along the HC region (Fig. 2a, pre). Data were exported
to Microsoft Excel and Fura-2 380/340 ratio changes
were calculated after subtraction of background intensity
levels. The ratio changes (ARs) were calculated and used
to determine peak Ca®>" changes and Ca®" wave velocities.
Statistical analysis was carried out using unpaired, two-
tailed Student’s ¢ tests. In addition, the U73122+0 Ca®"
data set was subjected to analysis of variance, and
differences between groups were considered significant if
<0.05.

2+ .
Measurement of Ca™" wave velocity

The velocities of the damage-induced Ca®>" waves were
determined along the HC region. The differential ratio

(0R) signal was derived from mean ratio values by
calculating interframe ratio derivative, where 0R=R,—R,.1.
The biggest ratio change, 0R,., reliably represented the
onset of the calcium signal; thus, the time to JR.x was
calculated for each ROI. ROIs were placed at different
distances from the damage site, and that distance was plotted
as a function of the time to dR,,,«. The data were fitted with
a linear regression (y=mx+c) in Microsoft Excel where
the slope, m, gives dx/dt, i.e. the wave velocity. This
method was used to determine the velocity of the slow
wave between ROIs at 60 to up to 160 um. The speed of
the faster Ca*" wave and the limitation of the acquisition
rate meant that there was a reduced number of time points
available for curve fitting. Therefore, in this case, an
‘instantaneous’ velocity was calculated using (x;0;—X0)/
(tRmax—1t0), Where xo and ¢, are the position and onset time
of the damage.

Confocal Ca®" imaging

In order to assess whether HCs contribute to the Ca>” wave,
explants were loaded with 12 uM Oregon Green BAPTA-1-
AM (OGB, stock solution, 6 mM in 10% pluronic in
DMSO) and subjected to confocal microscopy. Details for
loading explants with OGB were similar to Fura-2 with the
exception that OGB was allowed to load for 1 h. Experi-
ments were carried out at room temperature (20-23°C) in
HB-HBSS. Confocal imaging was carried out using Zeiss
510 NLO upright or Zeiss 510 inverted confocal micro-
scopes. OGB was excited using the 488-nm argon laser
line, and emitted light passed through a 530-560-nm
bandpass filter. Images were acquired at the focal plane of
OHCs for the majority of experiments. Following recording
of a baseline, explants were subjected to either microneedle
damage or local application of ATP or CTP. Fast XZ line
scan images through the thickness of the cochlear explants
were acquired using a fast piezoelectric motor (PIFOC,
Physik Instruments, Germany).

Results

Damage elicits the propagation of two distinct intercellular
Ca*" waves along the cochlear coil

Mechanical and drug-induced damage stimuli have been
shown to elicit changes in intracellular Ca®" concentration
[Ca®"]; in hair cell epithelia [3, 4, 8-10, 14, 15]. Damaging
a single hair cell using a microelectrode or oscillating probe
triggers an intercellular Ca®" wave that propagates in an
extracellular ATP-dependent fashion requiring the release
of Ca®" from IP;-sensitive stores. Those studies focused
primarily on the propagation of the Ca®>" wave from the
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Fig. 1 Spatiotemporal properties of the cochlear damage-induced
Ca*" wave. a Brightfield image of a cochlear culture focused at the
level of the stereocilial hair bundles depicting the microneedle that
was used to damage the HC epithelium. The cochlear culture is
comprised of HC, Ko and OS regions. b Series of Fura-2 ratio images
(AR) showing the propagation of a damage-induced Ca** wave with
time indicated in seconds. ¢ Brightfield image of the same cochlear
culture following damage. d Average of 15 consecutive baseline
subtracted AR images starting at the time of damage. Regions of

hair cell (HC) region into the outer sulcus (OS) region of
cochlear explants, which is comprised of Hensen and
Claudius-like cells. Recently, we showed that when a
group of hair cells was damaged, a Ca®" wave also
propagated along the HC region [9]. Here, we describe the
mechanisms underlying the formation and propagation of
the Ca®* wave in the HC region of cultured neonatal
cochlear explants.

