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Abstract

Intracochlear ATP is an important mediator in regulating hearing function. ATP can activate 

ionotropic purinergic (P2x) and metabotropic purinergic (P2y) receptors to influence cell 

functions. In this paper, we report that ATP can activate P2x receptors directly to modify outer hair 

cell (OHC) electromotility, which is an active cochlear amplifier determining hearing sensitivity 

and frequency selectivity in mammals. We found that ATP, but not UTP, a P2y receptor agonist, 

reduced the OHC electromotility-associated nonlinear capacitance (NLC) and shifted its voltage 

dependence to the right (depolarizing) direction. Blockage of the activation of P2x receptors by 

pyridox-alphosphate-6-azophenyl-2′,4′-disulfonic acid (PPADS), suramin, and 4,4′-
diisothiocyanatostilbene-2,2′-disulfonic acid (DIDS) could block the ATP effect. This 

modification also required extracellular Ca++ participation. Removal of extracellular Ca++ 

abolished the ATP effect. However, chelation of intracellular Ca++ concentration by a fast calcium-

chelating reagent 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA, 10 mM) 

did not affect the effect of ATP on NLC. The effect is also independent of K+ ions. Substitution of 

Cs+ for intracellular or extracellular K+ did not affect the ATP effect. Our findings indicate that 

ATP activates P2x receptors instead of P2y receptors to modify OHC electromotility. Extracellular 

Ca++ is required for this modification.
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Introduction

ATP, acting as a major extracellular signaling molecule, can influence many physiological 

functions including hearing. An early experiment demonstrated that the application of ATP 

to the perilymph in the guinea pig cochlea affected auditory nerve activity [1]. Intracochlear 
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perfusion of ATP also reduced the cochlear microphonics (CM) and the compound action 

potential [2–5]. It has been reported that ATP can evoke inward currents and raise the 

intracellular Ca++ concentration in cochlear outer and inner hair cells, thereby modifying 

sound transduction and neurotransmission [6–11]. ATP can also reduce the cubic component 

(2f1 − f2) in distortion product otoacoustic emissions (DPOAEs) [2, 12], which is generated 

by active cochlear mechanics.

Outer hair cell (OHC) electromotility [13] is an active cochlear amplifier in mammals that 

boosts vibration of the basilar membrane to increase auditory sensitivity and frequency 

selectivity [14, 15]. Recently, we have demonstrated that gap junction hemichannels in the 

cochlear supporting cells can release ATP to mediate OHC electromotility [16]. However, 

the mechanism underlying the effect of ATP on OHC electromotility remains unclear. ATP 

can activate purinergic (P2) receptors to influence cell functions [17, 18]. P2 receptors have 

two subgroups: ATP-gated ionotropic (P2x) receptors and G protein-coupled metabotropic 

(P2y) receptors. P2x receptors contain intrinsic pores that switch conformation from closed 

to open while binding ATP, allowing ions to flow and changing the membrane potential and 

local ion concentrations. In contrast, P2y receptors couple to intracellular second messenger 

systems through heteromeric G proteins. Each subgroup has several subtypes [17, 18]. 

OHCs have both P2x and P2y expressions [10, 16, 19–24]. In this study, the P2 receptor 

activity and ionic dependence underlying the effect of ATP on OHC electromotility were 

studied. The nonlinear capacitance (NLC) as an electrical index of OHC electromotility was 

measured by patch clamp recording. We found that ATP activated P2x receptors rather than 

P2y receptors directly to modify OHC electromotility-associated NLC. We also show that 

the extracellular Ca++ is required for this modification.

A preliminary report of this work has been presented in abstract form [25].

Materials and methods

Outer hair cell preparation

The OHCs were freshly isolated from adult guinea pigs (250–400 g) as previously described 

[10, 15, 26–27]. Briefly, the temporal bones were removed after decapitation. The isolated 

otic capsule was dissected in a normal extracellular solution (NES) (130 NaCl, 5.37 KCl, 

1.47 MgCl2, 2 CaCl2, and 10 HEPES in mM; 300 mOsm and pH 7.2) and the organ of Corti 

was exposed. After the removal of the stria vascularis and spiral ligament, the sensory 

epithelium (organ of Corti) was picked away with a sharpened needle and further dissociated 

by trypsin (1 mg/ml) for 5–10 min. The dissociated cells were transferred to a recording dish 

for recording. All experimental procedures were performed at room temperature (23°C) and 

conducted in accordance with the policies of University of Kentucky’s Animal Care and Use 

Committee.

