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The origin of spontaneous activity in the
developing auditory system

Nicolas X. Tritsch', Eunyoung Yi? Jonathan E. Gale’®, Elisabeth Glowatzki'* & Dwight E. Bergles'*

Spontaneous activity in the developing auditory system is required for neuronal survival as well as the refinement and
maintenance of tonotopic maps in the brain. However, the mechanisms responsible for initiating auditory nerve firing in the
absence of sound have not been determined. Here we show that supporting cells in the developing rat cochlea spontaneously
release ATP, which causes nearby inner hair cells to depolarize and release glutamate, triggering discrete bursts of
action potentials in primary auditory neurons. This endogenous, ATP-mediated signalling synchronizes the output of
neighbouring inner hair cells, which may help refine tonotopic maps in the brain. Spontaneous ATP-dependent signalling
rapidly subsides after the onset of hearing, thereby preventing this experience-independent activity from interfering with
accurate encoding of sound. These data indicate that supporting cells in the organ of Corti initiate electrical activity in
auditory nerves before hearing, pointing to an essential role for peripheral, non-sensory cells in the development of central

auditory pathways.

Auditory perception depends on the precise conversion of sound-
induced vibrations of the basilar membrane into graded release of
transmitter from inner hair cells (IHCs), which provide the main
excitatory input to auditory nerve fibres. The immaturity of the
middle and inner ear of newborn rats prevents the detection of
airborne sounds before the ‘onset of hearing™—the age range over
which neonates first display sound-evoked neural responses (post-
natal day (P)11-13)"* Nevertheless, IHCs can release glutamate in
a Ca’*-dependent manner® and auditory nerves fire discrete bursts
of action potentials before the onset of hearing*”, suggesting that
spiral ganglion neurons (SGNs) are subjected to periodic excitation.
This spontaneous activity is abolished after cochlea removal or
application of the sodium channel blocker tetrodotoxin (TTX) to
the oval window®, indicating that the trigger for this activity resides
within the cochlea. However, the mechanisms responsible for initiat-
ing auditory nerve firing in the absence of sound have not been
determined.

Spontaneous ATP release in the developing cochlea

The developing cochlea of mammals contains a transient structure of
unknown function termed Kolliker’s organ (or greater epithelial
ridge), consisting of a wide expanse of columnar-shaped supporting
cells>'" (Fig. 1a). In cochlear turns acutely isolated from rats before the
onset of hearing, we observed spontaneous inward currents in whole-
cell voltage-clamp recordings from these ‘inner’ supporting cells.
These events occurred at a frequency of 0.20 = 0.01 Hz, varied widely
in amplitude (mean=-254 =20pA, coefficient of variance =
1.48 = 0.03) and exhibited remarkably slow kinetics (mean rise time,
tise = 1,546 = 51 ms, n = 23; Fig. 1b). Despite their low input resist-
ance (7.4 = 0.4 MQ, n = 16), inner supporting cells were depolarized
by as much as 37 mV by these spontaneous inward currents (Fig. 1c).
When a field electrode was inserted within Koélliker’s organ, spontan-
eous extracellular potentials up to 5mV in amplitude (mean =
0.21 = 0.0l mV, n=66) were observed; these responses exhibited
slow kinetics (t5 = 1,098 £ 47 ms) and occurred with a frequency
similar to that of spontaneous inward currents (0.19 = 0.01 Hz; Fig.

1d). In simultaneous recordings, 85% of spontaneous extracellular
potentials were coincident with spontaneous inward currents in
nearby supporting cells (n=447 field potentials in seven pairs;
Supplementary Fig. 1), suggesting that extracellular potentials result
from the spontaneous currents. These results indicate that there is
widespread intrinsic activity in the developing cochlea, which can
be detected as inward currents in supporting cells and local field
potentials within Kolliker’s organ.

