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Abstract

Extracellular ATP is a key neuromodulator of visual and auditory sensory epithelia. In the rat cochlea, pharmacological dissection indicates
that ATP, acting through a highly sensitive purinergic/IP;-mediated signaling pathway with (little or) no involvement of ryanodine receptors,
is the principal paracrine mediator implicated in the propagation of calcium waves through supporting and epithelial cells. Measurement of
sensitivity to UTP and other purinergic agonists implicate P2Y, and P2Y, as the main P2Y receptor isoforms involved in these responses.
Ca* waves, elicited under highly reproducible conditions by carefully controlling dose (1 uM) and timing of focal agonist application (0.2's),
extended over radial distance greater than 160 wm from the source, identical to those activated by damaging single outer hair cells. Altogether,
these results indicate that intercellular calcium waves are a robust phenomenon that confers a significant ability for cell-cell communication
in the mammalian cochlea. Further ongoing research will reveal the roles that such Ca** waves play in the inner ear.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Extracellular signalling by purine nucleotides has long
been associated with sensory systems, where ATP acts as a
co-transmitter and/or neuromodulator [1]. Purinergic recep-
tors of the G protein-coupled (P2YR) type, as well as of the
ionotropic type (P2XR) [2] are widely distributed on inner
ear structures [3,4].

Currently, seven subtypes of the P2X family (P2X;_7) and
eight subtypes of the P2Y family (P2Y 5, P2Y4, P2Y¢ and
P2Y11-14) have been cloned and functionally characterised,
albeit typically in expression systems rather than native tis-
sue [5]. As non-selective cation channels, P2XRs provide
direct routes for Ca>* entry into the cell cytoplasm, whereas
P2YRs either activate phosholipase C (PLC) and release
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intracellular Ca* or affect adenylyl cyclase and alter cAMP
levels [6].

In the mammalian cochlea, the organ of Corti comprises a
polarized epithelium that contains sensory receptors, the hair
cells, in which ATP has been shown to affect Ca2* homeosta-
sis [7]. Sensory hair cells are surrounded by various types of
supporting cells, including Deiters’ [8—10], Hensen’s [11]
and pillar cells [12], which all respond to focal application
of ATP with a transient elevation of the intracellular free
Ca?* concentration ([Ca%*];). Cochlear supporting cells and
adjacent epithelial (Bottcher’s and Claudius’) cells are con-
sidered essential constituents of an epithelial network that
participates in the regulation of the unique ionic composition
of cochlear extracellular fluids [13]. Hensen’s and Deiters’
cells, the two main types of supporting cells in the organ of
Corti [14,15], are highly permeable to K* [16,17] which is
found at unusually high concentration in endolymph, the fluid
bathing the apical surface of the organ of Corti [18]. K* ions
flow into the organ of Corti as they are the major component
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of the hair cell mechanoelectrical transduction current [19-
22]. Purinergic signalling in the cochlea can affect several
essential functions, from ion homeostasis to active mechani-
cal amplification by the outer hair cells [23,24]. Notably, the
level of ATP in cochlear fluids increases in response to mod-
est sound over-stimulation [25]. ATP release from marginal
cells in the stria vascularis has been proposed to exert a home-
ostatic regulatory mechanism [26], promoting K* efflux from
scala media and a G protein-mediated reduction of K* import
into the endolymph from stria vascularis [27]. An expected
outcome of both of these effects is a reduction in cochlear
sensitivity in noisy environments.

Mechanical stimulation of many cell types induces tran-
sient rises in [CaZ*]; that can spread from cell to cell in a
wave-like pattern by the release of an extracellular nucleotide
intermediate [28]. Indeed, nucleotides are frequently released
into the extracellular space as a consequence of cell dam-
age and, once in the pericellular milieu, they can activate
P2 nucleotide receptors or be rapidly hydrolyzed by ecto-
ATPases and ectonucleotidases [29]. Using neonatal organ-
otypic cultures from rat inner ear [30-32], we have recently
shown, in response to sensory hair cell damage, activation
of Ca* oscillations and ATP-dependent propagation of Ca>*
waves through cochlear supporting and epithelial cells that
surround the damaged hair cells. ATP concentrations above
about 15nM, similar to that measured in noise damaged
cochlea, reliably elicit Ca?* oscillations in the same organ
preparation [33].