Patch clamp recording and nonlinear capacitance measurement

The cells were continuously perfused with the NES (0.5 ml/min) and the classical whole-cell 

recording was performed. A patch pipette was filled with an intracellular solution (140 KCl, 

10 ethylene glycol bis(2-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), 2 MgCl2, 10 
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HEPES in mM; 300 mOsm and pH 7.2) and had an initial resistance of 2.5–3.5 MΩ in the 

bath solution. The patch pipette was patched at the basal nuclear pole of the OHC under a 

whole-cell configuration using Axopatch 200B (Axon, CA, USA). The recording was 

performed by jClamp (SciSoft, New Haven, CT, USA). The OHC electromotility-associated 

NLC was measured with a two-sinusoidal wave voltage stimulus in jClamp [27, 28]. This 

voltage stimulus was composed of a ramp command (−150 to +150 mV) summed with two-

sinusoidal commands (f1=390.6 Hz, f2= 781.3 Hz, 25 mV peak to peak). The signal was 

filtered by a four-pole low-pass Bessel filter with a cut-off frequency of 10 kHz and digitized 

utilizing a Digidata 1322A (Axon, CA, USA). The capacitance was calculated by admittance 

analysis of the current response [30]. The peak of NLC and the voltage corresponding to the 

peak capacitance (Vpk) were also continuously recorded by a phase-tracking technique 

(sampling rate=4/s, tracking step=0.25 mV) [27, 28].

Data processing

Data analysis was performed with jClamp and MATLAB. The voltage-dependent NLC was 

fitted to the first derivative of a two-state Boltzmann function:

(1)

where Qmax is the maximum charge transferred, Vpk is the potential that corresponds to the 

peak of NLC and also has an equal charge distribution, z is the number of elementary charge 

(e), k is Boltzmann’s constant, T is the absolute temperature, and Clin is the cell membrane 

capacitance. Curve fitting and figure plotting was performed with SigmaPlot software. 

Membrane potential (Vm) was corrected for pipette series resistance (Rs).

Chemicals and chemical perfusion

All chemicals were purchased from Sigma Chemical Company (St. Louis, USA). ATP and 

chemicals were locally delivered by a Y-tube perfusion system [15, 16], which was 

controlled by either programming or manually. The perfusion delay was less than 1 s. The 

bath perfusion was stopped as the local Y-tube perfusion was performed.

Results

The effect of ATP on OHC electromotility

The OHC electromotility-associated NLC was recorded in OHCs varying in length from 40 

to 80 μm. The range of the zero-current potential (Vz) was from −93 to −22 mV; the mean 

was −52±13 mV (SD, n=122). The recorded Vpk of the NLC varied from −98 to −10 mV; 

the mean was −37± 16 mV. Application of ATP-evoked inward current and depolarized cells 

(Fig. 1a). The Vz shifted to −37.5±9 mV (n=10) for application of 3.6 μM ATP. Application 

of ATP also shifted the voltage dependence of NLC to the depolarizing (right) direction and 

reduced the peak capacitance (Fig. 1b–d). The effect was reversible. After washout, the NLC 
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was returned back to the control level (Fig. 1b). The ATP effect could also reoccur as ATP 

was repeatedly applied (Fig. 1c and d). The Vpk of NLC was shifted by almost the same 

value (Fig. 1d). The reduction in NLC, however, appeared to be slightly reduced (Fig. 1c). 

The reversible and repeatable ATP responses could be observed in all tested ATP 

concentrations from 3.6 nM to 36 μM. The EC50 value of the ATP effect on NLC was 79.7 

nM (Fig. 3), close to the nanomolar concentration of ATP measured in the cochlea [29].