To determine the mechanisms responsible for this spontaneous
activity, we applied pharmacological inhibitors of receptors known
to be expressed in the developing cochlea'. Field potentials were not
altered by the ooy acetylcholine receptor antagonist strychnine
(n=>5, P>0.7), the muscarinic receptor antagonist atropine (n =4,
P>0.7), or the nicotinic receptor antagonist D-tubocurarine (D-TC,
n=4, P>0.4), indicating that this spontaneous activity was not
initiated by cholinergic efferents'. These events also did not require
Ca”*-dependent release of glutamate from THCs or neuronal firing, as
they were not affected by cadmium (n=4, P>0.1) or nifedipine
(n=4, P> 0.9), which inhibit IHC Ca*" currents", by the glutamate
receptor antagonists 2,3-dihydroxy-6-nitro-7-sulphamoyl-benzo(f)
quinoxaline (NBQX, n =4, P>0.8) and R,S-3-(2-carboxypiperazin-
4-yl)propyl-1-phosphonic acid (R,S-CPP, n= 3, P> 0.5), or by TTX
(n=3, P>0.6) (Fig. le and Supplementary Fig. 2). However, spon-
taneous extracellular potentials were significantly inhibited by the P2
purinergic receptor antagonists pyridoxal-phosphate-6-azophenyl-2’,
4’-disulphonate (PPADS, n=>5, P<0.0001) and suramin (n=6,
P <0.0005), but not the adenosine receptor antagonist 1,3-dipropyl-
8-cyclopentylxanthine (DPCPX, n = 4, P> 0.4), suggesting that this
spontaneous cochlear activity was initiated by extracellular ATP
(Fig. 1d, e and Supplementary Fig. 2). Consistent with this hypothesis,
both the frequency and amplitude of spontaneous extracellular poten-
tials were significantly decreased by the ATP-hydrolysing enzyme apyr-
ase (n =5, P<0.005). Moreover, in whole-cell recordings from inner
supporting cells, application of ATP, but not adenosine, induced large
inward currents (4.1 = 0.8nA, n=7; Supplementary Fig. 3), indi-
cating that ATP is sufficient to elicit this activity.
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Extracellular ATP exerts modulatory effects by binding to iono-
tropic (P2X) and metabotropic (P2Y) purinergic receptors in target
tissues'”, and members of both receptor classes are expressed in the
developing organ of Corti'®. Indeed, ATP-evoked currents in inner
supporting cells exhibited prominent inward rectification and
reversed near 0mV (n = >5; Supplementary Fig. 3), properties con-
sistent with recombinant P2X receptors'. Large inward currents
were also elicited in supporting cells by the P2Y receptor agonist
UTP (n= 6; Supplementary Fig. 3), suggesting that both P2X and
P2Y receptors contribute to the ATP-dependent activity observed in
Kolliker’s organ.

Studies of epithelial cells in the periphery and glia cells in the
central nervous system indicate that ATP can be released through
large transmembrane pores such as P2X; receptors or unpaired con-
nexons, termed hemichannels'®. Cochlear supporting cells are exten-
sively coupled through gap junctions, and connexin 26, which is
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Figure 1| Spontaneous purinergic signalling in the developing cochlea.

a, Diagram of a P7 rat organ of Corti in cross-section. anf, auditory nerve
fibre; IHC, inner hair cell; is, inner sulcus; Ko, Kolliker’s organ (outlined in
red); OHC, outer hair cell; tm, tectorial membrane (adapted from refs 9-11).
b, ¢, Spontaneous activity recorded in voltage-clamp (b) and current-clamp
(¢, resting membrane potential (V,,,) =-86 mV) from a P7 supporting cell.
d, Spontaneous extracellular potentials recorded from Kolliker’s organ
showing the effects of PPADS (50 M), suramin (150 M) and octanol

(1 mM). e, Histogram showing the effects of antagonists on frequency
(black) and amplitude (grey) of spontaneous extracellular potentials.
Asterisk, P < 0.0005 versus ACSF; double asterisk, P < 0.05 versus ACSF;
dagger, P < 0.02 versus 0 Ca>* ACSF. Data in e represent mean = s.e.m. The
number of experiments is indicated in parentheses.
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highly expressed by these cells'’, has been shown to allow the passage
of large anions, such as ATP*. ATP-dependent spontaneous activity
in Kolliker’s organ was blocked by the gap junction inhibitors octanol
(n=6, P<<0.0001) and carbenoxolone (CBX, n =4, P<<0.0001). In
addition, the frequency of spontaneous extracellular potentials was
markedly increased by exposure to Ca>*-free solution, a manipula-
tion that opens hemichannels', and this increase in activity was
inhibited by PPADS (n = 4, P < 0.018; Fig. 1e). Conversely, spontan-
eous activity was not affected by the P2X; receptor antagonist bril-
liant blue G (n =5, P> 0.3; Supplementary Fig. 2). These results
suggest that gap junctions, and perhaps unpaired connexon hemi-
channels, are required for ATP release in the developing cochlea.

