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Abstract The developing cochlea of mammals contains a
large group of columnar-shaped cells, which together form
a structure known as Kélliker’s organ. Prior to the onset of
hearing, these inner supporting cells periodically release
adenosine 5'-triphosphate (ATP), which activates purinergic
receptors in surrounding supporting cells, inner hair cells
and the dendrites of primary auditory neurons. Recent
studies indicate that purinergic signaling between inner
supporting cells and inner hair cells initiates bursts of action
potentials in auditory nerve fibers before the onset of
hearing. ATP also induces prominent effects in inner
supporting cells, including an increase in membrane
conductance, a rise in intracellular Ca2+, and dramatic
changes in cell shape, although the importance of ATP
signaling in non-sensory cells of the developing cochlea
remains unknown. Here, we review current knowledge
pertaining to purinergic signaling in supporting cells of
Kolliker’s organ and focus on the mechanisms by which
ATP induces changes in their morphology. We show that
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these changes in cell shape are preceded by increases in
cytoplasmic Ca®", and provide new evidence indicating that
elevation of intracellular Ca®" and IP; are sufficient to
initiate shape changes. In addition, we discuss the possibil-
ity that these ATP-mediated morphological changes reflect
crenation following the activation of Ca®'-activated CI”
channels, and speculate about the possible functions of
these changes in cell morphology for maturation of the
cochlea.
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Introduction

The developing cochlea contains a mass of columnar-
shaped cells that lie immediately medial to inner hair cells.
Together, these cells form what is known as Kolliker’s
organ or the Greater Epithelial Ridge (Fig. 1a) [1-3]. This
pseudo-stratified epithelium forms shortly after the out-
growth of the cochlear duct from the otocyst, constitutes
one of the first identifiable structures in the embryonic
cochlea and remains prominent until the onset of hearing.
During this period of cochlear development, the cells that
populate Koélliker’s organ, which we refer to here as inner
supporting cells, progressively disappear in a medial-to-
lateral and basal-to-apical gradient, most likely as a result
of programmed cell death [4—6]. The inner supporting cells
immediately adjacent to inner hair cells, known as border
and phalangeal cells, are preserved in adults, while the rest
of this region transforms into the inner sulcus. Other than
participating in the formation of the overlying tectorial
membrane by secreting glycoproteins such as otogelin and
tectorin [7-9] and serving as progenitors for hair cells [3],
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the function of this transient group of cells has remained
largely unexplored. Our recent studies suggest that these
cells initiate electrical activity in auditory nerve fibers
before the onset of hearing [10, 11]. In cochleae isolated
from pre-hearing rats, inner supporting cells within Kol-
liker’s organ periodically secrete ATP, which activates
purinergic (P2) receptors on neighboring inner hair cells
to induce depolarization, Ca®'-dependent release of gluta-
mate from ribbon synapses, and ultimately bursts of action
potentials in auditory nerve fibers (Fig. 1b) [10, 11]. This
electrical activity is thought to propagate to neurons in
auditory nuclei of the brain [12—15], where it has been
proposed to participate in multiple aspects of neuronal
development, including survival [16-18], maturation of
membrane [19, 20], and synaptic properties [21, 22], and
refinement of axonal projections [23-26]. Because inner
supporting cells release ATP from birth until the onset of
hearing in rats [11], and purinergic signaling between inner
supporting cells and inner hair cells is necessary to trigger
auditory nerve firing for most of the postnatal pre-hearing
period [11], spontaneous purinergic signaling in the cochlea
is likely to play a prominent role in the development of
central auditory pathways before the onset of hearing.
Purinergic receptors are also expressed by outer hair
cells, spiral ganglion neurons and various classes of
supporting cells [27-29], suggesting that purinergic signal-
ing may influence the development of the cochlea itself. In
this review, we discuss how purinergic signaling affects
inner supporting cells in the cochlea before the onset of
hearing. We review the evidence that spontaneous ATP-

Fig. 1 Supporting cells within Kolliker’s organ spontaneously release
ATP before the onset of hearing. a Diagram of the immature organ of
Corti in a postnatal pre-hearing rat cochlea, shown in cross section.
AN auditory nerve, DC Deiters’ cell, HC Hensen’s cell, /HC inner hair
cell, is inner sulcus, ISC inner supporting cell, Ko Kolliker’s organ
(outlined in red), OHC outer hair cell, PC pillar cell, tm tectorial
membrane. Modified with permission from [10]. b Schematic of
spontaneous purinergic signaling in the developing cochlea. Inner
supporting cells in Kolliker’s organ spontaneously release ATP into
the extracellular space, possibly through connexin hemichannels,
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mediated inward currents in inner supporting cells are
accompanied by an increase in the concentration of
intracellular Ca®" ([Ca®'];) and changes in cell shape [10,
11], and provide new evidence indicating that a rise in
[Ca®']; is sufficient to elicit these morphological changes.
In addition, we discuss evidence in support of the
hypothesis that ATP-evoked changes in the shape of inner
supporting cells arise from crenation, the shrinking of cell
membranes due to water loss, and highlight the potential
functional significance of purinergic signaling in this
transient group of supporting cells.