Extracellular ATP possesses all the properties of a bona
fide fast-acting intercellular messenger: (a) it is released in
a controlled fashion, (b) ligates specific plasma membrane
receptors coupled to signal transduction and (c) is quickly
degraded to terminate its actions [29]. However, an alter-
native concept has been proposed for the mechanism of the
Ca”* wave propagation between glial [34] and epithelial cells
[35] that, like cochlear supporting cells [36-38], are highly
coupled by gap junctions. In this paradigm, Ca>* waves are
sustained by the intercellular diffusion of second messen-
gers through gap junctions, with subsequent release of Ca>*
from intracellular stores [39]. As Ca** may permeate gap
junctions [40] but is heavily buffered in the cytosol [41],
IP3 has been proposed as a better intercellular messenger
in epithelial cells [35,42], hepatocytes [43] and glial cells
[44-48). In the retina, both mechanism seem active: Ca*
wave propagation among astrocytes depends on gap junc-
tional communication while propagation between astrocytes
and Miiller cells involves purinergic signalling [49].

The contribution of gap junction communication to the
propagation of cochlear Ca®* waves is not explored in this
paper and will be dealt with in a separate publication. In this
work, we have analyzed the responses to different types of
stimuli capable of eliciting Ca** waves in the organ of Corti.
Experiments were performed in low divalent cation solutions,
thus direct contribution from Ca”* entry through ionotropic
P2X receptors can be excluded. Our results implicate P2Y»
and P2Y4 receptors acting via the PLC-IP3 signal transduc-

tion pathway with little or no contribution from ryanodine-
sensitive Ca>* stores.

2. Methods
2.1. Organ cultures

Cochleas were dissected from postnatal days 1-2
Sprague-Dawley rat pups in ice-cold Hepes-buffered
(10mM, pH 7.2) Hanks’ balanced salt solutions (HBSS,
Sigma, Milan, Italy) and placed onto glass coverslips coated
with 10 pg ml~! of CellTak (Becton Dickinson, Milan, Italy),
as described [33]. Cultures were incubated in Dulbecco’s
modified Eagle’s medium DMEM/F12 (Invitrogen, Leek,
The Netherlands), supplemented with FBS 5% and main-
tained at 37 °C for 1 day. During experiments, cultures were
continuously superfused at 2mlmin~! with standard extra-
cellular solution (ECS) containing 138 mM NaCl, 5 mM KClI,
2mM CaCl,, 0.3 mM NaH,POq4, 0.4 mM KH,PO4, 10 mM
Hepes-NaOH and 6 mM bp-glucose (at pH 7.25; 320 mOsm).
Before recording, cultures were switched to DFM (as above,
but with 0 uM Ca®*, 0 uM Mg>* and 100 uM EGTA) or LCS
(as above, with 0 Ca**, 0 Mg?* but no added EGTA to prevent
run-down effects in experiments that required ATP applica-
tions lasting longer than 2 min) and were returned to ECS in
the interval between successive records.

All experiments were performed at room temperature
(22-24°C).

2.2. Drug delivery

Thapsigargin and ryanodine (Calbiochem, Darmstadt,
Germany) were dissolved at the indicated concentrations
respectively in LCS and ECS and applied through the
perfusion. Focal pressure-applications of purine/pyrimidine
derivatives were performed using glass micro-capillaries
(puff pipettes) that were pulled to a tip of approximately 1 pm
on a vertical puller, similarly to patch clamp electrodes (PP80,
Narishige, Tokyo, Japan). Pipettes were filled with the com-
pound of interest, dissolved in DFM or LCS, and placed near
the target cell. A 6 psi pressure was applied at the back of the
pipette by delivering a transistor—transistor logic (TTL) pulse
of carefully controlled duration to a Pneumatic PicoPump
(PV800, World Precision Instruments, Sarasota, FL, USA)
under software control. All cells tested responded to ATP,
whereas no response was detected when ATP (or other ago-
nists) was omitted from the puff pipette solution, indicating
that mechanical activation of the cells was negligible.

