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ABSTRACT

Introduction of adenosine 5-triphosphate (ATP) into
the endolymphatic compartment of the guinea-pig
cochlea decreases the endocochlear potential (EP).
To determine if this is due to an ATP-induced change
in compartment resistance, the cochlear partition
resistance (CoPR) was measured using constant cur-
rent injections into scala media before, during, and
after microinjection of ATP into the same compart-
ment. The CoPR (mean = 3.13 + 0.13 kQ) decreased
with ATP in a dose-dependent manner (25.1 + 3.0%
decrease in relation to baseline values) and this was
linearly correlated (R* =0.91) to the magnitude of
the ATP-induced decline in EP (41.6 = 7.0% decline
in relation to the baseline). Pyridoxalphosphate-6-
azophenyl-2’,4"-disulfonic acid (PPADS, a P2X recep-
tor antagonist) injected prior to ATP application
blocked this ATP-induced reduction in EP and CoPR.
This indicates that ATP-gated ion channels (P2X re-
ceptors) provide a latent shunt capable of regulating
the majority of the electrical potential across the lu-
minal surface of the sensory hair cells, which is nec-
essary for sound transduction. The results suggest a
novel sound transduction regulatory mechanism,
which, via extracellular ATP, has the capability of
adjusting hearing sensitivity.
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INTRODUCTION

Identification of P2 receptor subtypes in the mam-
malian cochlea supports the view that extracellular
adenosine 5’-triphosphate (ATP) plays a role in the
regulation of cochlear function. One important role
may be in the regulation of the sound transduction
process and thus cochlear sensitivity (Thorne and
Housley 1996; Housley 1998; Housley et al. 1999,
2002; Housley and Thorne 2000). Essential to sound
transduction is the large (100-170 mV) electro-
chemical driving force across the luminal surface of
the organ of Corti, provided by the positive endoc-
ochlear potential (EP; +60 to +100 mV) and the
negative resting membrane potential of the inner
(IHC) and outer (OHC) hair cells (=40 mV and —70
mV, respectively) (Dallos 1985). Interestingly, the
introduction of ATP into the endolymphatic com-
partment causes a reversible decline in the EP in a
dose-dependent manner (Mufoz et al. 1995, 1999;
Kirk and Yates 1998). Pharmacological studies indi-
cate that this is likely to be via activation of ATP-gated
ion channels assembled mainly from P2X, receptor
subunits (Mufioz et al. 1999) localized to cells lining
the compartment (Housley et al. 1992, 1998, 1999;
Mockett et al. 1994; King et al. 1998; Housley and
Thorne 2000), particularly the hair cells and
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supporting cells of the organ of Corti and cells of
Reissner’s membrane. Evidence of free ATP in the
endolymph under normal conditions and elevation
of fluid ATP concentration with noise and hypoxia
(Munioz et al. 2001) implies that endogenous ATP
may affect EP under normal and stress conditions.
Under this model, the ATP-gated conductance across
the cells lining the endolymphatic compartment
would regulate the driving force available for sound
transduction by the hair cells.

To test this hypothesis we have studied the influ-
ence of exogenous ATP on the resistance of the
endolymphatic compartment (defined here as the
cochlear partition resistance, CoPR). Here we dem-
onstrate that ATP reduces the CoPR. We propose that
this arises from a shunt conductance that short- cir-
cuits the endocochlear potential and, coupled with
the direct action of ATP to depolarize the hair cells,
leads to a significant compression in the electro-
chemical driving force for sound transduction.

METHODS

Methods were approved by the University of Auck-
land Animal Ethics Committee. Guinea pigs were
anesthetized with 60 mg/kg IP Nembutal™ and
artificially ventilated with room air. End-tidal Oy and
COgy and blood pressure were monitored continu-
ously. The cochlea was exposed and holes (40-100
um in diameter) were made in the bone overlying the
scala media and scala tympani of the basal turn to
insert micropipettes for EP and CoPR measurements,
and for current injection (Fig. 1A).