Ineffectiveness of UTP on OHC electromotility

Unlike ATP that can activate both P2x and P2y receptors, UTP is a P2y receptor agonist [17, 

18]. Extracellular perfusion of UTP could also evoke an inward current in some OHCs 

(n=6/18, Fig. 2a). However, UTP never shifted or reduced NLC. Figure 2b and c shows that 

the NLC and Vpk were not changed by the perfusion of UTP. Dose curve also shows that 

UTP did not affect NLC even though high concentrations of UTP were used (Fig. 3). Thus, 

the activation of P2y receptors does not directly influence OHC electromotility.

Blocking the effect of ATP on OHC electromotility by P2x receptor antagonists

Figure 4a–c shows the reduction in the ATP effect by blocking the activation of P2x 

receptors. After preapplication of pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic acid 

(PPADS, 50 μM), suramin (0.1 mM), and 4,4′-diisothiocyanato-stilbene-2,2′-disulfonic acid 

(DIDS, 0.1 mM), ATP-induced Vpk shift in NLC was significantly reduced to 16.93±3.67%, 

38.28±8.74%, and 35.37±11.79%, respectively (Fig. 4d). However, the antagonist itself had 

no effect on NLC (see the response to the beginning of the middle bar for antagonist 

perfusion in Fig. 4a–c). The blockage was reversible. After washout of antagonists, the ATP 

effect was restored. This further indicates the effect of ATP on OHC electromotility through 

the activation of P2x receptors.

Ca++ dependence of the ATP effect on OHC electromotility

One important characteristic of P2x receptors is its permeability to K+ and Ca++ cationic 

ions [17, 18]. We found that extracellular perfusion of 10 mM EGTA Ca++-free extracellular 

solution (130 NaCl, 5.37 KCl, 1.47 MgCl2, 10 EGTA, and 10 HEPES in mM; 300 mOsm 

and pH 7.2) to remove extracellular Ca++ abolished the ATP-evoked changes in NLC (Fig. 

5). This inhibition was reversible. After reperfusion of the NES to restore the extracellular 

Ca++ concentration (2 mM), the ATP response was also restored (Fig. 5b). However, 

removal of the extracellular Ca++ alone did not affect NLC (see the response to the 

beginning of the middle bar for EGTA perfusion in Fig. 5a–d). On the other hand, 

intracellular Ca++ chelated by a fast Ca++ chelator of 1,2-bis(o-aminophenoxy)ethane-N,N,N
′,N′-tetraacetic acid (BAPTA, 10 mM) did not affect the ATP-evoked changes in NLC (Figs. 

5c–d and 6). As the patch pipette was filled with an intracellular solution buffered with 10 

mM BAPTA, the application of 36 μM ATP could still evoke a positive Vpk shift (Figs. 5c–d 

and 6b–c). Perfusion of 10 mM EGTA Ca++-free extracellular solution to remove 

extracellular Ca++ also abolished the ATP effect on NLC (Fig. 5c–d).
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The effect of ATP on OHC electromotility is independent of K+ and Na+ ions

OHC electromotility is independent of K+ and Na+. Intracellular and extracellular K+ and 

Na+ were also not required for the ATP modification on OHC electromotility (Figs. 5, 6, and 

7). When the intracellular K+ was replaced with Cs+, the zero-current membrane potential 

became −17.9±7.3 mV (n=23). However, the effect of ATP on NLC were not affected (Figs. 

5c–d and 6a). Moreover, ATP-evoked response still existed as the extracellular K+ was 

replaced with Cs+ (Fig. 6a). Because the P2x receptors are permeable to Na+ cations as well 

[18], we used Cs+ to replace extracellular Na+ (Fig. 6b–c); the effect of ATP on NLC 

remained and had no changes.

The ionic dependence of the ATP effect on OHC electromotility was summarized in Fig. 7. 

The effect of ATP on OHC electromotility did not have changes when the intracellular K+ 

was substituted by Cs+ or the intracellular Ca++ concentration was chelated by BAPTA. The 

ATP effect was also not changed as the extracellular Na+ and K+ substituted by Cs+. 