ATP induces changes in cell shape

While imaging acutely isolated organs of Corti, periodic changes
in light scattering were detected around groups of supporting cells
within Kolliker’s organ (Fig. 2a—c; Supplementary Video la—c).
These spontaneous optical changes occurred randomly throughout
Kolliker’s organ at a frequency of 0.034 = 0.003Hz (n= 15), and
were also observed along the thin processes of phalangeal cells, sup-
porting cells that separate adjacent IHCs (Fig. 2d). In contrast, spon-
taneous optical changes were never observed near outer hair cells or
in the outer sulcus. High-magnification imaging revealed that these
local changes in transmittance resulted from an increase in extracel-
lular space after crenation of inner supporting cells (Supplementary
Fig. 4). As with the electrical activity recorded in this region, spon-
taneous optical changes were inhibited 94 = 4% by PPADS (n =8,
P <0.0001), 94 £ 2% by suramin (n =7, P<<0.0001) and 91 * 4%
by octanol (n =7, P<0.0001; Fig. 2e), and could be elicited by focal
application of ATP or UTP to Kolliker’s organ (Supplementary Fig.
3). In experiments where imaging was performed simultaneously
with whole-cell recording from inner supporting cells, 93% of spon-
taneous optical changes were found to be associated with spontan-
eous inward currents (n = 380 optical events in 12 cochleae; Fig. 2f),
indicating that spontaneous optical changes result from the same
endogenous ATP release events that mediate inward currents in sup-
porting cells. Thus, intrinsic optical changes provide a non-invasive
method for monitoring the spatial and temporal dynamics of ATP
release in the organ of Corti.

Time-lapse imaging revealed that these optical changes propa-
gated in a wave-like manner among supporting cells at 5 to
15ums~ " (Fig. 2a—c; Supplementary Video la—c), rates comparable
to the propagation of ATP-dependent Ca®" waves among astro-
cytes®'. In cochlear explant cultures loaded with the Ca** indicator
dye fura-2, we observed spontaneous elevations of intracellular Ca**
within the supporting cells of Kolliker’s organ that propagated as
waves (1= 7 cochleae; Fig. 2g). Simultaneous differential interfer-
ence contrast (DIC) and fluorescence imaging revealed that these
Ca®" transients either preceded or occurred coincident with spon-
taneous optical changes (n = 23; Fig. 2g, h), indicating that crenation
follows the rise in intracellular Ca** concentration ([Ca®"];). The
frequency of spontaneous Ca®" transients, like spontaneous optical
changes, was decreased 80 = 9% by suramin (n=4, P<0.003).
These results suggest that extracellular ATP activates purinergic auto-
receptors on inner supporting cells, leading to a rise in [Ca®"]; and
crenation. Supporting cells lateral to THCs (for example, Deiters’
cells, Hensen cells) also express purinergic receptors, and focal
application of ATP to these cells triggered Ca®" waves that propa-
gated radially*” (Supplementary Fig. 5). However, spontaneous Ca*"
waves were never observed in these cells (# = 16 cochleae). Together,
these results suggest that ATP is primarily released from supporting
cells within Kolliker’s organ.

ATP excites hair cells and afferent nerve fibres

Previous studies have demonstrated that purinergic receptors are
also expressed by IHCs and SGNs****. As most ATP-dependent
spontaneous optical changes originated close to IHCs (Fig. 2d), we
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Figure 2 | ATP release elicits optical changes and intercellular Ca>* waves
in Kolliker's organ. a—c, Spontaneous optical changes within Kolliker’s
organ. a, Sequence of DIC images at indicated times (). Dashed line
demarcates the inner spiral bundle. b, Difference images after subtraction
(see Methods). ¢, Pseudocoloured difference images after thresholding.