A double-barreled glass micropipette was inserted
into scala media for voltage measurement (EP) and
to inject ATP. A single-barreled micropipette was
inserted into scala media through an adjacent hole to
deliver current. The voltage and current pipettes, each
coupled to a Teflon®-coated Ag-AgCl wire, were filled
with artificial endolymph and were separated by 0.4—
0.5 mm. Two Teflon®-coated Ag-AgCl wires were
placed in holes in scala tympani (0.7-0.8 mm separa-
tion) adjacent (0.8-0.9 mm equidistant) to the scala
media electrodes to serve as ground references for the
voltage measurement and current injection (Fig. 1A).
Different volumes (see below) of ATP (100 uM) con-
tained in artificial endolymph were microinjected into
scala media using computer-controlled pressure
pulses to produce declines in EP of different magni-
tude, as reported previously (Munoz et al. 1995, 1999).

To ensure proper positioning of the current
micropipette within scala media, EP was monitored as
the pipette was advanced and, once a stable value was
obtained, the electrode was connected to the current
source. Current was generated by a two-electrode
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voltage clamp amplifier (GeneClamp 500, Axon In-
struments, Union City, CA, USA) or a custom-made
constant current injector controlled by a D/A con-
verter (TL-1, Scientific Solutions Inc., Mentor, OH,
USA) using pClamp software (pClamp 5.5, Axon In-
struments). Square current pulses (1 uA, 3 s duration
at 6 s intervals) were continuously applied to the scala
media electrode, with the ground electrode in scala
tympani. ATP was then injected into scala media for
60 s to produce a steady-state reduction in EP (Fig.
1B). As the extent of the ATP-induced reduction in
EP is dose-dependent (Muiioz et al. 1995, 1999), the
total amount of ATP injected was varied across ex-
periments by changing the pressure to the injection
pipette to produce a reduction in EP of different
magnitudes. The total volume of ATP solution ap-
plied varied across experiments from 250 to 1000 nl
(equivalent to 2.5 X 107" and 10 x 107! mol). In
another group of experiments, the P2X receptor an-
tagonist pyridoxalphosphate-6-azophenyl-2’,4"-disulf-
onic acid (PPADS, 1 mM in artificial endolymph, 50
nl) was injected through the voltage-sensing micro-
pipette prior to the ATP pulse. The effect of this post-
PPADS ATP pulse on EP and CoPR was compared
with the effect produced by a pre-PPADS ATP pulse
of the same amount (baseline). Control experiments
were performed in the same manner, using similar
volumes of either artificial endolymph without ATP
(250-1000 nl) or with PPADS (1 mM, 50 nl).

Current-induced voltage shifts in EP were meas-
ured before, during, and after the ATP and control
pulses (pClamp software) and used to calculate the
CoPR (R = AVgp/I). A minimum of three CoPR values
were averaged to provide each CoPR data point. Al-
though EP can range from positive to negative (under
anoxia) values, in these studies, the percentage
change in EP assumed a 0 (zero) V reference. EP
changes in percentage were calculated relative to the
initial EP measurement before the test or control
pulses. Results were expressed as the mean + standard
error of the mean. Because insertion of the multiple
electrodes into scala media caused some tissue dam-
age which often resulted in lower EP values, only ex-
periments with EP values 255 mV were accepted.

To assess the influence of the loss of inner and
outer hair cells on compartment resistance, a group
of guinea pigs was injected with kanamycin (400 mg/
kg/day SC) for 14 days to induce hair cell degener-
ation. These animals were then treated in the same
way as the normal guinea pigs with measurements of
the CoPR. The cochleae were collected and proc-
essed for light microscopy to assess cochlear pathol-
ogy. Cochleae were fixed by intralabyrinthine
perfusion with 2.5% glutaraldehyde in 0.08 M phos-
phate buffer, decalcified in 4% EDTA (with 0.5%
glutaraldehyde), dehydrated in a graded series of
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FIG. 1. A. Diagram showing the arrangement for microinjection of shifts increased in size for better illustration. ATP injection produced

ATP into scala media and measurement of EP and CoPR. SV = scala
vestibuli, SM = scala media, ST = scala tympani. B. An example of
ATP-induced reduction in CoPR. ATP (500 nl, 100 uM, applied over
1 min) reduced EP from 83 to 36 mV concomitant with a reduction
in the magnitude of the 1 uA current-induced voltage shift (3 s) from
3.8 mV (arrow a) to 2.5 mV (arrow b), corresponding to a decrease of
CoPR from 3.8 kQ to 2.5 kQ, respectively. After ATP injection, CoPR
returned to baseline levels (arrow c). The inset shows the voltage

ethanol solutions, and then embedded in epoxy res-
in. The entire cochlea was sectioned axially (1-2 um
thick) and every 20th section was mounted on glass
slides, stained with 1% toluidine blue, and studied by
light microscopy. The condition of the organ of Corti
in different turns of the cochlea was noted in each
section.