We used a microneedle to damage a small group of cells
in the HC region (Fig. la, c¢) in order to study the
propagation properties of the Ca>* wave. Changes in [Ca®';
were monitored using the ratiometric Ca®" indicator Fura-2.
Propagation of the Ca®" wave in all directions from the
initial damage site was revealed by subtracting the baseline
ratio image from the image time series (Fig. 1b). In
agreement with previous reports [8—10, 14], damage
triggered a rise in [Ca®"]; in cells immediate to the lesion
site. An intercellular Ca®" wave subsequently travelled
further distances into the OS region and along the HC
region. In addition, the Ca®" wave propagated into
Koélliker’s organ (Ko), part of the inner sulcus medial to
the HC region in the immature rodent cochlea (Fig. 1b).
Detailed spatiotemporal examination of Ca®" wave propagation
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interest (ROIs) were placed at the following distances from the lesion
site: 50 (blue), 90 (red) and 130 pum (black) in the HC region; 70
(blue), 110 (red) and 150 um (black) in the Ko region and 56 (blue),
112 (red) and 168 pum (black) in the OS region. The red lines outline
the HC region. e The graphs depict the ARs as a function of time for
the ROIs in the HC, Ko and OS region as displayed in d. The
arrowheads mark the time of damage. For the OS and HC region, the
ARs were averaged for the two ROIs placed at the same distance from
the lesion site. Scale bars, 50 pm

in the HC region revealed two temporally distinct
components—in effect, two waves. The first wave spread
faster with a velocity of 40.7£5.4 pm/s (n=11) and
appeared to occur in a subset of cells in the HC region. A
second slower wave was observed that travelled with a
velocity of 13.7+0.5 um/s (n=16), consistent with the
intercellular Ca®" wave described previously in the OS
region [8, 14]. The faster Ca®" wave was not observed in
the OS or Ko region.

Subsequent recovery of [Ca*']; to baseline levels occurred
within 90 s following the insult in both the HC and Ko
regions (Fig. le). In contrast, [Ca®']; levels in the OS region
did not fully recover during the time course of the recording
(150 s, Fig. le). In order to quantify the propagation of the
intercellular Ca?* wave, [Ca®']; was determined in 20x20 um
ROI placed at increasing distances from the lesion site (see
Fig. 1d). Figure le shows that in the HC and Ko region, the
Ca®" wave propagates to distances up to 130 and 150 um
from the lesion site, respectively. In the OS region, the Ca*"
wave propagated to distances greater than 168 pm from the
lesion site (Fig. le). The magnitude of the [Ca*']; changes
in the HC and Ko regions were similar, whereas those in
the OS region were always significantly higher. In the HC
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Fig. 2 Two distinct Ca”" waves A
propagate along the HC region.
a, ¢, e, g Time series of AR
images showing the propagation
of the damage-induced Ca”*
wave along the HC region in (a)
control, (¢) 0 Ca>", (e) U73122
(10 M) and (g) U73122 and 0
Ca®". Red stars indicate the
damage site, and arrows indicate
the region of the faster Ca>"
wave. b, d, f, h Peak [Ca®'];
changes as a function of dis-
tance from the lesion site in
control (black, b, d, £, h), 0 Ca>"
(red, d), U73122 (grey, f) and
U73122 and 0 Ca”" (blue, h).
Template in a (pre) shows the
regions of interests used for
quantification of peak [Ca®'];
changes. Mean + SEM, n (con-
trol, a)=22, n (0 Ca", ¢)=6, n
(U731221, €)=7, n (U73122 and
0 Ca*', g)=7. Student’s ¢ test
and analysis of variance, *p<
0.05, Scale bar, 50 um

m 0 Ca?* control

U73122

U73122 + 0 Ca?* @

and Ko regions, the Ca>" waves were characterised by a
decrease in the maximal [Ca*']; recorded as a function of
distance (Fig. le).