Purinergic receptors in inner supporting cells
of the developing cochlea

Extracellular ATP acts on two main classes of purinergic
receptors: fast-acting ionotropic (P2X) receptors, which are
nonselective cation channels with significant permeability
to Ca®’, and slower-acting metabotropic (P2Y) receptors
[30]. Binding of ATP to P2Y receptors, which predomi-
nantly couple to G, activates phospholipase C-/3, leading
to the production of diacylglycerol and inositol triphosphate
(IP3), IP;-mediated Ca®" release from intracellular stores
and protein kinase C activation. These second messengers
can affect many aspects of cellular physiology [30, 31], and
increase the permeability of the cell membrane to various
ions through modulation or direct gating of K™, Ca’', CI,
and transient receptor potential (TRP) channels [32-35].
There are multiple isoforms of P2X and P2Y receptors,
which differ in molecular structure, kinetics and sensitivity

auditory
nerve

w P2X receptor

% P2Y receptor
“ Connexin hemichannel

© Glutamate vesicle

where it activates ionotropic (P2X) and metabotropic (P2Y) purinergic
receptors in inner hair cells, auditory nerve fibers, and inner
supporting cells. Connexin hemichannels and purinergic receptors
are depicted on the basolateral membranes for clarity only; the
subcellular loci of ATP release and signaling in the developing
cochlea in vivo remain unknown. Although ATP signaling within
inner hair cells has recently been shown to induce depolarization,
Ca®"-dependent release of glutamate from ribbon synapses, and
ultimately bursts of action potentials in auditory nerve fibers, its
effect on inner supporting cells is less clear
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for agonists and antagonists [36]; however, their over-
lapping expression patterns, their ability to assemble into
heteromeric receptors containing different subunits and the
dearth of subtype-specific antagonists has hindered the
identification of the P2 receptor subtypes involved in many
endogenous signaling events.

In situ hybridization and immunocytochemical localiza-
tion studies have revealed that members of both P2X and
P2Y receptor classes are expressed in the supporting cells
of the developing organ of Corti (reviewed in [27, 28]).
Among these, P2X, and P2X,; were observed in inner
supporting cells and Deiters’ cells before the onset of
hearing [37-39], P2Y,4 was detected in the supporting cells
of Kélliker’s organ [40] and P2Y,, P2Y,, and P2Y, were
detected in outer sulcus supporting cells of pre-hearing rats
[40, 41]. The expression of P2Y, and P2Y, receptors by
Hensen's, Bottcher's and Claudius’ cells in the outer sulcus
of organotypic preparations was recently confirmed by
showing that application of specific P2 receptor agonists
induces a rise in [Ca®']; in these various classes of outer
supporting cells [42]. In addition, whole-cell voltage-clamp
recordings in acutely isolated pre-hearing apical cochlear
turns revealed that ATP as well as UTP, a selective agonist
of P2Y,, P2Y,, P2Y¢, and P2Y,; receptors [35], evoke
inward currents in inner supporting cells [11], indicating
that they express functional P2X and P2Y receptors
(Fig. 2). The onset of UTP-evoked responses was consis-
tently delayed relative to those elicited by ATP, suggesting
that the current induced by ATP consists of both a rapidly

W ATP (P2X+P2Y)
W UTP (P2Y)
W ATP-UTP (P2X)