RESULTS
Effect of ATP on EP and CoPR

A mean baseline EP of 74.8 + 5.6 mV (n = 8) was
recorded from the first cochlear turn of normal
guinea pigs. Similar to our previous findings (Mufoz
et al. 1995, 1999), ATP introduced into the endo-

a decrease in the EP (C) and CoPR (D) in every experiment. Open
symbols in C and D represent the mean EP and CoPR values, re-
spectively. E. The reduction in the magnitude of the EP was con-
comitant with a reduction in the CoPR in every experiment. Each
paired data point (open symbol, before the ATP pulse; filled symbol,
during the ATP pulse) represents one experiment. Dotted line rep-
resents the best-fit intercept.

lymphatic space at varying amounts (100 uM in 250-
1000 nl solution volume) caused a significant (p =
0.0013, paired Student’s ttest) dose-related decline in
the EP. The decrease in EP ranged from 10.2 to 58.9
mV (mean = 31.4 + 6.0 mV, n=_8; Fig. 1C), which
was a 41.6 = 7.0% reduction of the original EP. The
EP reached a steady state during the ATP application,
and, after cessation of the ATP pulse, it always re-
covered fully to the baseline (Fig. 1B). The intro-
duction of the same volumes of artificial endolymph
without ATP had no significant effect on EP (see
Control experiments subsection below).

The current injection prior to the introduction of
ATP produced a reduction in the EP of 2.5-3.8 mV
with a similar time constant (400-500 ms) to previous
studies (Johnstone et al. 1966). These changes in
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FIG. 2. Relationship between the magnitude of the ATP-induced
reduction (A) or percentage reduction (B) in EP and CoPR (filled
circles). For comparison, open circles in A and B represent the re-
lationship of the EP and CoPR changes induced by ATP when ap-
plied after PPADS (from the PPADS subset of experiments). Crosses

voltage translate into a baseline CoPR of 2.5-3.8 kQ
(mean = 3.14 + 0.18 kQ, n = 8) which is in agreement
with previous estimates for a similar separation be-
tween the voltage and current injection pipettes
(3.37 + 0.154 kQ) (Asakuma et al. 1978). The CoPR
decreased significantly (p < 0.001, paired Student’s &
test, n=38) to 2.0-3.0 kQ, (mean =2.3 + 0.11 kQ)
(Fig. 1D) during the introduction of ATP, which was
a reduction by 25.1 + 3.0% of the original resistance.
This decrease in CoPR occurred in each experiment
and was proportional to the magnitude of the fall in
EP (Fig. 1E). CoPR returned to the baseline values
upon full recovery of EP (Fig. 1B).

Assuming a linear relationship between EP and
CoPR, projection of the individual curves in Figure IE
to the x-axis provides an estimate of the magnitude of
the resistance components in the compartment that
are not affected by ATP. The magnitude of the mean
residual compartment resistance when EP is 0 mV, as
shown by the intercept in Figure 1E, was 1.092 + 0.17
kQ, which is approximately one-third of the resting
CoPR; thus, two thirds of the CoPR can be lost when
endolymphatic ATP is elevated.

Linear regression analysis showed a significant
linear correlation (slope = 43.6 mV/kQ, R’ =0.92;
ANOVA F, 4, = 70.3, p = 0.0002) between the ATP-
induced change in CoPR and the fall in EP (Fig. 2A).
Analysis of the data as a percentage change in CoPR
and EP voltage relative to baseline measurements
(Fig. 2B). showed a similar linear relationship
(slope = 2.2, R*=091; ANOVA F,4 =588, p=
0.0003).

% EP decrease
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in A and B represent the data from kanamycin-treated animals from
which the dotted linear regression lines were produced for com-
parison (see text). Solid linear regression lines and equations apply
only to data represented by the filled circles.