2.3. Mechanical stimulation

Controlled mechanical stimuli were delivered by manually
micro-manipulating a glass micropette into close proximity
(~1 pm) to a selected outer hair cell, thereafter oscillating
the pipette tip for 0.2 s at 100 Hz with an amplitude of 5 pm.
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Pipette movement was generated by a piezo-electric actua-
tor (PV820, Physik Instrumente, Karlsruhe, Germany) under
software control.

2.4. Calcium imaging

Cochlear organotypic cultures were incubated with the
membrane-permeable AM-ester derivative of fura-2 (10 wM)
for 30 min at room temperature in the presence of Pluronic
F-127 (0.01%, w/v) and sulphinpyrazone (250 uM), and
washed in ECS for 20 min before imaging. Fura-2 fluores-
cence was excited alternatively at 360 nm (isosbestic point)
and 380 nm by a fast-switching monochromator (Polychrome
IV, TILL Photonics, Martinsried, Germany). Fluorescence
emission was selected at around 510 nm using an interfer-
ence filter (Chroma D510/40m, Rockingham, VT) to form
fluorescence images on a scientific-grade CCD camera (Sen-
siCam; PCO Computer Optics GmbH, Kelheim, Germany)
using Olympus Lum Plan FL 20x, 40x and 60x water-
immersion objectives (NA 0.95, 0.8 and 0.9, respectively)
on a BX51WTI upright microscope (Olympus, Tokyo, Japan).
The image acquisition software was developed in the labo-
ratory and is described in Ref. [50]. Fura-2 data are shown
either as background-subtracted 360/380 nm ratios (R) or as
ratio changes (AR=R — Ry), where Ry is the pre-stimulus
ratio and R is the ratio at time z.

2.5. Analysis

Data were analysed off-line using customised routines
developed under the Matlab 7.1 programming environment
(The MathWorks, Natick, MA). To measure the spread of
Ca?* transients evoked by focal stimuli, either mechanical
(Fig. 1) or chemical (Fig. 2), consecutive images in the fura-
2 ratiometric sequence were subtracted, effectively creating
a differential image set. The newly responding cells were
highlighted by selecting all pixels with values above a given
acceptance threshold in the difference image. This procedure
yielded clearly discernible ring-like patterns of advancing
wave fronts, as shown in Fig. 1B. Classically, propagating
Ca?* transients are represented by computing average fluo-
rescence signals within regions of interests (ROIs, Fig. 1A)
placed on individual cells along a line departing from the
point source. This results in a collection of time plots in which
Ca”* elevation delay increases with distance from the source
(Fig. 1C). To avoid the tedious placement of individual ROIs,
we designed a computer algorithm that automatically com-
puted distances dj; (arrowed in B) from the source point to
points on the wave front in each difference image (subscripts
ij designate pixel coordinates). Probability histograms were
then derived by counting the number of wave front pixels
found at a given distance dj;. This is demonstrated by the
histograms in Fig. 1D, which were derived from the corre-
sponding difference frames in Fig. 1B. For each difference
frame, the abscissa, dpax, of the histogram peak was selected
and R was averaged over all pixels found at this distance

from the source. Fig. 1E shows wave amplitude, Apqyx, i.€.
the average value R at dp,x, as a function of dp,x. Fig. 1F
shows dpnax as a function of time. Wave speed was estimated
from the slope of linear least square fits to these data point
distributions.

Results are given as mean =+ standard error of the mean
(S.E.M.), unless otherwise stated.

3. Results

3.1. Propagation of intercellular Ca** waves in the
outer sulcus of the organ of Corti

To study Ca* wave propagation in the organ of Corti, per-
fusion was switched to DFM, a commonly used medium (e.g.,
see Ref. [51]) virtually devoid of divalent ions (see Section
2.1) 2 min prior to stimulation, and then stopped altogether.
Cochlear cultures were kept in DFM for the duration of the
recording (generally less than 1 min) and were subsequently
returned to ECS, a Ca?*-containing Mg”*-free medium, in
the interval between repeated stimulations. To exclude run-
down effects, we elicited two consecutive waves in DFM,
which served as control for statistical analysis.