However, the removal of extracellular Ca++ abolished the effect of ATP on NLC. The Vpk 

shift reduced to 6.96±5.06% (Fig. 7).

The ATP effect cannot be abolished by the inactivation of calcium channels. Figure 8 shows 

that as the OHC was depolarized at +40 mV, the application of ATP could still reduce the 

peak of NLC and shift the NLC curve to the positive direction (Fig. 8). The Cm, pk reduced 

from 49.0 to 47.9 pF and the Vpk shifted from −45.8 to −30.9 mV for the ATP application. 

Positive holding potential could not block the effect of ATP on NLC (n=10).

Discussion

In this study, we found that ATP, but not UTP, a P2y receptor agonist, reduced OHC 

electromotility-associated NLC and shifted the NLC curve in a positive direction (Figs. 1, 2, 

and 3). Blockage of the activation of P2x receptors could eliminate the effect of ATP on 

NLC (Fig. 4). We also demonstrated that extracellular Ca++ was required for this 

modification; the removal of extracellular Ca++ abolished the ATP effect (Figs. 5 and 7). 

However, the ATP effect still existed as the OHC intracellular Ca++ was chelated by BAPTA 

(Figs. 5, 6, and 7).

ATP modifies OHC electromotility through the activation of P2x receptors

ATP can activate both P2x and P2y receptors to influence cell functions. OHCs have 

predominant expressions of P2x2 and P2x7 receptors [10, 16, 21–23]; they also have P2y2 

and P2y4 expressions [23, 24, 30] but have no P2y1 and P2y12 expressions [30]. It has been 

proposed that P2y receptors may be involved in setting the operating point of OHC 

transduction [31]. In this experiment, we found that a P2y receptor agonist UTP may be able 

to evoke an inward current (Fig. 2a) but did not alter OHC electromotility-associated NLC 

(Figs. 2b and c, 3). Moreover, blockage of P2x receptor activation could eliminate the ATP 

effect on NLC (Fig. 4). A previous experiment demonstrated that UTP had no effect on EP 

and CM [4]. Taken together, these results indicate that the activation of P2x receptors rather 

than P2y receptors is mainly responsible for this purinergic regulation on OHC 

electromotility.
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Extracellular Ca++ ions are required for ATP regulation on OHC electromotility

In the present study, we found that extracellular Ca++ is required for ATP modulating OHC 

electromotility (Figs. 5 and 7), indicating that extracellular Ca++ plays a key role in the 

effect of ATP on OHC electromotility. It has been hypothesized that Ca++ modulates OHC 

electromotility via two pathways: modifying cytoskeletal stiffness [32] and shifting the 

voltage sensitivity of OHC electromotility [33]. The effect of ATP on OHC electromotility 

may follow the same concept, activating the P2x receptors allowing Ca++ influxing to 

modify OHC electromotility.

P2x receptors can permeate to Ca++ and K+ cationic ions to induce an inward cationic 

current after activation by ATP [17, 18]. This has been demonstrated in different cochlear 

cells, including hair cells [34]. There are multiple expressions of P2x receptors in OHCs [10, 

16, 22, 23, 30]. P2x2 is a predominant isoform expressed at the stereocilia and the cuticular 

plate [10, 16, 22, 23]. It has been further hypothesized that the application of ATP may also 

result in the diffusion of a G protein to a specialized inositol 1,4,5-trisphosphate (IP3) 

receptor-gated Ca++ store (Hensen’s body) present beneath the cuticular plate to raise 

intracellular Ca++ and affect the mechanoelectrical conductance, particularly the adaptation 

rate [35]. In this experiment, the chelation of intracellular Ca++ by a fast Ca++ chelator 

BAPTA did not alter the effect of ATP on OHC electromotility (Figs. 5, 6, and 7). We also 

found that depolarization to suppress Ca++ entry via calcium channels did not eliminate the 

ATP effect (Fig. 8). These findings indicate that this long-distance mechanism is unlikely to 

play an important role in the modification of ATP on OHC electromotility.