Fig. 2 ATP activates P2X and P2Y receptors in inner supporting
cells. Inward currents recorded from an inner supporting cell in
response to local application (100 ms, arrowhead) of ATP (100 uM,
black trace) or the P2Y selective agonist UTP (100 pM, red trace)
onto the apical membrane (membrane potential=—82 mV). UTP-
evoked currents occurred with a considerable delay compared to ATP-
mediated responses, suggesting that responses to ATP consist of both
a rapidly-gating P2X conductance (dashed green line, obtained by
subtracting the UTP-evoked response from the ATP-evoked response)
and a second, delayed conductance triggered indirectly by P2Y
receptor activation (red trace), probably through an IP/Ca**-depen-
dent signaling cascade. Modified with permission from [10]

activating ligand-gated conductance as well as a conduc-
tance activated indirectly following metabotropic receptor
activation. The ATP analog o,3-MeATP did not elicit
currents in inner supporting cells, suggesting that these cells
do not express P2X;, P2X5, and P2X,/; heteromers [10],
and the P2X; receptor antagonist Brilliant Blue G did not
decrease the amplitude or frequency of spontaneous
electrical activity in inner supporting cells [10], implying
that these receptors do not underlie endogenous purinergic
signaling in Kolliker’s organ. Together, these results
suggest that inner supporting cells express both P2X and
P2Y autoreceptors that may become activated in response to
the release of ATP from these cells (Fig. 1b). As these
receptors have different affinities for ATP [35, 43], the
relative contribution of ionotropic and metabotropic recep-
tors to these responses may depend on how far away a cell
is from the site of ATP release. The concentration of ATP
likely decreases with distance due to dilution and enzymatic
degradation (see below), raising the possibility that
responses generated in distant cells result primarily from
activation of higher affinity P2Y receptors. Further studies
will be required to define the full complement of P2
receptors expressed by inner supporting cells before the
onset of hearing, as well as the composition of P2
autoreceptors activated in response to the spontaneous
release of ATP.

Although adenosine (P1) receptors are abundantly
expressed in the mature cochlea [44], adenosine does not
significantly contribute to the currents recorded from inner
supporting cells in the developing cochlea. Decreasing
adenosine-mediated signaling by either blocking P1 recep-
tors [10] or preventing ATP hydrolysis (NXT and DEB
unpublished observations) does not reduce spontaneous
electrical activity in inner supporting cells, and exogenous
application of adenosine fails to induce inward currents or
morphological changes in these cells [10]. It is possible that
adenosine modulates other aspects of this spontaneous
activity, perhaps on a slower time scale than has been
examined so far.

ATP-evoked intracellular Ca®" transients in inner
supporting cells

Activation of purinergic receptors in inner supporting cells
triggers both an inward current and a rise in [Ca®']; [10,
11]. Time-lapse confocal imaging of cochleae loaded with
the Ca®' indicator fluo-4 revealed that spontaneously
occurring Ca®" transients initially appear in one to four
inner supporting cells before propagating radially to
neighboring inner supporting cells at 5 to 20 um s '. The
size of these events range from 100 to 5,000 um? and Ca*"
remains elevated for 3 to 15 s [10, 11]. These Ca*"
transients resemble ATP-dependent Ca®>" waves that occur
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in astrocytes, in that they propagate at similar speeds and
rely on functional gap junctions [45, 46]. ATP release from
inner supporting cells may be mediated by unpaired gap
junctions or connexin hemichannels, as the inward currents
induced by spontaneous ATP release are blocked by the gap
junction antagonists octanol and carbenoxalone, and are
potentiated by reducing extracellular Ca** [10], a condition
that favors hemichannel gating [47]. Because the concen-
tration of Ca®" in the endolymph of the mature cochlea is
very low [48], hemichannel-mediated ATP release from
supporting cells has been proposed to occur preferentially
from their apical surfaces into the endolymph [49].
However, the ionic composition of the endolymph in the
mature cochlea (high in K" and low in Ca®") is not
achieved until the end of the first postnatal week in mice