In DFM, pressing a micropipette against a selected outer
hair cell for ~0.2's under software control resulted in Ca>*
waves that propagated to distances in excess of 160 um
through the outer sulcus region, a syncytium formed pri-
marily by supporting (Hensen’s) and epithelial (Bottcher’s
and Claudius’) cells [14] (Fig. 1A-D). In this range, wave
amplitude, Amax, and wave speed, s, were constant (Fig. 1E
and F). Typical values were Amax = 1.5 (in fura-2 ratio units)
and s &~ 15 pums~!. Similar waves were elicited by 0.2 s focal
application of 1 puM ATP from a puff pipette (Fig. 2A-C),
confirming the implication of ATP in calcium wave propa-
gation through cochlear supporting cells [33]. Ca®* signals
were never detected when ATP was omitted from the solu-
tion filling the puff pipette (n = 7). Pooled results indicate that
Amax and s were not significantly different for the two wave
initiation modalities (Fig. 2D).

3.2. IP3-sensitive intracellular calcium stores are
required for ATP-dependent Ca’* responses

In a variety of cells, including cochlear outer sulcus
cells [33], stimulation by hormones and neurotransmitters
evokes oscillations in cytosolic Ca?*, often accompanied by
spreading of intercellular Ca®* waves [52], which propagate
through the cytosol of individual cells using either ryanodine
or IP3 receptors [53]. To test the dependence of Ca>* signals
evoked by ATP on endoplasmic reticulum (ER) stores,
cochlear organotypic cultures bathed in LCS (see Section
2.1) were exposed to thapsigargin, a blocker of the Ca>*-
ATPase (SERCA) pump. ATP (100 nM) was applied briefly
from a puff pipette, as a control, followed by co-application
of ATP (100nM) and thapsigargin (200 nM) through the
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Fig. 1. Intercellular Ca®* signaling in cochlear supporting cells. (A) Five pseudocolor images from one representative experimental record, showing propagating
Ca®* transients induced by mechanical stimulation of a single outer hair cell (asterisk). Regions of interest (ROIs) are shown superimposed over five selected
supporting cells in the first image (the time of image capture, measured from stimulus onset is shown in the top right corner of each panel). (B) Subtraction
images corresponding to the sequence in (A). By subtracting two subsequently recorded images, the newly responding cells are highlighted. Arrows on the third
subtraction image indicate wavefront displacements, i.e. distances d;; of wavefront pixel ij from the point of stimulation (asterisk). (C) Fura-2 ratio changes,
R, from the ROIs in (A); trace and ROI colours are matched. (D) Graphical representation of the fractions of pixels above a fixed ratio threshold calculated
for the five frames in (B); the abscissa of each pixel distribution peak represents the distance, dmax, at which the probability of finding ratio differences above
threshold is maximal; distances are measured from the point of origin of the wave (asterisk in B). (E) Amplitude (Amax) of fura-2 ratio signal vs. dmayx; there is
no significant decrease of the wavefront [CaZ*); with distance from the source. (F) Plot of dmax Vs. time; the slope of the linear best fit to the data was used to
estimate wave speed, s, from each record. Arrowheads indicate the timing of capture for the frames shown in (A).
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Fig. 2. Calcium waves evoked by focal ATP application. (A) Subtraction
image captured ~3.8 s after 0.2 s focal pressure application of 1 uM ATP
from a puff pipette placed ~5 wm above the tissue (asterisk). Amplitude
(B) and speed (C) of the ATP-evoked waves are compared to those of
mechanically evoked waves in (D). Error bars are standard deviation (S.D.).
Arrowhead in (C) indicates the timing of capture for the frame shown in (A).
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Fig. 3. Thapsigargin suppresses calcium oscillations evoked by ATP. (A
and B) Responses evoked by two consecutive brief applications of 100 nM
ATP (upward arrows) followed by prolonged ATP application (A, empty
bar) or co-application of 100nM ATP and 200 nM thapsigargin (B, gray
bar). Thapsigargin slowly and irreversibly reduced oscillation amplitude and
frequency. (C) Pooled data showing quantification of the changes in peak-
to-peak fura-2 ratio (AR) amplitude (left) and frequency (right) evoked by
repeated application of 100 nM ATP (1 min) at 15 min intervals (n =30 cells).
(D) Same as (C), before (Ctrl, empty bars, n =9 cells) and during thapsigargin
application (Tps, black bars, n=6). **Significant differences at p <0.01.

