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Mechanotransduction in the auditory and vestibular systems

depends on mechanosensitive ion channels in the stereociliary

bundles that project from the apical surface of the sensory hair

cells. In lower vertebrates, when the mechanoelectrical transducer

(MET) channels are opened by movement of the bundle in the

excitatory direction, Ca2+ entry through the open MET channels

causes adaptation, rapidly reducing their open probability and re-

setting their operating range. It remains uncertain whether such

Ca2+-dependent adaptation is also present in mammalian hair

cells. Hair bundles of both outer and inner hair cells from mice

were deflected by using sinewave or step mechanical stimuli ap-

plied using a piezo-driven fluid jet. We found that when cochlear

hair cells were depolarized near the Ca2+ reversal potential or their

hair bundles were exposed to the in vivo endolymphatic Ca2+

concentration (40 μM), all manifestations of adaptation, including

the rapid decline of the MET current and the reduction of the avail-

able resting MET current, were abolished. MET channel adaptation

was also reduced or removed when the intracellular Ca2+ buffer

1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA)

was increased from a concentration of 0.1 to 10 mM. The findings

show that MET current adaptation in mouse auditory hair cells is

modulated similarly by extracellular Ca2+, intracellular Ca2+ buffer-

ing, and membrane potential, by their common effect on intracel-

lular free Ca2+.

Hearing and balance depend on the transduction of me-
chanical stimuli into electrical signals. This process depends

on the opening of mechanoelectrical transducer (MET) channels
located at the tips of the shorter of pairs of adjacent stereocilia
(1), which are specialized microvilli-like structures that form the
hair bundles that project from the upper surface of hair cells
(2,3). Deflection of hair bundles in the excitatory direction (i.e.,
toward the taller stereocilia) stretches specialized linkages, the
tip-links, present between adjacent stereocilia (3–5), opening the
MET channels. In hair cells from lower vertebrates, open MET
channels reclose during constant stimuli via an initial fast ad-
aptation mechanism followed by a much slower, myosin-based
motor process, both of which are driven by Ca2+ entry through
the channel itself (6–13). In mammalian auditory hair cells, MET
current adaptation seems to be mainly driven by the fast mech-
anism (14–16), although the exact process by which it occurs is
still largely unknown. The submillisecond speed associated with
the adaptation kinetics of the MET channels in rat and mouse
cochlear hair cells (17, 18) indicates that Ca2+, to cause adap-
tation, has to interact directly with a binding site on the channel
or via an accessory protein (16). However, a recent investigation
on rat auditory hair cells has challenged the view that Ca2+ entry
is required for fast adaptation, and instead proposed an as-yet-
undefined mechanism involving a Ca2+-independent reduction in
the viscoelastic force of elements in series with the MET chan-
nels (19). In the present study, we further investigated the role of
Ca2+ in MET channel adaptation in mouse cochlear hair cells by

deflecting their hair bundles using a piezo-driven fluid jet, which is
believed to produce a more uniform deflection of the hair bundles
(20–23) compared with the piezo-driven glass rod (19, 24).