[50] and rats [51], suggesting that spontaneous ATP release
might not be biased toward the endolymphatic compart-
ment in the developing cochlea in vivo. Moreover, although
Ca®" concentrations typically observed in the perilymph
(~1.3 mM) decrease the open probability of connexin
hemichannels [52], spontaneous hemichannel-mediated
ATP release is readily observed from inner supporting cells
in acutely isolated and cultured cochleae maintained in
1.3 mM extracellular Ca®* [10, 11], indicating that some
hemichannels within Kélliker’s organ can open under these
conditions. ATP release events occur spontaneously at
seemingly random intervals and locations throughout
Kolliker’s organ (Fig. 3a), indicating that they are not
likely to occur as a result of focal damage to the cochlear
epithelium [41]; nevertheless, the factors responsible for
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Fig. 3 Spontaneous ATP release occurs randomly throughout Kolliker’s
organ. a Map showing the location and maximum area of individual
spontaneous ATP-mediated shape changes that occurred within Kol-
liker’s organ during a 300-s sample period in a P8 cochlea. Asterisks
indicate brief ATP-independent events that were limited to the processes
of phalangeal and border cells. Modiolus (M) is indicated for
orientation. Ko Kolliker’s organ. Scale bar 20 pum. Relative time of
occurrence of individual pseudocolored spontaneous shape changes is
shown at bottom. Right distribution of locations where spontaneous
shape changes originate along the modiolar-to-strial axis (plotted as a
percentage of all imaged shape changes). Spontaneous morphological
changes originate only in Kolliker’s organ (with a bias towards inner
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hair cells) and in the distal processes of border and phalangeal cells, but
were never observed in inner hair cells (/HC), outer hair cells (OHC),
Deiters’ cells (DC), or pillar cells (PC). Modified with permission from
[10, 11]. b Time-lapse images of brief, spontaneously occurring ATP-
independent shape changes that occurred in the processes of border and
phalangeal cells surrounding inner hair cells (outlined in first DIC
frame; subsequent images represent transmitted light difference signals
to highlight changing pixels). ¢ In cochleae loaded with the Ca**
indicator fluo-4, these brief shape changes coincide with intracellular
Ca®" transients. Location of inner hair cells is depicted in the transmitted
DIC image. Time-lapse sequences in b and ¢ were obtained in different
preparations. Scale for b and ¢: 15 pm
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initiating ATP release in one or a few inner supporting cells
and the subcellular location of ATP release sites remain
unknown.

Once released into the extracellular space, ATP is likely to
be degraded by the sequential action of ecto-nucleoside
triphosphate diphosphohydrolases (NTPDases) and ecto-5'-
nucleotidases, which hydrolyze extracellular ATP to AMP and
AMP to adenosine, respectively [53]. NTDPase 2 is abun-
dantly expressed by hair cells and supporting cells in the adult
organ of Corti [54, 55], although it is not yet known what
effects these extracellular enzymes have on the spatial and
temporal profile of ATP diffusion in the developing cochlea.

P2 receptor activation in the developing cochlea has
been studied most extensively in outer supporting cells. In
these cells, exogenous ATP triggers a robust elevation of
intracellular Ca®" [10, 41, 56-58]. Although activation of
both P2X and P2Y receptors can increase [Ca’'];, ATP-
evoked Ca®" transients in these cells persist in the absence
of extracellular Ca®’, suggesting that most of the observed
rise in [Ca’']; is due to release from internal stores
following P2Y receptor activation [41, 42, 49, 57, 58].
Intercellular Ca®" waves have also been observed in the
outer sulcus of cultured cochleae upon mechanical stimu-
lation or local ATP application [41, 42]. Like Ca®"
transients in Kolliker’s organ, these Ca®>’ waves are
mediated by extracellular ATP and rely on connexin
hemichannels for ATP release [49]. However, intercellular
Ca*" waves in outer supporting cells differ from the Ca*"
transients observed in Kolliker’s organ, in that they do not
appear to occur spontaneously during development. Prop-
agation of Ca®" waves through cells in the outer sulcus is
thought to require regenerative mechanisms, such as Ca**-
activated ATP release [41, 42]. In accordance with this
hypothesis, photolysis of IP; in outer supporting cells
elevates [Ca®'];, triggers the release of ATP into the
extracellular milieu and initiates a regenerative Ca>" wave
that propagates through these cells [49], a process similar to
that responsible for Ca** wave propagation among astro-
cytes [46]. The presence of this regenerative process
ensures that cells within the network experience similar
electrical and biochemical signals, which may serve to
synchronize their metabolism, influence gene expression
[59] and alter the extent of gap junction coupling within the
network [60, 61]. Whether the waves of [Ca*']; that occur
in groups of inner supporting cells rely on a similar
regenerative process for propagation is currently unknown.

ATP-mediated morphological changes in inner supporting
cells

In addition to activating a membrane conductance and an
elevation of [Ca*"];, ATP also induces striking morpholog-
ical changes in inner supporting cells. When ATP is