d, Left: location and furthest extent of spontaneous optical changes (sOCs)
during 300 s (time of occurrence is shown at the bottom). Right: distribution
of origins of spontaneous optical changes in 10 pm bins (n = 879 events in 21
preparations). e, Plots of normalized transmittance changes (AT) over time;

investigated whether the periodic release of ATP also affected IHCs.
When care was taken to maintain the integrity of the tissue, we
detected spontaneous inward currents in all IHCs (n = 35), which
occurred at a frequency of 0.053 = 0.003 Hz (Fig. 3a) and ranged in
amplitude from —8 to —180 pA (mean = —-23.0 = 0.9 pA, coefficient of
variance = 0.71 £ 0.03; Fig. 3b). To determine the relationship
between these slow currents (fs = 2,222 = 80 ms) and the activity
recorded from inner supporting cells, we recorded simultaneously
from IHCs and nearby supporting cells while imaging intrinsic
optical changes within Kolliker’s organ. As shown in Fig. 3¢, spon-
taneous currents in IHCs were coincident with both spontaneous
inward currents in supporting cells and spontaneous optical changes,
suggesting that IHCs respond to the same ATP release events.
Consistent with this hypothesis, PPADS and suramin decreased the
frequency of spontaneous IHC currents by 92 = 4% and 89 = 4%,
respectively (n=>5, P<0.0001; Supplementary Fig. 6). The mem-
brane conductance of IHCs increased by as much as 28% during
these events, and the magnitude of the conductance change was
proportional to the size of the current (r=0.82, n =97 events in
four IHCs), consistent with the activation of ionotropic P2 receptors.
Current-clamp recordings from IHCs revealed that these inward
currents depolarized IHCs by as much as 28 mV and were capable
of triggering bursts of Ca®* action potentials (n = 18; Fig. 3d). In the
presence of PPADS, the resting membrane potential of IHCs
remained stable, except for small efferent-induced hyperpolariza-
tions". Together, these results suggest that the primary excitatory
drive to IHCs at this age comes from ATP released by supporting
cells in Kolliker’s organ.

Previous studies indicate that Ca®" spikes in neonatal IHCs induce
bursts of excitatory postsynaptic currents (EPSCs) in afferent den-
drites’. To address whether ATP-induced depolarization of ITHCs
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spontaneous optical changes are shown as upward deflections. Scale: 400 AU
(arbitrary units), 200 s. f, Simultaneous recording of supporting cell
spontaneous inward currents (black) and spontaneous optical changes
(blue) from Kolliker’s organ. sICs, spontaneous inward currents.

g, h, Simultaneous time-lapse imaging of [Ca®"]; (g) and intrinsic optical
changes (difference images, h). d/o, Deiters’ and outer hair cells; h, Hensen
cells; i/IHC, inner hair cells; isb, inner spiral bundle; Ko, Kolliker’s organ;
OHC, outer hair cells; p, pillar cells. Scale bars for a—c, 15 pm; d, 20 um,

g, h, 30 pm.

triggers Ca’"-dependent release of glutamate at IHC-afferent
synapses, we made whole-cell recordings from the dendritic enlarge-
ments of afferent neurons at the base of IHCs and measured their
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Figure 3 | Supporting-cell-derived ATP depolarizes IHCs. a, Spontaneous
inward currents recorded from a P10 IHC. b, Amplitude distribution of
spontaneous inward currents (sICs) recorded from IHC in a. Inset: three
representative spontaneous inward currents. ¢, [HC spontaneous inward
currents (black trace) were coincident with spontaneous inward currents
recorded from a nearby inner supporting cell (red trace) and spontaneous
optical changes (blue trace) imaged in the adjacent region of Kolliker’s
organ. d, Spontaneous depolarizations recorded from a P9 THC (black trace;
Vin =-72 mV) triggered Ca”>* spikes that were coincident with spontaneous
optical changes (blue trace) in the adjacent region of Kolliker’s organ.
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response to exogenous ATP. In 7 out of 8 dendritic recordings, ATP
application elicited a burst of EPSCs (Fig. 4a), presumably resulting
from depolarization of and subsequent glutamate release from the
presynaptic IHC. ATP also induced a slow inward current (—63 = 18
pA, n = 8) that reversed near 0 mV, suggesting that ATP has a direct
excitatory effect on these afferents. In current-clamp recordings, ATP
triggered a burst of excitatory postsynaptic potentials in afferent
dendrites (n=4 of 5 recordings; Fig. 4b) that was blocked by
NBQX (n = 3), indicating that the ATP-induced increase in activity
requires glutamate release from IHCs.