However, our data cannot rule out the possibility of the Ca++ local effect. It has been 

reported that P2x7 receptors are predominantly expressed at the OHC basolateral wall [16, 

30]. Also, there is a dense distribution of IP3 receptors along the OHC lateral wall just 

beneath the plasma membrane [33, 35]. It has been proposed that the application of 

acetylcholine (Ach) can induce the release of Ca++ from intracellular stores located near the 

lateral plasma membrane to influence OHC function [33, 36, 37]. Currently, the subcellular 

mechanism underlying the regulation of OHC electromotility is little known. Our 

preliminary data shows that the cytoskeleton in the extracisternal space between the plasma 

membrane and the subsurface cisternae at the OHC lateral wall plays an important role in 

the OHC electromotility modification, including the modification of ATP on OHC 

electromotility [38]. The complete mechanism underlying the effect of ATP on OHC 

electromotility may be complex and requires further studies to elucidate it.

Possible mechanisms of ATP regulation in hearing function

OHC electromotility is an active cochlear amplifier that determines the hearing sensitivity in 

mammals [14]. Extracellular perfusion of ATP shifted OHC electromotility to the 

depolarizing direction and reduced NLC (Figs. 1, 3, 4, and 5). These changes can reduce the 

gain of the cochlear amplifier to decrease hearing sensitivity. It has been found that 

intracochlear perfusion of ATP could reduce both the endocochlear potential (EP) and CM 

[3]. The intracochlear perfusion of ATP also decreased DPOAEs [2, 3]. These proposed 

changes resulted from shifting the operating point of the cochlear amplifier to reduce the 

amplifier gain [31]. In the present study, we found that ATP shifted the NLC to the positive 
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(depolarizing) direction (Figs. 1, 3, 4, and 5). This provides strong evidence that ATP can 

directly shift the operating point of active cochlear amplifier.

We have reported that gap junction hemichannels in the cochlear supporting cells can release 

ATP [16, 39]. ATP shifted the NLC curve in the depolarization direction (Figs. 1, 3, 4, 5, 6, 

and 8), thereby possibly decreasing hearing sensitivity. We also found that the hemichannel-

mediated ATP release is increased as mechanical stimulation (sound stimulation) increased 

[16]. It has been reported that acoustic overstimulation can increase Ca++ concentration in 

the OHC and cause dynamic contractions of the organ of Corti in vivo [40]. This indicates 

that this purinergic hearing control can play an important role in the regulation of hearing 

sensitivity.
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Fig. 1. 
The ATP-evoked OHC electric response and the effect on OHC electromotility-associated 

NLC. a Current–voltage relations for the ATP application. A voltage ramp (−150 to +150 

mV) was applied from a holding potential of −40 mV and corrected for pipette series 

resistance (Rs=8.7 MΩ). The zero-current potential had a shift from −45.3 to −31.2 mV for 

the ATP application. The subtracted reversal potential for the ATP response was −3.5 mV. b 
ATP reduces NLC and shifts its voltage dependence to the depolarization direction. Smooth 
lines represent curve fitting by the Boltzmann function. The parameters of fitting are 

Qmax=3.26, 4.03, and 4.03 pC; z=0.70, 0.55, and 0.60; Vpk= −46.9,−34.9, and −49.5 mV; 

and Clin=23.1, 21.5, and 21.6 pF for control, 0.36 μM ATP perfusion, and washout, 

respectively. c and d The ATP effect is reversible and repeatable. The peak of NLC (Cm, pk) 

and the voltage of the peak capacitance were continuously recorded by the phase-tracking 

technique. The horizontal bars represent the perfusion of ATP
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Fig. 2. 
Ineffectiveness of a P2y receptor agonist UTP on OHC electromotility-associated NLC. a A 

UTP-evoked inward current in an OHC. The cell was held at −40 mV. The horizontal bar 
indicates the perfusion of 36 μM UTP. b and c UTP did not affect OHC electromotility. The 

NLC and Vpk were continuously recorded. The horizontal bars represent the perfusion of 36 