Two sources of Ca>" are required for Ca®" wave
propagation along the HC region

The two primary mechanisms for generation of [Ca*"; signals
are the release of Ca®" from intracellular stores, e.g. via the
generation of IPs;, and the influx of extracellular Ca*'
facilitated by the opening of various types of Ca**-permeable
ion channels in the plasma membrane. These Ca®" sources
were tested for their potential to mediate the damage-induced
rise in [Ca®']; in the HC region. In order to maximise the
distance over which we could assess Ca>" wave propagation,
we damaged hair cells at the top of the image field and
monitored propagation along the HC region only. Again, we
observed a faster Ca®" wave that spread at least 280 um from
the lesion site (Fig. 2a) and, in many cases, appeared to
propagate beyond the field of view. In contrast, the slower Ca*"
wave did not reach such distances. Regional analysis of the
maximum change in [Ca®']; revealed a clear reduction in the
signal at distances >180 um, beyond which, the propagation
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was only facilitated by the faster Ca®>* wave (Fig. 2a, arrow,
and b). When we prevented Ca®" entry by removing
extracellular Ca** (0 Ca*"), the faster Ca®" wave component
was abolished (Fig. 2¢). Analysis revealed that in 0 Ca®", the
peak change in [Ca®']; was significantly reduced at all
distances measured compared to controls (Fig. 2d). In 0
Ca®", the slower Ca®" wave remained at distances <180 um
from the lesion site and, in fact, qualitative inspection of the
HC region close to the damage site indicated more visible cell
borders, suggesting that only one cell type participated in the
formation of the Ca®" wave under these conditions (compare
Fig. 2a, c). When we prevented IPs-mediated Ca®" release
using the phospholipase C inhibitor U73122, the peak [Ca®'];
was significantly decreased only at distances between 100 and
180 pum from the lesion site (Fig. 2e, f). Again, inspection of
the recorded images revealed an apparent change in the
cellular response pattern in the presence of U73122, and this
pattern was notably different to that observed in 0 Ca**
(Fig. 2e). When 0 Ca®" and U73122 were combined,
propagation of the Ca®** wave was reduced to less than
80 um (Fig. 2g, h). In those combined conditions, peak
[Ca*']; was significantly reduced at all distances compared to
those in either 0 Ca®* or U73122 alone (Supplementary Fig. 1).
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Cellular localization of the fast Ca>" wave

The ‘salt and pepper’ pattern of the cells contributing to the
Ca®" wave in either 0 Ca®" or U73122 suggested that the
faster and slower waves propagated through specific
populations of cells. To test this hypothesis, we used live
confocal microscopy in cochlear explants loaded with the
Ca*" indicator Oregon Green BAPTA-AM (Fig. 3a, c, e, g).
Images acquired at the level of the OHC nuclei (see
schematic illustration, Fig. 3b) confirm that damage elicited
an increase in [Ca®']; in OHCs and that an intercellular Ca>"
wave propagated through those cells (Fig. 3c). The velocity
of the Ca®" wave through OHCs agreed with our estimates
for the faster Ca’" wave from wide-field Fura-2 data.
Measurements from OHCs positioned approximately
300 um from the centre of the damage site illustrate the
kinetics of the damage-induced [Ca®']; signal (Fig. 3d). In
the absence of extracellular Ca**, the damage-induced Ca*"

Fig. 3 Confocal imaging local-
ises the faster Ca>" wave to hair
cells. a Confocal x—z projection
of an Oregon Green BAPTA-
AM loaded cochlear explant and
(b) schematic cross-section of
the organ of Corti illustrating its
cellular composition: OHC outer
hair cells, /HC inner hair cells,
DC Deiters’ cells, PhC phalan-
geal cells, PC pillar cells. The
red line in b indicates the focal
level at which confocal Ca**
imaging was carried out. ¢, e, g
Average of confocal images of
an Oregon Green BAPTA-AM
loaded cochlear explant focused
at the level of the OHCs (left
column), baseline subtracted
average before the damage
stimulus (middle column) and a
time-averaged image represent-
ing the response over a period of
20 s, starting at the time of
damage (right column). Ca>"
wave propagation in (¢) control,
(€) 0 Ca®" and (g) following
return to control medium
(recovery). Red stars indicate
the lesion site. d, f, h Traces
depict AF of a single first row
OHC (corresponding to ¢, e, g)
in response to a microneedle-
induced damage stimulus in (d)
control, (f) 0 Ca>" and (h)
following return to control
medium (recovery). Arrowheads
indicate the time of damage.
Images are representatives of at
least three experiments. Scale
bar, 50 um
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wave in OHCs was abolished (Fig. 3e, f). Upon return to
control extracellular Ca®" levels, the damage-induced Ca*"
wave observed in OHCs could be elicited again (Fig. 3g, h).
Faster Ca®" waves also propagate through the inner hair cells
(data not shown). These data confirm that the faster Ca*"
wave requires extracellular Ca®" and that it occurs in HCs.
We infer from these data that the supporting cells are
responsible for the slower IPs-dependent Ca>* wave. The
opposing cell-specific patterns of the Ca>" signals observed
in the 0 Ca®" and U73122 support this interpretation.