Effect of PPADS and kanamycin on ATP-induced
changes in EP and CoPR

A separate set of experiments was undertaken to in-
vestigate the influence of the P2X receptor antagonist
PPADS on the ATP-induced changes in EP and CoPR.
In these experiments, ATP (100 uM in 500 nl) sig-
nificantly (p = 0.0014, Student’s paired ¢test) re-
duced the magnitude of the EP from a baseline level
of 82.3 £ 9.0 mV to 48.8 + 4.8 mV (40.4 + 0.7% de-
crease, n=>5) (Fig. 3A). Similarly, the CoPR de-
creased (p < 0.001, Student’s paired ttest) from a
baseline of 2.9 + 0.06 kQ to 2.1 + 0.05 kQ (26.4 +
1.3% decrease, n = 5) (Fig. 3B). In contrast, a second
pulse of the same amount of ATP (100 uM in 500 nl)
applied after PPADS (1 mM, 50 nl) decreased EP by
only 5.6 + 1.0% and CoPR by only 8.7 + 1.5% (Fig.
3A, B). Thus, PPADS significantly reduced the ATP-
induced decline in EP by 86% (p < 0.001, n =5; paired
Student’s #test) and the ATP-induced decline in
CoPR by 67% (p < 0.001, n =b5; paired Student’s #test)
(Fig. 3A, B).

The kanamycin-treated animals had a mean EP
of 71.5 £ 4.5 mV and a mean baseline CoPR (pre-
ATP) of 2.87 + 0.08 kQ (n = 7), which was not sig-
nificantly different (p = 0.23, non-paired Student’s &
test) from the mean baseline CoPR in normal ani-
mals (3.14 + 0.18 k€2). ATP application induced a
significant (p < 0.001, paired Student’s ttest, n = 7)
fall in the CoPR to 2.44 + 0.10 kQ. The decrease in
CoPR with ATP and the slope and intercept of the
relationship between CoPR decrease and EP
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FIG. 3. Histograms showing the effect of artificial endolymph (EL), observed during ATP pulse injection (from 67 to 41 mV) was reduced

PPADS, ATP, and ATP following PPADS on the EP (A) and CoPR (B).
Endolymph (mean of 250-1000 nl pulses) and PPADS (1 mM, 50 nl)
control injections had a small effect on EP and CoPR. In contrast,
ATP (100 uM in 500 nl) caused a significant decline in both meas-
ures (*, p =0.0014 and p < 0.001, Student’s paired t-tests for EP and
CoPR, respectively), which was substantially reduced by the pre-
application of PPADS (1, p < 0.001, Student’s paired t-tests for both
EP and CoPR). C. Example showing that PPADS blocks the ATP-
induced reduction in EP and CoPR. The initial 26 mV fall in EP

decrease were not significantly different (ANOVA
P‘(l,ll) = 012, p: 0.73 and P‘(I,IQ) = 068, p = 043,
slope and intercept, respectively) compared to the
normal animals. Similarly, the difference was not
significant when the data were measured as percent
CoPR decrease and EP decrease (ANOVA
Faay =042, p=0.53 and Fj,9) =0.25, p = 0.63;
slope and intercept, respectively). Qualitative light
microscopy showed the loss of both inner and outer
sensory hair cells from the organ of Corti in the

by prior application of PPADS to only a 3 mV fall (from 70 to 67 mV).
Concomitantly, the initial 0.7 k@ fall in CoPR (calculated from 2.9
and 2.2 mV, the current-induced voltage shifts produced before and
during ATP injection, respectively) induced by ATP was reduced to a
0.25 kQ fall by PPADS pre-application (from 2.8 to 2.55 kQ). Both,
EP and CoPR returned to baseline levels after the ATP pulse. Only
one current-induced voltage shift is shown for each experimental
stage for clarity. Data records were digitally reconstructed.

first and second turns of each of the kanamycin-
treated animals (Fig. 4) with degeneration of some
of the supporting cells also in the first cochlear
turn.