Results

MET Currents Recorded in Mouse Outer and Inner Hair Cells. MET
currents were elicited by displacing the hair bundles of both outer
hair cells (OHCs) and inner hair cells (IHCs) with a piezoelectric
fluid jet stimulator (20–22). The fluid jet was preferred to a rigid
probe (17, 19) because it does not require any direct contact with
the stereocilia, which could affect their resting position and also
damage some of the interciliary links (16). Unless the shape of
the probe is perfectly matched to that of the V- or U-shaped
bundle of the OHCs or IHCs, respectively, this method would
also lead to nonuniform displacement of individual stereocilia
(16, 25, 26). Such uniformity is achieved with fluid jet stimulation
(Fig. S1). MET currents were elicited from 14 OHCs and 7 IHCs
of postnatal day 6 (P6) to P9 mice (Fig. 1 A–C) in response to
a sinewave stimulus. Upon moving their bundles in the excitatory
direction (i.e., toward the taller stereocilia using positive driver
voltages), large inward currents flowed at negative membrane
potentials (−121 mV; Fig. 1 A–C). The resting MET current was
shut off in the inhibitory phase of the stimulus. With membrane
depolarization, the MET current decreased in size at first and
then reversed near 0 mV (Fig. 1C), in agreement with the
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nonselective permeability of MET channels to cations (27), to
become outward, with a larger resting current at positive po-
tentials. We then stimulated the stereocilia of hair cells using
force steps to better investigate the adaptation properties of
the MET current (Fig. 1 D–G). Upon moving the bundles in
the excitatory direction and at −81 mV, adaptation- or time-
dependent decline of the MET current in OHCs occurred for
small driver voltages that produce nonsaturating bundle dis-
placements (72 ± 7 nm, n = 14; approximately halfway through
the bundle operating range shown in Fig. 1F). Adaptation
exhibited a fast time constant (0.65 ± 0.08 ms; n = 14; contrib-
uting 57.3% of the total extent of adaptation described by the
exponential fit) and a slow time constant (16.9 ± 2.4 ms; con-
tributing the residual 42.7%; n = 14; arrow in Fig. 1 D, Right).
Inhibitory hair bundle deflection (negative driver voltage) shut
off the small fraction of current flowing at rest, with the offset of
large inhibitory steps causing a transient rebound inward MET
current (downward dip indicated by the arrowheads in Fig. 1D).
All of these manifestations of MET current adaptation were
absent when stepping the membrane potential from –81 mV to
a positive value (+99 mV: Fig. 1E), which is near the Ca2+

equilibrium potential and strongly reduces Ca2+ entry into the
MET channels. This finding is consistent with Ca2+ entry driving
adaptation as demonstrated in hair cells from lower vertebrates
(9, 10). Additional evidence for the presence of MET current
adaptation is the channels’ increased resting open probability
when Ca2+ influx into the stereocilia is decreased (9, 12, 28, 29),
which was evident in OHCs at +99 mV (Fig. 1 A and E; see also
Fig. 2C). This finding is also highlighted by the different shapes
of the plots describing the relation between the mean peak MET
current and bundle displacement (Fig. 1F; for driver voltage to
bundle displacement conversion using a pair of photodiodes, see
Materials and Methods and Fig. S2). The change in plot shape is
consistent with a leftward shift upon depolarization in x1, the set
point for the transition between the two closed states in a three-
state channel model (10, 21) (see also the Fig. S3 legend). The
same features were also seen in IHCs (Fig. 1 B and G), with
adaptation evident for nonsaturating bundle displacements at
−81 mV, with both fast (0.82 ± 0.31 ms; n = 6; contributing 36%
of the total extent of adaptation) and slow (11.4 ± 4.3 ms; con-
tributing the residual 64%) time constant components (Fig. 1 G,
Left). At +99 mV, adaptation was abolished, and the resting
MET current increased (Fig. 1 G, Right).

Modulation of MET Current Adaptation by Extracellular and Intracellular

Calcium. To probe the direct dependence of MET current adap-
tation on intracellular Ca2+, recordings from mouse cochlear hair
cells were performed by using either low, endolymphatic extracel-
lular Ca2+ (0.04 mM: see Materials and Methods) or different in-
tracellular concentrations of the fast Ca2+ chelator 1,2-Bis
(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA). Ex-
tracellular Ca2+ is known to block the current through the MET
channels with a half-blocking concentration of 1 mM (12, 29). We
found that reducing extracellular Ca2+ from 1.3 mM (Fig. 2A) to
0.04 mM (Fig. 2B) increased the MET current amplitude in both
OHCs and IHCs, which stems from relief of the block by Ca2+ in
the permeation pathway of the channel (30). Moreover, we ob-
served a significantly (OHCs: P < 0.0001; IHCs: P < 0.002) in-
creased resting open probability of the MET current when
lowering the extracellular Ca2+ from 1.3 to 0.04 mMCa2+ at−81 mV
(Fig. 2 A–C), which is similar to that obtained when the membrane
potential of both OHCs and IHCs was depolarized to +99 mV
(Fig. 2C). All of these findings are consistent with the idea that
Ca2+ entering through the MET channels causes adaptation