The distinct Ca** waves both propagate in an ATP-
dependent manner

The damage-induced Ca”>* wave in the OS region was
triggered by the release of extracellular ATP [8]. Here, we
investigated whether the release of extracellular ATP was
required for the propagation of the faster and slower Ca*"
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waves in the HC region. Damage was induced in cochlear
explants exposed to the ATP-hydrolysing enzyme apyrase
(100 U/ml). In the presence of apyrase, the damage-
induced peak [Ca®"]; changes were significantly decreased
at all distances analysed along the HC region, indicating
that both Ca®" waves require the release of extracellular
ATP (Fig. 4a—c).

ATP acts on purinergic P2 receptors to exert its actions.
Two subtypes of P2 receptors are known: the ionotropic P2X
receptors that mediate the influx of Ca®" and the metabotropic
P2Y receptors that initiate the release of Ca’" from
intracellular stores [13]. The requirement for Ca®" influx
and inhibition by apyrase of the faster Ca®" wave seen in
hair cells suggests a role for P2X receptors. In the presence
of the P2X-selective antagonist TNP-ATP (100 uM), the
damage-induced Ca*" wave still reached distances achieved
by the faster Ca®" wave; the peak [Ca>"]; changes were not
significantly affected although a ‘salt and pepper’ pattern
reminiscent of the effect of U73122 was observed (Fig. 4d, e).
Close to the lesion site, [Ca®']; levels were decreased, albeit
significantly only in a few regions (Fig. 4e). The P2X
receptors that are least sensitive to TNP-ATP are P2X, and
P2X; (P2X4, 1Cso=15.2 uM; P2X5, 1C50>30 uM [16, 17].
Given the lack of effect of TNP-ATP and the lack of
sensitivity of P2X; to ATP [18], we hypothesised that P2X,
receptors contribute to the faster Ca®" wave.

P2X, receptors are potential candidates to mediate
the faster Ca®" wave

Various P2 receptor subtypes have been shown to be
expressed in both HCs and their surrounding supporting

Fig. 4 ATP is a mediator of the A i T
two distinct Ca®" waves in the F &
HC region. a, b, d Time series :
of AR images showing the
propagation of the damage-
induced Ca*" wave (a) in con-
trol, in the presence of (b) the
ATP-degrading enzyme apyrase
(100 U/ml) and (d) the P2X-
receptor antagonist TNP-ATP
(100 uM). ¢, e Peak [Ca*"];
changes as a function of dis-
tance from the lesion site for
control conditions (black, c, e),
apyrase (grey, ¢) and TNP-ATP
(grey, ). Mean + SEM, n (con-
trol, e)=13, n (TNP-ATP, e)=7, n
(control, ¢)=7, n (apyrase, ¢)=7,
Student’s ¢ test, *p<0.05. Red
stars indicate the lesion site.
Scale bar, 50 pm
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cells. To determine the cell specificity of P2 receptor-
dependent [Ca®']; changes in cochlear explants, we locally
applied ATP (for 20 s) to the HC region, and images were
acquired using confocal microscopy (Fig. 5a). ATP appli-
cation resulted in the increase in [Ca®']; in IHCs, OHCs and
their surrounding supporting cells. Similar changes in
[Ca®]; were recorded in both OHCs and IHCs (Fig. 5b).
Fast line scan x—z images confirmed that ATP triggered
changes in [Ca®"]; in HCs and their surrounding supporting
cells, including Deiters’, Hensen’s, pillar and phalangeal
cells (Fig. 5a, a).