released from Kolliker’s organ or is applied exogenously,
inner supporting cells exhibit a substantial reduction in their
diameter that can persist for tens to hundreds of seconds.
Similar morphological changes can be evoked by UTP [11],
indicating that P2Y receptor activation is sufficient to
induce this apparent membrane contraction. The shrinkage
of cells within Koélliker’s organ also results in the
appearance of voids or fluid pockets between adjacent
inner supporting cells [10] (Fig. 4a). These events give rise
to notable increases and decreases in light intensity when
imaged using differential interference contrast (DIC) optics,
due to changes in refractive index around cells. As all of the
cells in Kolliker’s organ undergo these changes when
exposed to ATP, the spontaneous optical changes reveal
when and where ATP was released along the organ of Corti
(see Fig. 3a). Moreover, the maximum size of these events
also provides a qualitative indication of the amount of ATP
that was released. Alterations in cell shape are most evident
along lateral membranes of inner supporting cells, but in
certain locations adjacent cells remain tightly associated
(Fig. 4a), suggesting that these events do not disrupt sites of
cell adhesion or intercellular communication (e.g., gap
junctional coupling). Consistent with this hypothesis, no
appreciable changes in input resistance accompany ATP-
mediated inward currents and shape changes (NXT and
DEB, unpublished observations). The ability of ATP to
elicit morphological changes in inner supporting cells is
regulated with postnatal age, as spontaneous shape changes
are only observed during a limited period of development
starting a few days after birth until the onset of hearing in
rats [11]. This developmental regulation does not stem from
changes in purinergic receptor expression levels: while
endogenously released ATP and exogenously applied
nucleotides evoke large inward currents and intracellular
Ca*" transients in supporting cells throughout the postnatal
pre-hearing period, they do not elicit membrane contraction
at birth [11], suggesting that the cellular machinery required
for membrane contraction is up-regulated with age.

The molecular mechanisms that mediate these morpho-
logical changes have not been determined, but several
mechanisms can be envisioned: shape changes could be
triggered by membrane depolarization, [Ca”']; elevation or
signal transduction cascades activated by P2Y receptors.
They might be mediated by voltage-dependent proteins
analogous to prestin [62], or Ca®'-dependent molecular
motors such as myosin [63]. Alternatively, these pro-
nounced changes in cell volume may be caused by the loss
of water through osmosis following intracellular ion efflux.

In addition to the large ATP-evoked shape changes
occurring in Kolliker’s organ, small morphological changes
can also be observed in the distal processes of phalangeal
and border cells (see Fig. 3b) [11]. These events are brief
and coincide spatially and temporally with short-lived
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Fig. 4 Contraction of inner supporting cell membranes coincides with
[Ca"); elevation. a High magnification time-lapse DIC imaging (top
row) of inner supporting cells during a spontaneous ATP release event
at indicated times (). Bottom row schematized representation of inner
supporting cell somatas (white) and extracellular space (black) from
images shown in top row. Changes in transmitted light properties were
restricted to the outline of supporting cells and consist of a contraction
of cell membranes and increase in extracellular space. While
maximum contraction was observed at t=7 s, relaxation of these
membranes to their original shape required more than 100 s. Note that
many sites of cell contact (blue arrowheads) were maintained during
these morphological changes. Scale bar=8 pm. Modified with
permission from [10]. b Simultaneous imaging of morphological

changes (blue and green traces) and [Ca>']; fluorescence (red trace).

intracellular Ca®" transients (Fig. 3c). However, these
events are not affected by P2 receptor antagonists,
indicating that they are distinct from ATP-mediated events
in inner supporting cells. Although the mechanism impli-
cated in the initiation of these events is unknown, it is
possible they may arise from spontaneous release of Ca*"
from internal stores.

Although spontaneous purinergic signaling can depolar-
ize inner supporting cells by up to 50 mV, membrane
depolarization is not sufficient to evoke morphological
changes in these cells, as neither elevation of extracellular
K" to 30 mM nor injection of large current steps in inner
supporting cells during whole-cell recordings initiates
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Traces were normalized to their peak for display purposes. The blue
and green traces represent the number of pixels that changed in raw
DIC images and subtracted movies, respectively (see the “Methods”
section): the blue trace illustrates the actual time course of these slow
shape changes, while the green trace emphasizes the duration of the
contraction phase. Inset first 7 s following the initial rise in [Ca®'];
shown on expanded time scale. ¢ Overlay of simultaneously-imaged
[Ca®"]; fluorescence (fop, gray traces) and membrane contraction
(bottom, gray traces; obtained from subtracted movies) obtained from
n=29 large ATP-release events in five cochleac (P8-9). Traces were
normalized to their peak. Fluorescence traces were aligned to the first
detectable increase in [Ca®']; (black dashed line). Average traces
shown in color. Note that initial [Ca®"]; elevations coincide with, or
slightly precede membrane contraction