To determine whether spontaneous release of ATP by inner
supporting cells is sufficient to elicit transmitter release from IHCs,
we monitored spontaneous optical changes in the region where
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Figure 4 | Supporting-cell-derived ATP triggers bursts of action potentials
in auditory nerve fibres. a, Voltage-clamp recording from an afferent
dendrite showing a burst of EPSCs elicited by ATP. Right: EPSC detail.

b, Current-clamp recording from an afferent dendrite showing block of
ATP-induced excitatory postsynaptic potentials by NBQX. ¢, Simultaneous
recording of spontaneous EPSCs from an afferent dendrite (black trace) and
spontaneous optical changes (blue trace) imaged in the surrounding region.
Inset: EPSC detail from region marked by asterisk. d, Loose-patch recordings
from two SGNs showing activity in response to ATP-dependent stimulation
of the presynaptic IHC in control (black traces) and in the presence of
nifedipine or NBQX (grey traces). The slow positive deflection of the field
(source wave) results from activation of ATP receptors in supporting cells.
e, Simultaneous SGN loose-patch recording (black trace) and spontaneous
optical changes (blue trace) imaged in the region around the presynaptic
IHC. Inset, waveform of action potential. f, Raster plot of spontaneous
action potentials from eight SGNs, in the absence (cells 1-4) or presence
(cells 5-8) of suramin (100-250 M). Application of ACSF containing

30 mM KCI confirmed IHC responsiveness.
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dendritic recordings were made as an index of endogenous puriner-
gic signalling. In four continuous recordings from afferent dendrites,
discrete bursts of EPSCs occurred, separated by long periods with
little synaptic activity (Fig. 4c). These bursts of EPSCs occurred at a
frequency of 0.020 * 0.005 Hz and lasted 6.9 = 0.8 s (n = 46). Each
burst was superimposed on a small increase in holding current
(=7 £ 1pA), similar to the responses elicited by exogenous ATP.
Furthermore, 87% of EPSC bursts were coincident with spontaneous
optical changes, and 71% of spontaneous optical changes originating
within 50 pm of the terminals correlated with bursts, indicating that
most ATP release events induce burst activity in nearby afferents.

To test whether extracellular ATP is responsible for initiating
bursts of action potentials in auditory nerve fibres, we made loose-
patch recordings from the somata of SGNs in cochlear whole
mounts. When ATP was applied near the IHC presynaptic to the
neuron being monitored, a train of action potentials was elicited
(n=16; Fig. 4d). This ATP-dependent increase in firing rate was
blocked by nifedipine (n = 3) and NBQX (#n = 7), indicating that it
required Ca>*-dependent glutamate release from THCs. In continu-
ous recordings from SGNs, discrete bursts of action potentials were
observed at a frequency of 0.014 * 0.001 Hz (n = 11; Fig. 4e), similar
to the pattern of spontaneous EPSCs recorded from the dendrites of
these neurons. Moreover, 90% of these bursts were coincident with
spontaneous optical changes that occurred in the vicinity of the
presynaptic IHC (n =244 bursts). If this periodic firing is caused
by spontaneous release of ATP, then it should be inhibited by pur-
inergic receptor antagonists. Indeed, the frequency of spontaneous
action potential bursts in SGNs was decreased 79 * 8% by suramin
(n=11, P=10.0001; Fig. 4f). These results indicate that bursts of
action potentials in developing auditory nerve fibres are initiated
by the periodic release of ATP from supporting cells in Kolliker’s
organ.

Spontaneous ATP signalling ceases at hearing onset

The pattern of auditory nerve fibre activity shifts from bursting to
continuous discharge after the onset of hearing®?°, suggesting that
episodic activation of IHCs by ATP may decrease with age. To deter-
mine whether spontaneous purinergic signalling in the cochlea
diminishes with development, we compared intrinsic ATP-mediated
responses in organs of Corti isolated from rats before (P7-10) and
after (P13-19) the onset of hearing"*. We found that spontaneous
optical changes, spontaneous extracellular potentials and spontan-
eous inward currents in IHCs were almost completely absent after the
onset of hearing (Fig. 5). Thus, endogenous purinergic signalling in
the cochlea follows the developmental change in the pattern of
intrinsic activity observed in vivo. This rapid developmental down-
regulation may help to ensure faithful representation of experience-
dependent stimuli by minimizing spurious, sensory-independent
activity in auditory pathways.