Fig. 1. MET currents in mouse cochlear OHCs and IHCs. (A and B) Saturating

MET currents recorded from an OHC (A) and an IHC (B) in response to 50-Hz

sinusoidal force stimuli to the hair bundles at membrane potentials of −121

and +99 mV. The driver voltage (DV) signal of ±35 V to the fluid jet is shown

above the traces (positive deflections of the DV are excitatory). The arrows

and arrowheads indicate the closure of the transducer channels, i.e., disap-

pearance of the resting current, during inhibitory bundle displacements at

–121 mV and +99 mV, respectively. Dashed lines indicate the holding current.

(C) Peak-to-peak MET current–voltage curves obtained from 14 OHCs and 7 IHCs

(P6–P9) using 1.3 mM extracellular Ca2+. The fits through the current–voltage

curves are according to a single-energy-barrier model (Eq. 1):

IðVÞ= k½exp ðð1− γÞðV −VrÞ=VsÞ− exp ð−γðV −VrÞ=VsÞ�,

where k is a proportionality constant, Vr is the reversal potential, Vs is a mea-

sure for the steepness of the rectification, and γ is the fractional distance within

the membrane’s electrical field of an energy barrier, as measured from the

outside (20). The values of the fits are as follows: OHCs: k = 444 pA, Vr = 1.3 mV,

Vs = 38 mV, γ = 0.41; IHCs: k = 323 pA, Vr = 0.2 mV, Vs = 40 mV, γ = 0.42.

(D) MET currents recorded at −81 mV (Lower) from an OHC elicited by force-

step stimuli (Upper). Positive DVs of 50-ms duration (excitatory direction) eli-

cited inwardMET currents that declined or adapted over time (arrow in Right).

Holding current: −90 pA. A small transducer current was present at rest, and

inhibitory bundle displacements turned this off (gray traces). Upon termina-

tion of the inhibitory stimulus, the MET current showed evidence of rebound

adaptation (arrowheads). Right shows double-exponential fit to the MET

current decay (Results). The bundle movement for the inhibitory and excit-

atory step was −221 and 81 nm, respectively. In this and the following figures,

bundle motion during fluid jet stimulation was estimated by using a conver-

sion value of 10.1 nm/V obtained with a photodiode system (Materials and

Methods and Fig. S2). (E) MET currents recorded at +99 mV from the same

OHC as in D. Holding current: +861 pA. Note that all manifestations of

transducer current adaptation [current decline during excitatory stimuli and

rebound following inhibitory stimuli (D)] were absent at +99 mV, and the

resting current was increased. (F) Normalized peak MET current recorded

from seven OHCs at the holding potential of −81 mV and during a step to

+99 mV as a function of bundle displacement. Note the leftward shift and

shallower slope at +99 mV. The resting open probability between −81 mV

(0.033 ± 0.004; n = 7) and +99 mV (0.22 ± 0.02) was found significantly

different (paired t test; P < 0.0002). The relation between the normalized

MET current and hair-bundle displacement was fitted by using a second-

order Boltzmann function (Eq. 2):

I
�

Imax = 1
�

�

1+ exp ða2ðx2 − xÞÞ* ð1+ exp ða1ðx1 − xÞÞÞ
�

:

Fits to the data points were as follows: at –81 mV: Imax = −1,024 pA, a1 = 0.044

nm−1, a2 = 0.015 nm−1, x1 and x2 = 51 nm; at +99 mV: Imax = 1,744 pA, and the

other parameters were as at −81 mV, except for x1 = −10 nm, indicating

a leftward shift of 61 nm. (G) MET currents recorded at −81 mV (Left) and

+99 mV (Right) from an IHC elicited by force-step stimuli (Upper) as in

D. Holding current: −132 pA (Left) and +1,268 pA (Right). Note that adap-

tation was absent at +99 mV.
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and that a reduced entry, in low Ca2+ conditions, significantly
increases the open probability of the MET channels (9, 12, 28,
29). Different from 1.3 mM Ca2+ (Fig. 1D), low, endolymphatic
extracellular Ca2+ removed MET current adaptation in response
to displacement steps at −81 mV in six of nine OHCs investigated
(Fig. 2D). In the three OHCs showing some residual adaptation,
it was best fitted with a single exponential of 2.0 ± 0.6 ms (n = 3).
In six OHCs in which step responses were recorded in 0.04 mM
Ca2+ at membrane potentials of both −81 and +99 mV, the plots
describing the relation between the mean peak MET current and
bundle displacement were already shifted to the left at negative
potentials (compare Fig. 2E with Fig. 1F), resulting in a large
resting open probability of the MET channels. To mimic the in
vivo physiological driving force generated by the endocochlear
potential (31)—which is the potential generated between the
endolymphatic and perilymphatic compartments [approximately
+90 mV (32)]—we performed a few step-response experiments
in 0.04 mM Ca2+ where IHCs were held at −161 mV. IHCs were
preferred to OHCs for these experiments because they remained
viable for longer when using such an extreme hyperpolarized
holding potential. In three of four recordings, no time-dependent
adaptation of the MET current was seen (Fig. 2F). One IHC
showed a residual MET current decline with a time constant of
3.3 ms.
We then tested whether MET current adaptation was directly

regulated by the free Ca2+ inside the stereocilia by changing the
intracellular Ca2+ buffering capacity. Increasing the intracellular
BAPTA from 0.1 mM to a range of concentrations up to 10 mM
significantly augmented the resting open probability of the MET
channel in both OHCs (one-way ANOVA: P < 0.0001; posttest
between 0.1 and 5 mM BAPTA: P < 0.01; 0.1 and 10 mM
BAPTA: P < 0.01) and IHCs (t test: P < 0.02 between 0.1 and
5 mM BAPTA) (Fig. 3 A–C). Similar to the findings in 1 mM
EGTA (Fig. 1), MET current adaptation in response to non-
saturating displacement steps (99 ± 12 nm, n = 6) was observed
in 0.1 mM intracellular BAPTA (fast time constant: 0.82 ±

0.21 ms, n = 6; slow: 8.3 ± 1.5 ms) when OHCs and IHCs were held
at −81 mV (Fig. 3 D, Bottom). Stepping the membrane potential
to +99 mV removed MET current adaptation and increased the
resting open probability (Fig. 3 D, Middle). In the presence of
5 mM intracellular BAPTA and at −81 mV, MET current ad-
aptation was abolished or substantially reduced (in four of eight
cells, the small MET current decline was best fitted with one
time constant: 6.6 ± 2.8 ms) and the resting open probability
increased (Fig. 3E), which is consistent with previous findings in
lower vertebrates (10, 33). Similar results were obtained with
10 mM intracellular BAPTA in OHCs, which also showed very
little change in the resting open channel probability when stepping
the membrane potential Vm from −81 to +99 mV (Fig. 3F). In
agreement with the findings in the presence of 0.04 mM Ca2+