detectable shape changes (NXT and DEB, unpublished
observations). Purinergic signaling itself is similarly un-
likely to be required for shape changes because the brief
morphological events observed in the distal processes of
border and phalangeal cells do not require P2 receptor
activation. To examine the relationship between cell shape
and ATP-evoked Ca”" transients, we simultaneously mon-
itored changes in transmitted light using DIC imaging, and
[Ca®"]; using fluorescence imaging of the membrane-
permeant Ca®" indicator fluo-4 AM, in acutely isolated
P8—10 cochleae. Nearly all morphological changes (98 %;
n=241 spontaneous shape changes in 12 preparations)
occurred at the same time as, or shortly following,
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spontaneous Ca”" transients, suggesting that supporting cells
shrink following a rise in intracellular Ca*" (Fig. 4b, c). By
contrast, some Ca”" transients (11 %) were not associated
with morphological changes in supporting cells. Intracellular
Ca®" events that coincided with shape changes were on
average threefold larger than those that did not elicit changes
in cell shape (712436 pum?, n=252 vs. 239+16 um?’, n=29;
P<0.0001, two-sample ¢ test), suggesting that there is a
threshold for membrane contraction and that such events are
more likely to be associated with large intracellular Ca®"
transients. In addition, the duration of active membrane
contraction corresponds roughly to the duration of inward
currents and the elevation of [Ca®']; (Fig. 4b, ¢ and Ref.
[10]).

To determine if elevations in [Ca®']; mediate these
morphological changes, we loaded the cytoplasm of inner
supporting cells with a membrane-impermeant form of
caged Ca’’ (DMNPE-4, 3 mM) through the recording
electrode and monitored electrical and morphological
responses evoked by brief (50 ms) flashes of ultraviolet
(UV) light. Photolysis of caged Ca”" triggered a brief and
reversible reduction of cell diameter in the recorded cell as
well as in adjacent inner supporting cells (n=8; Fig. Sa—d).
As inner supporting cells are extensively coupled through
gap junctions [64, 65], it is likely that DMNPE-4 diffused
from the recorded cell into neighboring cells. Shape
changes induced by Ca?" uncaging were similar in their
time course to spontaneous optical changes [10, 11]. In
addition, similar morphological changes were evoked upon
photo-liberation of caged IP; (6-NV-IP;, 30-50 uM, 5 ms
flashes, n=10) (data not shown), suggesting that Ca®"
release from intracellular stores is sufficient to mediate
morphological changes. Importantly, shape changes were
not observed when caged compounds were omitted from
the pipette solution and 100-ms UV flashes were applied,
excluding the possibility that these events resulted from
photo-damage (Fig. 5¢). Moreover, shape changes were
restricted to inner supporting cells that were directly
illuminated by the UV beam (dashed yellow circle in
Fig. 5a), implying either that [Ca®']; elevation is not
sufficient to evoke the release of ATP from inner supporting
cells, or that the amount of ATP released from this
manipulation is too small to significantly alter the shape
of surrounding cells.

Photo-liberation of Ca®>" and IP; also produced large
inward currents in inner supporting cells when maintained
at their resting potential (approximately —90 mV; average
amplitude: 2.2+£0.6 nA, n»=8 and 0.8+0.2 nA, n=10,
respectively; Fig. 5d), suggesting that inner supporting cells
express ion channels that are gated by intracellular Ca®".
Thus, it is likely that this Ca”*-activated conductance
contributes to the inward current generated by the activa-
tion of P2 receptors, and provides an explanation for why