In order to test the presence of P2X, receptors in
cochlear explants, we applied the agonist CTP [19]. Local
application of CTP resulted in Ca®* changes in OHCs and
IHCs, but not in the Deiters’ or pillar cells (Fig. 5c, c; d).
We did observe responses to CTP in the Kolliker’s cells,
medial to the IHCs (M. Lahne and J.E. Gale, unpublished
observations). In contrast, application of ATP was consis-
tent in eliciting changes in [Ca®']; in all supporting cells as
well as the HCs (Fig. 5aa). In the absence of extracellular
Ca**, CTP did not elicit changes in [Ca®']; in hair cells
confirming the ionotropic nature of the CTP response
(Fig. 5e—f). As well as P2X,, CTP has also been shown to
act on rat P2Y, and P2Y, receptors [20]. In the present
experiments, cells had been exposed to 0 Ca®" for
approximately 5-10 min prior to CTP application and,
although unlikely, it is possible that those conditions
resulted in the rundown of intracellular Ca®" stores, and
that this was the underlying cause for the absence of Ca**
signals under such circumstances. To exclude this possibility,
CTP was applied in the presence of 10 uM U73122. In the
presence of U73122, OHCs and IHCs maintained their
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Fig. 5 P2X, receptors could
mediate the faster Ca>* wave.
a, ¢, e Confocal images of
Oregon Green BAPTA-AM
loaded cochlear explants
focused at the level of the HCs
(left column), baseline sub-
tracted time-average image rep-
resenting 14 s of time prior to
(middle column) and 14 s of
time after onset of pressure
application of nucleotides (right
column). Ca>* changes following c
pressure application of (a)

100 uM ATP and (c, e) 100 pM
CTP in (c) control medium or (e)
in 0 Ca®". a, ¢, e Confocal x—z
line scan images from separate
applications in the same cochlear
explants exposed to the same
conditions as in a, ¢, e. b, d, f
Traces depict AF of a single first
row OHC (left) and THC (right,
corresponding to a, ¢, e) in
response to pressure application
of (b) 100 pM ATP and (d)

100 uM CTP in control or (f) 0
Ca”" conditions. Images are rep-
resentatives of at least three
experiments. Note that the con-
focal sectioning in a, ¢, e favours
the recording of responses from
the IHC and first row OHC. pre
Scale bars, 10 pm

m

CTP/0 Ca?*

responsiveness to CTP, and increases in [Ca®']; were similar
to those observed under control conditions (Fig. 6).

Discussion

Here, we have shown that in the neonatal cochlea, a native
multi-cellular tissue, mechanical trauma triggers the release
of ATP, which activates two distinct intercellular Ca**
waves that propagate through two different cell types. The
two waves were distinguished on the basis of (1) their
extent of spread along the length of the cochlea, (2) their
velocity, (3) their source of Ca®" (that correlates with the
underlying purinoreceptor specificity) and (4) the cell types
that contribute and through which the waves propagate. The
two intercellular waves have the potential to activate
different downstream signals due to the differential nature
of the receptors through which they operate.

Previous work in cochlear explants showed that damaging
a single hair cell triggers an intercellular Ca®>" wave that
propagated from the damage site, most obviously into the
outer sulcus (OS) region [8, 14]. Here, we damaged a
cluster of cells in the hair cell (HC) region with a
microneedle, resulting in more significant trauma to the
inner ear, such as might occur during high impulse noise

@ Springer
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[21]. Again, this triggered a rise in [Ca®']; in the cells
surrounding the lesion site. However, using this larger
stimulus, we made a novel observation: the propagation of
two distinct Ca®" waves in the HC region. Using confocal
imaging, we determined that a faster wave propagated
through the HCs. We showed that the faster Ca®" wave
reached distances of at least 280 um and required entry of
Ca®" from the extracellular space. It was followed by a
slower wave that spread over distances of ~180 um and
was mediated by release of Ca®" from IP;-sensitive stores.
This wave propagated through supporting cells in the HC
region, i.e. Deiters’ and other phalangeal cells. Both the
velocity and the source of Ca”" that constituted the slower
wave in those supporting cells were similar to that
reported previously for intercellular Ca®" waves measured
in the OS region [8, 14]. Both waves were blocked by
apyrase, indicating their dependence on the release of
extracellular ATP and its subsequent activation of P2
receptors. A regenerative mechanism requiring ATP
release was suggested to underlie the propagation of what
we will now term the slower Ca®" wave [8]. In support of a
regenerative release process, the photolysis of caged IP; in
cochlear-supporting cells did trigger ATP release, measured
using a biosensor, whereas a similar effect was not observed
in supporting cells from connexin 26 and 30 knockout mice,
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Fig. 6 CTP-induced Ca*" sig-
nals in HCs are independent of
IP;-mediated Ca*' release from
intracellular stores. a, ¢ Confo-
cal images of Oregon Green
BAPTA-AM loaded cochlear
explants focussed at the level of
the IHCs or OHCs (left column,
upper or lower row, respectively),
subtracted time-average

image representing 14 s of time
prior to (middle column) and 14 s
of time after onset of pressure
application of nucleotides (right
column). [Ca®']; changes following
pressure application of (a) 100 uM
CTP in control conditions and (c)
in the presence of U73122