Hair cell activity is synchronized by ATP

Each ATP release event in Kolliker’s organ is likely to affect multiple
IHCs. We examined the relationship between the location and mag-
nitude of these events and the amplitude of coincident spontaneous
currents in IHCs (Fig. 6a, b). Spontaneous optical events that
occurred near IHCs were associated with larger, faster rising currents
(ratio of rise time to amplitude: 61 = 3 ms pA~ ", n = 175 events in 8
cells) than events occurring further away (89 = 6 ms pA_l, n=78,
P <0.0001). If THCs exhibit similar sensitivity to ATP, neighbouring
IHCs should experience similar activity. To determine whether the
focal release of ATP is capable of synchronizing the output of
neighbouring IHCs, we recorded spontaneous currents from pairs
of THCs located near (mean separation, d= 68 £ 6um) or far
(d =277 = 23 um) from one another. Whereas 91 = 1% of spontan-
eous inward currents occurred synchronously in neighbouring hair
cells (n=16), only 22 = 4% (n=6, P<<0.0001) were correlated in
IHCs separated by a distance corresponding to a frequency change
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Figure 5 | Intrinsic purinergic signalling ceases after the onset of hearing.
a—c, Spontaneous activity recorded from P7-10 (left) and P13-19 (right)
cochleae. Spontaneous extracellular potentials (sEPs, a) and spontaneous
optical changes (sOCs, c) were recorded in Kolliker’s organ (left) or the inner
sulcus (right). sICs, spontaneous inward currents. d—f, Plots of the frequency
and amplitude of spontaneous extracellular potentials (d), spontaneous
inward currents in IHCs (e) and spontaneous optical changes (f) before (age
P7-10, pre) and after (age P13-19, post) hearing onset. The dashed lines
indicate detection thresholds. Asterisk, P < 0.0001. Data in d—f represent
mean * s.e.m. The number of experiments is indicated in parentheses.

of one octave (~250 pm)*” (Fig. 6¢, d). These results indicate that
purinergic signalling in the developing organ of Corti is capable of
synchronizing transmitter release from IHCs that will encode similar
frequencies. If Ca>™ spikes are required to trigger glutamate release
from these immature IHCs***, the number of auditory nerve fibres
activated by each ATP-release event would be further restricted.

Discussion

Spontaneous activity in auditory nerve fibres before the onset of hear-
ing is essential for the survival of target neurons in the cochlear nucleus,
accurate wiring of auditory pathways, and the refinement of tonotopic
maps in auditory nuclei**~>. Our findings indicate that supporting cells
within Kolliker’s organ initiate bursts of electrical activity in SGNs
before the onset of hearing through ATP-dependent excitation of hair
cells. These results suggest that peripheral, non-sensory cells are essen-
tial for the maturation of auditory pathways in the brain. This activity
may combine with intrinsically generated Ca>" spikes?**** to produce
distinct patterns of activity before the onset of hearing.

Synchronous activity among groups of hair cells along the length
of the cochlea could help establish and maintain tonotopic segrega-
tion of neuronal projections in auditory pathways through hebbian-
like plasticity’"****. Although correlated activity of neighbouring
IHCs would be expected to reinforce connections to discrete targets
in the central nervous system, by itself this activity would not provide
information about the tonotopic position of active hair cells along
the cochlea. It is likely that genetically encoded guidance cues are
responsible for initial targeting and segregation of inputs in auditory
nuclei, as has been described in the visual system®, whereas the
periodic activity described here could help further refine and main-
tain synaptic connections®*".

Although spontaneous release of ATP ceases after hearing onset,
hair cells and supporting cells in the mature cochlea continue to
express P2 receptors®*, and cochlear injury triggers the release of
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Figure 6 | Local release of ATP synchronizes the activity of neighbouring
IHCs. a, Top: location and furthest extent of four spontaneous optical
changes (pseudocolour overlay) recorded from one P9 organ of Corti.
Bottom: coincident spontaneous inward currents recorded from one IHC
(highlighted in top image). Scale: 20 um. b, Plot of peak amplitude of
spontaneous inward currents from the IHC shown in a, versus maximum
area of coincident spontaneous optical changes. Responses are grouped
according to location relative to the IHC. Lines are regression fits.

¢, Spontaneous inward currents recorded simultaneously from two IHCs
located near (left) or far from (right) one another. d, Plot showing percentage
correlation of spontaneous inward currents recorded from IHCs located near
(black) or far (grey) from one another. The dashed line indicates correlation
predicted by chance alone. Asterisk, P < 0.0001. Data in d represent

mean * s.e.m. The number of experiments is indicated in parentheses.