P2Y receptor activation also induces an inward current
(Fig. 2). Inner supporting cells cannot be effectively
voltage-clamped due to extensive gap junctional coupling
with surrounding supporting cells [66], precluding direct
measurements of the reversal potential of this Ca®'-
activated conductance. This limitation could be overcome
by repeating these experiments in the presence of the gap
junction blockers such as octanol or carbenoxalone, which
increase the membrane resistance of supporting cells [66,
67], if these agents do not inhibit any of the components
required for this phenomenon. Nevertheless, given the high
resting membrane potential of inner supporting cells, the
inward currents induced by Ca®"/IP; uncaging could reflect
opening of Ca*’-activated CI~ channels [33] or Ca’'-
activated nonselective cation channels, such as TRP
channels [68, 69]. The former is a particularly attractive
candidate, because it reconciles both consequences of [Ca*"];
elevation—the inward current (mediated by Cl efflux) and
the reduction of cell diameter, due to the movement of
water. Indeed, Ca?"-activated CI~ channels have previously
been shown to contribute to ATP-mediated inward currents
in outer supporting cells [61, 70] and have been implicated
in the secretion of electrolytes and water by airway and
intestinal epithelia, as well as exocrine glands [33, 71]. In
these cells, activation of G protein-coupled receptors (P2Y
receptors in the case of airway epithelia) induces Cl efflux
across apical membranes, which subsequently drags water
out of the cytoplasm by osmosis, leading to an overall
reduction in cell size. The observed morphological changes
in the supporting cells of the cochlear epithelium might
therefore result from Cl™ efflux and crenation—the shrink-
age of cell membranes due to osmosis. In accordance with
this hypothesis, the frequency of spontaneous ATP-
mediated shape changes in Kolliker’s organ was decreased
87+5 % by the Cl channel antagonist 4,4'-diisothiocyano-
2,2'-stilbene disulfonic acid (DIDS, 250 uM; n=6, P<
0.001, paired ¢ test). Furthermore, a previous report
suggested that inner supporting cells in cultured cochleae
are capable of secreting water [72]. However, it is also
possible that ATP-induced changes in conductance and cell
shape are not inexorably linked. Indeed, outer supporting
cells do not undergo detectable shape changes upon ATP
stimulation [10, 11] (but see [73]) despite the activation of
Ca®"-activated Cl channels [61, 70]. An alternative
possibility is that these morphological changes result from
Ca*"-dependent activation of contractile proteins in inner
supporting cells.

Possible roles of ATP-induced changes in the shape
of cochlear supporting cells

ATP-induced changes in the shape of inner supporting cells
are present in cochleae isolated from both rats [10, 11] and
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Fig. 5 Intracellular Ca®" elevation is sufficient to evoke morpholog-
ical changes in inner supporting cells. a—¢ Flash photolysis of caged
Ca®" initiates membrane contraction in both the recorded cell and
surrounding inner supporting cells (red arrowheads). Top DIC
images 1 s before (a), 6 (b) and 37 s (¢) after UV-mediated Ca*"
uncaging. Morphological changes in surrounding supporting cells
were restricted to the portion of the preparation exposed to UV light
(dashed yellow circle) and result either from direct photo-liberation of
caged Ca”" that diffused from the patched cell through gap junctions
or passive diffusion of uncaged Ca" through gap junctions. Scale bar

mice (NXT and DEB, unpublished observation), and are
preserved in organotypic culture for more than 1 week [10].
Moreover, these events occur during most of the postnatal
pre-hearing period [11], suggesting that they are involved in
some fundamental aspect of cochlear development; yet, the
absence of detailed insight into the mechanisms that
mediate such prominent alterations, and the means with
which to selectively manipulate this behavior, precludes
any definitive conclusion as to their function. If these
morphological changes result from membrane crenation

@ Springer

|0.3 nA
8s

=15 um. Bottom same images after subtraction of a control frame to
highlight changing pixels (shape changes). d Overlaid membrane
currents (black trace) and morphological changes (normalized number
of changing pixels in raw DIC images and subtracted movies plotted
in blue and green, respectively) evoked upon UV-mediated Ca**
uncaging (50 ms, red tick mark) in inner supporting cell shown in
frames a—c. e same as d for a supporting cell patched with internal
solution devoid of caged compounds. Two 100-ms-long UV flashes
were presented

due to the net movement of water into the extracellular
space, Kolliker’s organ may participate in the formation of
the endolymph (scala media) or perilymph (scala tympani)
as the cochlea increases in size during postnatal develop-
ment [74]. Through the secretion of electrolytes, inner
supporting cells might also contribute to the maturation of
the ionic composition of cochlear fluids during the first
postnatal week [50]. Alternatively, changes in the shape of
inner supporting cells might fulfill a mechanical role. For
example, the coordinated action of extracellular ATP on
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large groups of inner supporting cells results in the
contraction of Kolliker’s organ, which could facilitate
detachment of the overlaying tectorial membrane before
the onset of hearing [2, 75]. These movements can also
displace IHCs (NXT and DEB, unpublished observation),
which could lead to activation of mechanotransduction
channels in hair bundles [76]. The currents evoked by such
events would likely contribute to, and perhaps also prolong,
ATP-mediated depolarization of inner hair cells and the
resulting bursts of activity in auditory nerve fibers during
development.