superfusate. In the presence of thapsigargin, the amplitude
and frequency of Ca®* oscillations evoked by ATP, and mea-
sured from regions of interest (ROIs) placed within individual
cells, declined far more rapidly than in controls until, after
about 20 min, only sporadic oscillations were left (Fig. 3).
However, oscillations were largely unaffected when cultures
were incubated in 50 uM ryanodine for at least 10 min
(Fig. 4). Consistently, stimulation with caffeine (10 mM)
failed to evoke measurable fura-2 signals (n=35, data not
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Fig. 4. ATP-evoked calcium responses are not affected by ryanodine. Fura-2
ratio changes evoked by 50nM ATP (empty bars) before (Ai) and 10 min
after incubation with 50 uM ryanodine (Aii). Pooled data from n=15 cells
in three different cultures, showing that ryanodine did not affect amplitude
(B) or frequency (C) of Ca®* oscillations.

shown). Also, in the same preparation, we have shown that
the phospholipase C inhibitor U73122 significantly reduced
both the maximal Ca”* response and the frequency of the
ATP-induced [Ca?*); oscillations [33]. Thus we confirm here
that ATP-induced calcium oscillations in cochlear support
cells are mediated by PLC-dependent activation of inositol
triphosphate (IP3) sensitive Ca>* channels in the ER.

3.2.1. Pharmacological profiling of P2Y receptors

The [CaZ*); responses described so far in this work were
obtained in low divalent cation solutions using ATP con-
centrations up to 1M, and therefore could be ascribed
primarily to P2YRs rather than Ca®* influx via P2X recep-
tor channels [54]. Some P2YRs are activated principally
by nucleotide diphosphates (P2Y;¢12-13), while others
are activated mainly by nucleotide triphosphates (P2Y> 4).
Some P2YRs are activated by both purine and pyrimidine
nucleotides (P2Y> 4 ), and others by purine nucleotides alone
(P2Y1,11-13). Withrespect to the signal transduction pathway,
each P2YR binds to a single heterotrimeric G protein (typ-
ically Gg/11), although P2Y; can couple to both Gg/11 and
Gg, whereas P2Y 1> couples to G; [6]. P2Y; and P2Y; are
coupled to stimulation of phospholipase C-f3 and inhibition
of adenylate cyclase via Gg/11 and G;j proteins, respectively
[2]. P2Y4 and P2Y¢ seem to only couple to phosphoinositide
breakdown, whereas P2Y; rather surprisingly stimulates
activation of both the phosphoinositide and the adenylate
cyclase pathways [29].

P2 receptor pharmacology is complex. All of the P2YRs
are activated by ATP, but at P2Y¢ receptors, UTP is a more

potent agonist [55-58], whereas ATP and UTP are equipotent
at rat P2Y, and P2Y4 receptors [59,60]. At P2Y, UTP is
inactive and ADP is reported to be equipotent or even more
potent than ATP [61,62]; at P2Y; ATP is more potent than
ADP and UTP s inactive [63]. Four major isoforms of P2YRs
(P2Y1,2,4,6) were detected in a mRNA RT-PCR assay from
rat whole cochlea samples [33]. Here, to refine the expression
profile of the P2YRs, we performed a number of experiments
with agonists that have been reported to activate the various
receptor isoforms with different potency. Fura-2 fluorescence
ratio changes evoked by ATP were compared to responses
evoked by stimulation with 2-MeSATP (selective for P2Y),
ATP~S and UDP (acting preferentially on P2Y¢) [2,64].