ATP and induces Ca>" waves in supporting cells’. If spontaneous
release of ATP were re-established under these conditions, sensory-
independent activity may re-emerge in the auditory nerve, leading to
conditions such as peripheral tinnitus. In addition, ATP is a known
trophic factor, mitogen and potent neuromodulator***, raising the
possibility that cells within Kolliker’s organ participate in other vital
aspects of cochlear development. A greater understanding of the
mechanisms that regulate ATP release from cochlear supporting cells
may help reveal new roles for this activity in the development and
dysfunction of the auditory system.

METHODS SUMMARY

Apical cochlear coils were removed from postnatal day (P) 7 to P19 Sprague—
Dawley rats and used within 3 h of the dissection. Whole-cell, voltage- and cur-
rent-clamp recordings from inner supporting cells, IHCs and auditory nerve
afferents were performed under visual control, as described previously*
Spontaneous optical changes were imaged with DIC optics using a charge-coupled
device (CCD) camera, and acquired at a rate of 1 frame s . Transmittance changes
were visualized by subtracting images 5 s apart, and quantified by applying a
thresholding function to highlight changing pixels. Frequency measurements of
spontaneous optical changes were normalized for a 10*um? imaging area.
Extracellular recordings of action potentials from SGNs and Ca>" imaging were
performed in cochlear organotypic cultures maintained for 1 to 7 days in vitro.
Spontaneous and evoked changes in intracellular Ca** were monitored in cultures
loaded with fura-2 or fluo-4 AM dyes, as described®. Statistical comparisons were
made using paired or independent, two-tailed Student’s #-tests assuming unequal
variance, and significance was concluded when P < 0.05. Data are reported as
mean * standard error of the mean (s.e.m.). Experiments were carried out in
artificial cerebrospinal fluid (ACSF) at ambient temperature.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Tissue preparation. All experimental protocols were approved by the Johns
Hopkins University Animal Care and Use Committee. Apical turns of postnatal
day (P) 7 to 19 (day of birth is PO) Sprague—Dawley rat cochleae were isolated in
ice-cold artificial cerebral spinal fluid (ACSF) containing (in mM): NaCl (119),
KCI (2.5), CaCl, (2.5), MgCl, (1.3), NaH,PO, (1), NaHCOs; (26.2) and glucose
(11), saturated with 95% O,/5% CO,. Other than the stria vascularis and tec-
torial membrane, which were gently peeled off, the cellular organization of the
organ of Corti was left intact. Acutely isolated cochlear turns were transferred to
a Plexiglas chamber mounted on an upright microscope (Zeiss Axioskop FS2)
and imaged using infrared light (~770 nm) and DIC optics using a charge-
coupled device (CCD) camera (Sony XC-73). Organs of Corti were continually
superfused with ACSF at 22-24 °C, and used within 3 h of the dissection. For
afferent dendrite recordings, the bath solution contained (in mM): NaCl (144),
KCl (5.8), CaCl, (1.3), MgCl, (0.9), NaH,PO, (0.7), HEPES (10) and glucose
(5.6), pH 7.4. For organotypic cultures, P1-7 cochlear turns were plated on Cell-
Tak-coated (BD Biosciences) coverslips and maintained for 1 to 7 days in vitroin
F12/DMEM (Invitrogen) supplemented with 1% fetal bovine serum. Ca**
imaging was performed as described previously*.