(10 uM). ¢ Confocal x— line scan
images obtained from the same
cochlear explants as in ¢ in the
presence of U73122. b, d Traces
depict AF of a single first row
OHC (lefi) and IHC (right,
corresponding to a, ¢) in response
to pressure application of (b)

100 uM CTP in control or (d) in
the presence of U73122, n=2.
Scale bars, 20 pm

CTPIU73122

suggesting that connexin 26 and 30 hemichannels were
required [22].

Here, propagation of the slower Ca*" wave in the HC
region required IP;-sensitive stores, indicating a role for
metabotropic P2Y receptors. In the OS region, propagation
of the Ca®" wave is mediated by UTP-sensitive P2Y
receptors [14]. The similar properties of the slower Ca*"
waves in the OS and HC regions suggest that the same
mechanism is employed. Previous functional studies have
indicated the presence of P2Y receptors in Deiters’ cells in
guinea pigs [23, 24]. However, confirmation of the mecha-
nism that underlies the slower waves requires a detailed
description of P2Y receptor and connexin hemichannel
expression and function in the cochlea.

In contrast to supporting cells, the [Ca“"]; signals in HCs
resulting from the faster damage-induced intercellular Ca**
wave required an extracellular source of Ca®". Given the
faster Ca®" wave’s requirement for Ca®>' influx and
extracellular ATP, the simplest explanation is that iono-
tropic P2X receptors expressed by HCs were responsible.
P2X receptor involvement is also consistent with the faster
speed of the wave, which may well require the more rapid
signal transduction process afforded by the ionotropic
nature of those receptors. A number of expression and
functional studies have indicated the presence of P2X
receptors in HCs [25-33]. Here, we used TNP-ATP, a
known P2X receptor antagonist [17], in an attempt to block

2+
Ii

IHC

pre X~14s

the P2X-dependent faster Ca®" wave. However, at 100 uM,
TNP-ATP had no effect on the faster Ca®" wave (most
obvious, 200-260 um from the site of damage). The P2X
receptors that are sensitive to TNP-ATP are P2X;, P2X,,
P2X3, P2X,3, P2X5 and P2X [17, 34, 35], and those are
therefore unlikely to play a role here. In contrast, P2X, and
P2X; are comparatively insensitive to TNP-ATP. The ATP
sensitivity of those two receptors is significantly different:
P2X; receptors are only activated at relatively high ATP
concentrations, ECso=115 puM [18], compared to P2X,
receptors, EC50=5.5 uM [36]. If ATP is released and
diffuses from the damage site, at distances greater than
200 pm, it is unlikely to reach the high micromolar
concentrations required for P2X-, receptor activation. For
those reasons, we hypothesised that P2X, receptors were
the most likely candidates for the receptors underlying the
faster Ca®" wave in HCs. The expression pattern of P2X,
receptors in the intact organ of Corti has not been
described, although spiral ganglion neurons are known to
express this receptor subtype [37, 38]. We tested the
hypothesis that HCs express functional P2X, receptors
using the agonist CTP and confocal Ca®" imaging. Local
application of CTP elicited [Ca®"]; signals in HCs that
required the influx of extracellular Ca”" rather than release
from IP;3-sensitive stores. CTP-induced signals were not
observed in supporting cells. These data indicate that HCs,
but not supporting cells, express functional CTP-sensitive
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P2 receptors. As well as P2X,, CTP (in the 100 uM range)
will activate both P2X, and P2X; s receptors [35, 39, 40].
However, given their sensitivity to TNP-ATP, they are
unlikely to be playing a role here [17, 35, 39, 40]. Thus, the
presence of CTP-induced Ca”" signals in HCs and the
relative insensitivity of the faster Ca®" wave in HCs to
TNP-ATP are consistent with P2X, or P2X,-like receptors
being the mediators of the faster Ca** wave. However,
interpreting the molecular nature of the native P2 receptors
on the basis of pharmacological profiles determined in
heterologous expression systems is not ideal. It is also
likely that P2X receptors form heteromers in a native tissue
such as the cochlea, and this can alter their pharmacological
profiles [16, 41, 42]. Further investigation into the nature of
P2 receptors and their heteromers in cochlear cells are
required before we will fully understand the mechanisms
underlying the damage-induced Ca®>" waves in the HC
region.