Control experiments

In control experiments, artificial endolymph without
ATP (250-1000 nl) or with PPADS (50 nl) produced a
small and transient increase in the EP. Endolymph
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FIG. 4. Light microscopy of the organ of Corti from the first turn of
normal (A) and kanamycin-treated (B) guinea pigs. The normal organ
of Corti shows the three rows of outer sensory hair cells (OHC),
supported at their base by the Deiters’ supporting cells (D) and
separated by the supporting pillar cells (arrow) from a single row of
inner sensory hair cells (IHC). The upper surface of the organ of Corti

produced an increase in EP of 2.8 + 0.9 mV over a
baseline of 78.8 £ 0.9 mV (n=6) and PPADS pro-
duced an increase of 2.9 + 0.9 mV over a baseline of
90.5 £ 4.5 mV (n=38) (Fig. 3A). Similarly, a small
transient increase in CoPR was observed with the
application of both artificial endolymph without
(ATP 0.11 = 0.06 kQ over a baseline of 3.25 + 0.132
kQ; n =6) and with PPADS (0.05 + 0.041 kQ over a
baseline of 3.0 + 0.11 k&; n = 8) (Fig. 3B).

DISCUSSION

These data show that the endolymphatic ATP-medi-
ated decline in EP (Muiioz et al. 1995, 1999) is
strongly correlated with a decrease in the electrical
resistance of the cochlear partition. This is indicative
of an ATP-activated increase in ionic conductance
through tissues lining the compartment. Because the
ATP-induced reduction in CoPR is directly propor-
tional to the magnitude of the ATP-induced fall in EP
and was substantially blocked by the P2X receptor
antagonist PPADS, it is likely to be a direct result of
an ATP-induced electrical shunt mediated by K" ef-
flux through P2X receptors in cells lining the endo-
lymphatic space. These findings support the view that
a substantial proportion of the resistive component of
the endolymphatic compartment that maintains the
EP and hence the driving force for sound transduc-
tion is regulated by ATP-gated ion channels.

The baseline value of the EP was slightly lower
than other previous reports of the magnitude of EP
in the basal turn (80-100 mV) (e.g., Muiioz et al.
1999). This is probably due to tissue damage during
the insertion of the multiple electrodes into the
endolymphatic space. However, we have previously

is bathed by endolymph of the scala media (SM) and the basal sur-
face is bathed by perilymph in the scala tympani (ST). In contrast,
after kanamycin treatment, both types of sensory cell are missing and
the space is now occupied by expanded supporting cells (stars). The
remaining pillar cells (arrow) define the original architecture. Scale
bar = 20 um.

demonstrated that the ATP-induced change in EP is
proportional to the starting magnitude of EP (Mu-
noz et al. 1995, 1999). Thus, the initial EP levels
are unlikely to influence the nature of the change
in the endolymphatic compartment resistance due
to ATP.

Control experiments showed a small transient in-
crease in the magnitude of the EP and the CoPR with
either artificial endolymph or PPADS solution. The
small increase in EP is similar to the findings of
Kakigi and Takeda (1998) who injected up to 2 ul of
artificial endolymph into scala media in guinea pigs.
The increase in EP and CoPR may be due to a vol-
ume-induced downward shift of the basilar mem-
brane (Tasaki et al. 1954), possibly affecting the silent
current. This small EP increase shows that the effect
of increasing endolymphatic volume, at least in the
range used in this study, had limited effect on the
scala media compartment and its surrounding tissues.

ATP-gated ion channels composed mainly of P2Xy
receptor subunits are predominant in cells lining the
endolymphatic compartment, including IHCs, OHGCs,
and Deiters’ cells of the organ of Corti and cells of
the Reissner’s membrane (Housley et al. 1992, 1998,
1999; Mockett et al. 1994; King et al. 1998). These ion
channels are non-selective for Na" and K" (Nakagawa
et al. 1990) and when facing the unique environment
of the scala media, with its high K" concentration
(approximately 150 mM), activation under normal
conditions would result in K" influx with current
outflow via basolateral K channels causing a decline
in EP. The pharmacology of the ATP-induced fall in
EP supports this P2X receptor-mediated mechanism
(Munoz et al. 1995, 1999). There is no evidence of
ATP-gated ion channels in the cells of the guinea-pig
stria vascularis (Housley et al. 1999), although in a
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number of species the marginal cells possess metab-
otropic P2Y receptors (Ogawa and Schacht 1995;
Marcus et al. 1998; Sage and Marcus 2002).