When ATP was applied focally from a puff pipette for
periods greater than 20 s at concentrations as low as 20 nM,
repetitive increases of [Ca?*]; were observed (Fig. 5A). At
concentrations greater than a few pwM, oscillatory activity
was replaced by a slowly declining [Ca2*]; response. Sensi-
tivity to UTP was also tested to construct the dose-response
curve shown in Fig. 5B. The EC5g for [UTP] was still sub-
micromolar (72 nM), despite being over two-fold higher than
that for [ATP] (23 nM, dashed line, Fig. 5B; see Ref. [33]).
We analysed both the amplitude and frequency of the oscil-
latory activity as a function of concentration. The amplitude
of the agonist-induced Ca>* oscillations varied significantly
as a function of concentration. The simplest description of
the effect of changing concentration on oscillation amplitude
is that of an approximate bell shaped function, peaking at
~50nM for ATP and =250nM for UTP. Ca** oscillation
frequencies did not appear to alter so consistently and were
observed in the range from 0.047 to 0.087 Hz (from 2.84 to
5.22min~!) for ATP and from 0.034 to 0.07 Hz (from 2.04 to
4.20 min~") for UTP (Fig. SE and F). Within these ranges, fre-
quencies did not vary monotonically, albeit the frequencies
at which oscillation amplitudes were maximal were simi-
lar: 0.06 Hz (3.6 min™!) for ATP and 0.05 Hz (3.0 min™!) for
UTP.

ATP, applied at a concentration of 50nM, reliably
elicited Ca®* responses with prominent oscillatory charac-
ter (Figs. 5A and 6A), whereas ATPyS, 2-MeSATP and UDP
failed to evoke measurable fura-2 signals at this concentra-
tion (Fig. 6). The responses evoked by ATP, applied at 2 uM
concentration, resembled slowly decaying transients. At this
higher concentration, ATPyS and 2-MeSATP evoked oscil-
latory responses whose peak amplitude was only a fraction
(70-75%) of the peak ATP response, whereas UDP was inef-
fective. However, increasing the concentration of UDP to
20 uM resulted in responses of comparable size to that of
2 uM ATP (Fig. 6B).

4. Discussion
ATP levels in scala media increase during brief periods of

acoustic overstimulation [25], reaching concentrations above
the activation threshold (~10nM) for P2YRs in this tissue
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Fig. 5. UTP and ATP affect cochlear supporting cells in a similar way. (A) Representative fura-2 fluorescence ratio changes from individual cells in response
to different ATP concentrations, applied for the duration of the recording (empty bar). Each trace was obtained by spatially averaging pixel signals over the
whole cell body. (B) Percent dose-response curve for extracellular UTP-induced Ca>* responses; data points (mean & S.E.M.) are fura-2 signals weighted
by the fraction of responding cells in the field of view and averaged over n>40 cells from (at least) three different cultures. Solid line: fit with function
f =100 x [UTP]"/(IUTP]" + k"), where n=2.18 (Hill coefficient) and k=0.072 M (ECsp). Dashed line: ATP dose-response curve from Ref. [33]. (C)
Peak-to-peak oscillation amplitudes vs. ATP concentration. (D) Same as (C) for UTP. (E) Oscillation frequency vs. concentration for ATP and UTP (F).

[33]. Signal transduction by P2YRs occurs via the classical
pathways triggered by most seven-transmembrane-spanning
receptors: (i) agonist-bound receptors determine the rate of
G protein activation; (ii) heteromeric G proteins transmit the
signal to PLC-B by transiting a controlled cycle of GTP
binding and hydrolysis; (iii) G protein-initiated signaling
is turned off by hydrolysis of the GTP bound to the Ga
subunit.

Our results indicate that Hensen’s, Bottcher’s and
Claudius’ cells in the mammalian cochlea are stimulated by
ATP in the nanomolar range and once stimulated display a
complex pattern of intracellular oscillations and intercellular
Ca®* waves. A widely held hypothesis is that, in Ca>* oscil-
lations, information is encoded mainly by their frequency
[65-69]. However, a possible role of the amplitude of the
Ca* oscillation in signal transduction has been discussed

[70-72]. It has also been argued that amplitude modulation
and frequency modulation regulate distinct targets differen-
tially [73].