Electrophysiology. Whole-cell, voltage- and current-clamp recordings from
supporting cells, IHCs and auditory nerve dendrites were performed under
visual control as described previously”*. Electrodes were advanced through
the tissue under minimal positive pressure to limit cellular disruption.
Intracellular solutions were composed of the following (in mM): KCH;3SO;
(134), HEPES (20), EGTA (10), MgCl, (1), pH 7.3. For IHC recordings, the
electrode solution was supplemented with Na,ATP (2mM) and NaGTP
(0.2mM) to allow long and stable recordings. In the presence of 2.5 mM KCl,
IHCs in P7-10 organs of Corti had a resting membrane potential (V,,) of
approximately —75 mV and did not fire tonically. For afferent recordings, the
internal solution contained (in mM): KCI (150), MgCl, (3.5), CaCl, (0.1), EGTA
(5), HEPES (5), pH 7.2. Nucleotides were omitted from most internal solutions
to minimize P2 receptor desensitization (see Supplementary Fig. 3). Extra-
cellular action potentials were recorded from SGNs by making low-resistance
seals (~15 MQ) with their somata. Pipette resistances were 1-2 MQ for field- and
loose-patch recordings, 2—4 MQ for whole-cell recordings, and 10—15MQ for
afferent dendrite recordings. During voltage-clamp recordings, the membrane
potentials of IHCs, afferent dendrites, and supporting cells were held at —80 mV,
—84mV and —90 mV, respectively, unless otherwise indicated. Errors due to the
voltage drop across the series resistance were left uncompensated. Membrane
voltage and currents were recorded with pClamp9 software using a Multiclamp
700A amplifier, low-pass filtered at 0.1-10 kHz, and digitized at 10-50 kHz with
a Digidata 1322A analogue to digital converter (Molecular Devices). Data were
analysed off-line using Clampfit (Molecular Devices) and Origin (Microcal
Software) software. Spontaneous extracellular potentials and supporting cell
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spontaneous inward currents with amplitudes above baseline noise (0.03 mV
and 8pA, respectively) were measured and deemed correlated when they
occurred within £250 ms. The mean field potential amplitude was calculated
from absolute values. IHC currents were considered coincident when their peaks
occurred within =500 ms of one another. EPSC and action potential bursts were
defined as groups of a minimum of four events occurring at a frequency greater
than 2.4 Hz (mean frequency: 8.14 = 1.11 Hz, n = 46) that differed significantly
from the mean EPSC frequency between bursts (0.17 = 0.03 Hz, P < 0.0001). For
pharmacological studies, a stable baseline was recorded for 20 min, then one of
the following drugs (all from Sigma, unless specified otherwise) was superfused
for 10 min: PPADS (50 uM; Tocris), suramin (100-250 uM, unless indicated
otherwise; Tocris), octanol (1mM), carbenoxolone (500uM), strychnine
(1 uM); p-tubocurarine (10 uM), atropine (3 pM), TTX (1 uM; Alamone), nife-
dipine (50 uM; Tocris), NBQX (10 uM; Tocris), R,S-CPP (10 uM; Tocris),
DPCPX (5 uM; Tocris), TNP-ATP (1 uM; Tocris), brilliant blue G (10 pM),
CdCl, (30puM), followed by a 20 to 30min recovery period. Apyrase
(50 Uml™'; Sigma) was applied for 30 min under static bath in HEPES-buffered
ACSF, pH7.4. In each case, the mean absolute amplitude and frequency were
calculated for 200-s bins, normalized to baseline averages, and for statistical
analysis compared to values obtained at corresponding times in control prepara-
tions continuously bathed in ACSF. Only one drug was applied per cochlear
turn. For focal application of nucleotides, the agonists were dissolved in HEPES-
buffered ACSF to a concentration of 100 uM, loaded into a patch pipette, and
expelled from the tip using a Picospritzer (50-100 ms, 5 p.s.i.). Statistical com-
parison of means was made using paired or independent, two-tailed Student’s
t-tests assuming unequal variance, and significance was concluded when
P <0.05. Data are presented as mean =* s.e.m.

Intrinsic optical imaging. Cochlear turns were imaged with a X40 water immer-
sion objective coupled to an additional X0.5-2.0 adjustable zoom lens (Zeiss) to
allow low-magnification imaging of 220-pm-long cochlear segments after
whole-cell recordings were established at high-magnification. IR-DIC images
were acquired at 1 frame per second using an LG-3 frame grabber card (Scion
Corporation) and Scion Image software. Difference movies were created by
subtracting frames captured at times t, and f,,+ 5 seconds from each other using
Image] software, to provide an index of transmittance change (AT) over time:
stable regions are depicted in grey, whereas regions undergoing spontaneous
optical changes appear black and white. To quantify intrinsic optical changes,
a thresholding function was applied to highlight and count pixels that changed
(in arbitrary units, AU). Identical contrast and threshold values were used to
quantify all movies in a given experiment. Spontaneous optical change frequency
measurements were normalized for a 10* um?* imaging area. Plots of transmit-
tance change over time were precisely aligned to electrophysiological traces by
taking into consideration the 5-s lag artificially created through the image sub-
traction process.
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