Conclusions

The columnar-shaped supporting cells that make up
Kolliker’s organ in the developing cochlea spontaneously
release ATP into the extracellular space. The resulting
activation of purinergic receptors in inner hair cells induces
depolarization, Ca®" influx, glutamate release and ulti-
mately bursts of action potentials in primary auditory
afferents [10, 11]. This supporting cell-derived activity
may play important roles in development of the auditory
system by promoting the survival and maturation of
auditory neurons and by refining axonal projections in
auditory nuclei [16-26]. However, purinergic receptors are
expressed by many other cell types within the developing
cochlea, suggesting that ATP-mediated signaling also may
influence the maturation of this peripheral sensory organ.
One target of this signaling appears to be the inner
supporting cells themselves, as ATP elicits inward currents,
intracellular Ca®" transients and pronounced morphological
changes in these cells as a result of activation of purinergic
autoreceptors (Fig. 6). These ATP-initiated morphological
changes are exhibited only by inner supporting cells during
a defined period of development [11], pointing to a unique
role for Kolliker’s organ in cochlear development. As these
changes in cell shape appear to result from crenation, the
resulting movement of water into the extracellular space
may contribute to the formation of fluid-filled endolym-
phatic and perilymphatic compartments. A greater under-
standing of the molecular underpinnings of these responses
may help us determine the various roles that purinergic
signaling in Kolliker’s organ plays in the development of
the cochlea during the pre-hearing period.

Methods

All experiments were performed according to protocols
approved by the Animal Care and Use Committee at Johns
Hopkins University. Apical cochlear turns of P7-10
Sprague—Dawley rats were isolated, imaged and recorded

M Connexin hemichannel
(00 P2X receptor

W) P2Y receptor

00 ca*-activated CI channel
O IP, receptor

Fig. 6 Model to explain the mechanisms responsible for ATP-evoked
morphological changes in inner supporting cells of the developing
cochlea. (/) ATP is released in the extracellular space, perhaps through
the opening of individual gap junction hemichannels. The molecular
elements that initiate hemichannel gating are currently unknown. (2)
Extracellular ATP activates P2X and P2Y receptors on inner
supporting cells in an autocrine and paracrine (not shown) manner.
Activation of ionotropic P2X receptors leads to a net influx of Na” and
Ca*" into the cytoplasm. P2Y receptor signaling leads to the
production of IP;. (3) IP; induces the release of Ca”" from internal
stores. (4) [Ca®"]; elevation gates Ca®"-activated Cl~ channels, leading
to a net efflux of C1~ from inner supporting cells resulting in an inward
current. (5) Cl efflux draws water out of the cytoplasm by osmosis,
leading to membrane crenation. Connexin hemichannels and puriner-
gic receptors are depicted on the basolateral membranes for clarity
only; the subcellular loci of ATP release and signaling in the
developing cochlea in vivo remain unknown

from as described previously [10, 11] with the following
exceptions. Intracellular Ca”" levels were imaged in acutely
isolated cochleae incubated for 30-45 min at room
temperature in HEPES-buffered saline containing 2.5 uM
fluo-4 AM (Invitrogen), 0.01% (w/v) pluronic acid F-127
(Invitrogen), and 250 uM sulfinpyrazone (Sigma) using a
LSM 510 confocal microscope (Zeiss), and 488 nm laser
illumination. Supporting cell morphology was simulta-
neously monitored using scanning DIC imaging using a
photomultiplier tube placed below the sample. Images were
acquired at 1 frame per second Changes in cell shape were
visualized by subtracting DIC images collected 5 s apart,
which approximates the first derivative of light transmit-
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tance over time at individual pixels, and quantified by
applying a thresholding function to highlight changing
pixels. Intracellular Ca®" transients and transmittance
changes were normalized to maximum pixel counts at
the peak of each spontaneous event (see Fig. 4c). For
intracellular Ca®* and IP; uncaging, inner supporting cells
were recorded in whole-cell mode with glass electrodes
(2—4 M) containing (in mM) either 120 K-gluconate, 20
HEPES, 3 DMNPE-4 (a photolabile EGTA derivative
[77]), 2.5 CaCl,, 2 MgATP, 0.2 NaGTP, pH 7.3 or 134 K-
methanesulfonate, 20 HEPES, 2 MgCl,, 2 Na,ATP, 0.2
NaGTP, 0.03-0.05 6-NV-IP; (caged IP; [78]), pH 7.3.
Photolysis was performed as described previously [79] using
5-50 ms-long pulses of ~110 mW UV light generated by an
argon laser, which was focused to a ~20-um spot. To control
for photo-damage-induced shape changes, supporting cells
were recorded from using a K-methanesulfonate-based
internal solution containing 0.2 mM EGTA instead of the
caged compounds, and were exposed to 100-ms-long UV
flashes. DIDS was purchased from Sigma and applied by
addition to the superfusing saline.
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