The strong relationship between the ATP-induced
change in CoPR and fall in EP implies that much of
the changes in resistance across the cochlear parti-
tion can be obviated by a P2X receptor-mediated
conductance. However, clearly there are other resis-
tive components as shown by the offset in intercepts
in Figures 1E and 2A and by the dissimilar blocking
effect of PPADS on the ATP-mediated decrease in
CoPR and EP (67% and 86% block, respectively).
However, no conclusion can be drawn from this as
some of the small variance in the relationship be-
tween EP and CoPR is also likely to be due to the
spatial separation between the electrode and delivery
pipette (Asakuma et al. 1978). Changes in EP at the
recording electrode will be limited by the diffusion of
ATP and PPADS from the delivery pipette. The ob-
served ATP effect in the guinea pig is not likely to be
due to P2Y receptors on the stria vascularis (Marcus
et al. 1998) although in other species, such as the rat,
P2Y activation could be expected to affect EP by in-
hibition of KCNQI1/KCNE1 K' channels on the
marginal cells (Marcus et al. 1998; Jentsch 2000).
However, this would be expected to have an inverse
action on CoPR.

In the kanamycin-treated animals, the predomi-
nant removal of the hair cell component of the
endocochlear shunt pathway had no significant effect
on the ATP-induced fall in CoPR. This indicates that
the hair cell P2X receptor conductance contribution
to this shunt is relatively small. Knowledge of the P2X-
mediated conductances in various cell types of the
cochlea allows an estimate of the contribution of
different cochlear tissues to the total CoPR. Assuming
that the ATP-activated conductance in our experi-
ments principally involved the first turn of the coch-
lea, this would include approximately 360 OHCs and
120 THCs along each millimeter of organ of Corti
(Thorne and Gavin 1984). In contrast, based on di-
rect measurements of the Reissner’s membrane (RM)
area in the basal turn (Mufoz, personal communi-
cation) and an estimated Reissner’s epithelial cell
footprint of 71 um2 (King et al. 1998), we estimate
that approximately 7042 RM epithelial cells/mm
would have been affected. Maximum P2X receptor
conductances have been estimated for OHCs (127
nS) (Raybould and Housley 1997), IHCs (31 nS)
(Raybould et al. 2001), and RM epithelial cells (37
nS) (King et al. 1998). Calculations of total tissue
P2X-mediated contributions clearly indicate that the
combined contribution of the hair cell ATP-activated
shunt conductance in the region would be only ap-
proximately 19% of that derived from RM. In addi-
tion, other cells, such as the inner and outer sulcus
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cells, outer row Deiters’ cells, and Hensen'’s cells, also
provide large surface areas for the endocochlear P2X
receptor conductance shunt (Housley et al. 1999; Lee
et al. 2001). Thus, the final contribution of the hair
cells to the ATP-mediated conductance is small,
confirming the findings in kanamycin-treated ani-
mals. It should be noted, however, that the ATP-gated
ion channels on the endolymphatic surface of the
hair cells (Housley et al. 1999) provide a microshunt
which would directly mitigate the driving force
for the mechanoelectrical transducer conductance.
Thus, the overall ATP-activated endocochlear shunt
compresses the external driving force for the hair cell
transducer conductance, and the hair cell P2X re-
ceptor conductance compresses the internal driving
force, while having negligible effect on the overall
ATP-induced fall in EP.

This study provides direct evidence for a potent
purine-mediated intrinsic homeostatic mechanism
for regulating sound transduction by controlling the
electrochemical driving force and hence sensitivity
of the hearing process. Here, the electrical shunt
conductance coupled to the ATP-mediated hair cell
depolarization would combine to limit the electro-
chemical driving force responsible for sound trans-
duction. The reduction in the receptor potential
would affect the forward transduction mechanism
through the IHC and OHC mechanoelectrical trans-
duction (MET) channels and would also limit the
active mechanical feedback in the OHC resulting in a
reduction of sound-induced neurotransmission at the
IHC.

In summary, these findings imply that extracellular
purines are intrinsic mediators of cochlear homeos-
tasis, regulating the sound transduction mechanism.
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