Our data indicate that as a result of cochlear damage,
extracellular ATP activates a faster most likely P2X-
mediated Ca>* wave in HCs and a slower P2Y-mediated
Ca®" wave in supporting cells (Fig. 7). The faster Ca*"
wave spreads to greater distances but occurs in HCs only. A
question that arises is why the ATP that activates the faster
wave fails to activate P2Y receptors in supporting cells at
those greater distances. The ATP sensitivities of rat P2Y,,
P2Y, and P2X, receptors are similar (ECsy 2.5, 1.5 and
5.5 uM, respectively). One possible explanation for our
results is that many more copies of P2X, receptors are

Damage

1'— apyrase
Extracellular ATP

Hair cells Support cells

1 - TNP-ATP 1
CTP ——p P2X, ? P2Y

1|— 0 Ca?* 1|— U73122

Ca?" influx Ilia
Faster Slower
Ca?* wave Ca?* wave

Fig. 7 A model of damage-induced Ca>* wave propagation in the HC
region. Acute trauma of hair cells triggers the release of ATP that
induces the propagation of a faster Ca®" wave in hair cells that
requires Ca®" influx through ion channels, most likely formed from
P2X, receptors. In support cells, a slower wave is mediated by P2Y
receptor activation and the subsequent release of Ca*' from
IP5-sensitive stores

@ Springer

expressed by HCs compared to the number of P2Y receptors
in supporting cells. It is also possible that given the excitable
nature of HCs, the ATP-induced depolarisation could activate
voltage-gated Ca®" channels thereby amplifying any [Ca®'];
signal. Of course, these two possibilities are not mutually
exclusive and would combine to enhance the sensitivity of
HCs to extracellular ATP. Moreover, although P2X,
receptors are relatively insensitive to TNP-ATP, at the
concentration used here, we might have expected a partial
reduction in [Ca®']; of the faster wave. An alternative,
although less likely, explanation is that activation of P2Y
receptors in HCs (possibly CTP-sensitive) could modulate
the activity of a Ca®"-permeable cation conductance
independently from PLC activity (as our response is not
inhibited by U73122). Such a response has been observed
in oocytes expressing P2Y, receptors where a cation
conductance was induced by adenine nucleotides indepen-
dently of G-protein function [43]. However, it is not clear
how rapidly this mechanism operated and whether such a
mechanism would act quickly enough to enable the faster
Ca”" wave we describe here.

Our data reemphasise the general idea that in a multi-
cellular organ such as the cochlea, one signalling molecule
can exert its effect on various cell types simultaneously but
in a cell-specific manner that is determined by receptor
expression. Here, given the different modes of activation of
the two Ca®" waves, the functional consequences for the
distinct cell types that are affected by those waves are also
likely to differ. A vast variety of proteins including enzymes
and calcium-binding proteins integrate Ca®" signals into
downstream signalling networks. The signalling cascade
via ERK1/2 is one that can sense and integrate Ca" signals,
and we have recently shown that the damage-induced Ca*"
wave participates in ERK1/2 activation in Deiters’ and
phalangeal cells [9]. One possible consequence of the
damage-induced Ca®" signals in HCs described herein is
the activation of the protein phosphatase calcineurin, which
has been implicated in noise-induced hearing loss [44].
Calcineurin, among other roles, mediates dephosphoryla-
tion of BAD, a pro-apoptotic member of the Bcl family.
BAD dephosphorylation enables it to translocate from the
cytoplasm to mitochondria where it promotes apoptosis
[45].

In summary, we have shown that damage triggers the
propagation of two distinct Ca®" waves in the immature
cochlea. The two Ca”" waves occur in a cell type-specific
manner and differ in their velocity, extent of spread, the
receptors responsible for signal generation and, as a result,
the source of Ca®". However, in common, both waves are
mediated by the release of extracellular ATP. We confirm
that P2Y receptors mediate the slower Ca®" wave in
supporting cells. We suggest that the primary candidate
P2X receptor for the propagation of the faster Ca>" wave is
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the P2X, receptor subtype and provide pharmacological
data in support of its expression in hair cells. Further work
is required to confirm whether the damage-induced activity
we describe occurs in the adult cochlea.
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