Feedback processes and cooperativity are the two main
sources of non-linearities that promote the occurrence of
sustained oscillations in biological systems [52]. Interest-
ingly, certain models for cyclical increases in Ca®* involving
calcium-induced calcium release (CICR) have discounted the
contribution of Ca2+-dependent PLC activation [74,75]. In a
simple two-variable model based on CICR sustained Ca**
oscillations occurred optimally between two critical values
of agonist concentration [76], as indeed found in the organ of
Corti between 20 nM and 1 wM ATP (see Fig. SA). However,
the model also predicts that the frequency of Ca** oscilla-
tions rises with the degree of stimulation. Here, Ca?* oscil-
lation amplitudes and frequencies displayed complex bi or
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Fig. 6. Sensitivity of supporting cells to agonists of P2 receptors. Fura-2 flu-
orescence ratio changes, AR, from individual supporting cells in response to
ATP (A), ATPvyS (B), 2-MeSATP (C), and UDP (D) at shown concentrations.
Each trace is representative of n>3 experiments.

even triphasic dependence on stimulus concentration: ampli-
tudes peaked at ~50 nM (ATP, Fig. 5C) and ~250 nM (UTP,
Fig. 5D) whereas the frequency of oscillations appeared to be
relatively independent of agonist concentration at ~0.05 Hz
(3 min~!, period 20 s). Furthermore, due to the lack of effect
of ryanodine described herein our data are incompatible with
a scheme involving ryanodine receptors in the CICR process.

The complex scenario illustrated in Fig. 5 suggests that
Ca?* oscillation amplitude and frequency are influenced by
a cohort of regulatory and feedback mechanisms, which may
include activation and inhibition of the IP3 receptor at dif-
ferent Ca?* levels [52], as well as regulation of both PLC
and G proteins by Ca®* itself [77]. It is critically important
for sustained Ca®* oscillations that: (a) PLC- is a GTPase-
activating protein for Gq capable of accelerating steady state
GTP-ase activity up to 60-fold [78]; (b) activated o sub-
units of Gq proteins interact with PLC isozymes at their C2
domains, a class of Ca* binding modules found in a number
of signal transduction proteins [79]. Thus P2YRs and PLC-3
may coordinately regulate the amplitude of the Ca®* signal
and the rate of signal termination [77].

The expression of specific isoforms of P2YRs may
also play a significant role in shaping the spatio-temporal
aspects of Ca’* signaling in the network of cells partici-

pating in a Ca?* wave [80]. Based on the results described
here we suggest the following potency at the native recep-
tors expressed by Hensen’s, Bottcher’s and Claudius’ cells
in the cochlear outer sulcus: ATP > UTP > ATPyS=2-
MeSATP > UDP. From this we can conclude that P2Y ,P2Y¢
and P2Y|_14 are either absent or play a negligible role. Taken
together, our results suggest that P2Y, and P2Y4 receptors,
expressed on the endolymphatic side of cochlear supporting
cells in the outer sulcus, mediate the observed Ca2* responses.
Since P2YRs may form homo- and hetero-multimeric assem-
blies under some conditions [6], it is tempting to speculate
that the unusually high sensitivity to ATP and UTP in this
tissue is the result of a peculiar multimerization.

The significance of Ca>* waves and oscillations is inti-
mately connected to the role played by Ca®* in the control of
key cellular processes [81]. The extraordinary sensitivity to
ATP exhibited by cochlear supporting and epithelial cells in
these neonatal cultures suggests that the spreading of inter-
cellular Ca>* waves through the syncytium formed by these
cells is an essential component for the perception of sound
and is potentially implicated in sound-induced gene expres-
sion [33]. However it remains to be determined whether the
expression of P2Y receptors is changed during maturation of
the cochlea. A detailed study of the expression of P2 receptor
expression during cochlea development has not been per-
formed. There is evidence for both change and maintenance
of expression of P2X receptors during development [4,80] but
data on the expression of P2Y receptors in the organ of Corti
is less extensive. P2Y receptors are expressed by support-
ing cells in the neonatal rat [33] and in the mature guinea pig
organ of Corti [8—11,79]. Immunocytochemistry has revealed
expression of P2Y; receptors in the neonatal rat organ [33]
and P2Y4 receptors have been found in the adult guinea pig
organ [82]. Thus we hypothesize that the mature rat support
cells maintain expression of this highly sensitive P2Y based
receptor mechanism but a thorough characterization during
development is required to confirm this.

A role for these intercellular calcium waves in both
cochlear homeostasis, via control of potassium recycling by
outer sulcus cells, and in potential repair mechanisms that
could be required post-noise trauma is suggested. On-going
studies will reveal more of the implications of this mode of
cell—cell communication in the inner ear in the near future.
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