μM UTP. Perfusion of UPT did not reduce NLC and shift its Vpk
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Fig. 3. 
Dose curves of the effects of ATP and UTP on the Vpk of NLC. The smooth line represents 

data fitting to a Hill’s function ΔVpk=a× Cn/(Kn+Cn) where n=0.71 (Hill coefficient) and 

K=79.7 nM (EC50) for ATP
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Fig. 4. 
Blockage of the ATP effect on NLC by P2x receptor antagonists. a–c Applications of 

PPADS, suramin, and DIDS eliminate the effect of ATP on OHC electromotility-associated 

NLC. The block is reversible. The horizontal bars represent ATP and blocker applications. d 
Elimination of the ATP effect on the Vpk of NLC by P2 receptor antagonists. The Vpk shift 

for the application of 36 μM ATP under the treatments of P2 receptor antagonists was 

normalized to the response at the pretreatment in the same cell and then averaged. Error bars 
represent SE. Asterisks indicate that there is a significant difference in statistical analysis 

(P<0.001, paired t test)
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Fig. 5. 
Extracellular Ca++ is required for ATP-modifying OHC electromotility-associated NLC. a 
and b The patch pipette was filled with normal intracellular solution and the bath was 

perfused with NES. Removal of extracellular Ca++ ions by application of 10 mM EGTA 

Ca++-free extracellular solution eliminated the ATP effect. The elimination is reversible. 

Reperfusion of NES restored the ATP effect (b). c and d Ineffectiveness of intracellular Ca++ 

on the ATP effect. The patch pipette was filled by the intracellular solution with 10 mM 

BAPTA to chelate intracellular Ca++ concentration; intracellular K+ was also replaced with 

Cs+ (140 CsCl, 10 BAPTA, 2 MgCl2, and 10 HEPES in mM). The bath was perfused with 

NES. The effect of ATP on NLC remained. Extracellular perfusion of 10 mM EGTA also 

abolished the ATP effect
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Fig. 6. 
Independence of the ATP effect on K+ and Na+. a The effect of ATP is independent of K+ 

ions. The dashed vertical line indicates that an OHC was alternatively perfused with NES 

and 20 mM Cs+ extracellular solution (130 NaCl, 20 CsCl, 2 CaCl2, 1.47 MgCl2, and 10 

HEPES in mM) to replace extracellular K+. The patch pipette was also filled with 140 mM 

Cs+ to replace K+ (Cs pipette: 140 CsCl, 10 EGTA, 2 MgCl2, and 10 HEPES in mM). b and 

c The effect of ATP on OHC electromotility-associated NLC is independent of extracellular 

Na+. The patch pipette was filled with a BAPTA-buffered intracellular solution. The OHC 

was perfused with a Cs-based extracellular solution (Cs-ES), which Na+ and K+ were 

replaced with 140 mM Cs+ (140 CsCl, 2 CaCl2, 1.47 MgCl2, and 10 HEPES in mM)
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Fig. 7. 
Ionic effect on ATP-modifying OHC electromotility-associated NLC. Vpk shifts for the 

application of 36 μM ATP under different ionic conditions were normalized to the Vpk shift 

under the normal condition (K pipette). Cs pip Cs+ to replace K+ in the intracellular 

solution, BAPTA BAPTA-buffered pipette, Cs-ES the Cs-based extracellular solution in 

which Na+ and K+ were replaced with Cs+, No Ca Ca++-free extracellular solution that 

contains 0 mM Ca++ and 10 mM EGTA. Error bars represent SE. The asterisk indicates a 

statistically significant difference (P<0.001, ANOVA)
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Fig. 8. 
Ineffectiveness of positive holding potential on the ATP influence. The ATP effect on NLC 

was measured at the holding potential of +40 mV. Solid and dotted lines represent the 

membrane capacitance measured at control and 3.6 μM ATP application for 10 min, 

respectively. ATP reduced the peak of NLC and shifted the NLC curve to the positive 

direction. Note that there is a small (approximately 2 pF) increase rather than decrease in 

capacitance at the holding potential of +40 mV due to the right shift of the NLC curve in the 

presence of ATP. A trace at the bottom of the figure shows the voltage command
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