(Fig. 2E), 5 and 10 mM intracellular BAPTA reduced or pre-
vented, respectively, any further leftward shift in the mean peak
MET current vs. bundle displacement relation when changing the
membrane potential between −81 and +99 mV (Fig. 3G).
We confirmed whether the shift in the MET current-

displacement relation was Ca2+-dependent by using a paired-
pulse protocol (7, 10, 19, 24, 34) in which two brief series of test
steps (1.5 ms) were delivered, one before and the other toward
the end of a nonsaturating adaptive step (20 ms) (Fig. 4). In the
presence of a low intracellular BAPTA concentration (0.1 mM)
and at −81 mV, the MET current-displacement relation obtained
during the adaptive step was shifted along the displacement
axis and was slightly steeper compared with that preceding

Fig. 2. Low extracellular Ca2+ removes MET current adaptation in mouse

cochlear hair cells. (A) MET currents recorded from an OHC (Left) and an

IHC (Right) in response to a 50-Hz sinusoidal force stimulus to the hair

bundles at a membrane potential of −81 mV and in the presence of 1.3 mM

extracellular Ca2+. DV, driver voltage signal. The arrows indicate closure of the

transducer channels and dashed lines the holding current. (B) MET currents

recorded at −81 mV from an OHC and an IHC in the presence of endolym-

phatic Ca2+ (0.04 mM) instead of 1.3 mM Ca2+. Note the larger resting MET

current (difference between arrow and dashed line). (C) Resting open prob-

ability of theMET current obtained in OHCs and IHCs at−81 and +99mV in 1.3

mM extracellular Ca2+ (Left) and at −81 mV in 0.04 mM extracellular Ca2+

(Right). The resting open probability was calculated by dividing the resting

MET current (the difference between the current level before the stimulus,

indicated by the dashed line, and the current level at the negative phase of

the stimulus when all channels were closed) by the maximum peak-to-peak

MET current. Number of cells is stated by the data points. (D) Step driver-

voltages to the fluid jet (Upper) and MET currents recorded from an OHC at

−81 mV in the presence of 0.04 mM extracellular Ca2+. Holding current:

−1,378 pA. Note that all manifestations of MET current adaptation (Fig. 1D)

are absent. (E) Normalized peak MET current recorded from six OHCs at the

holding potential of −81 mV and during a step to +99 mV as a function of

bundle displacement in the presence of low extracellular Ca2+ (0.04 mM).

Note the absence of the leftward shift in the MET current-bundle displace-

ment upon stepping Vm to +99 mV. The resting open probability between

−81 mV (0.37 ± 0.04, n = 6) and +99 mV (0.40 ± 0.05) was not significantly

different (paired t test). (F) Step driver-voltages and MET currents recorded

from an IHC at −161 mV in the presence of 0.04 mM extracellular Ca2+.

Holding current: −424 pA.
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the adaptive step in both OHCs (Fig. 4 A, Bottom) and IHCs
(Fig. S4A). A similar, but larger, adaptive shift has been de-
scribed in cochlear hair cells using a glass probe (19, 35). This
larger adaptive shift is likely to be a direct consequence of the
much wider operating range of bundle displacement obtained
with the probe (∼500 nm; refs. 19 and 35), compared with that
elicited with the fluid jet (∼200 nm) or when MET current was
elicited by stimulation of the basilar membrane in vitro (<200 nm;
ref. 36). The narrower bundle excursions obtained with the fluid
jet are likely to be a more physiological estimation because they
are a closer match to the in vivo measurements of basilar
membrane motion that activate the MET channels (<100 nm;
reviewed in ref. 16). If Ca2+ is the primary cause of adaptation,
reducing its concentration near the MET channels should prevent
the adaptive shift. In both OHCs and IHCs, we found that either
stepping the membrane potential to +99 mV in the presence of
0.1 mM intracellular BAPTA (OHCs, Fig. 4B; IHCs, Fig. S4B)
or keeping the cells at −81 mV but using 10 mM intracellular
BAPTA (OHCs, Fig. 4C; IHCs, Fig. S4C) increased the MET
channel open probability and prevented any significant shift along
the displacement axis between the two test steps. This finding
demonstrates that MET channel adaptation is under the direct
control of Ca2+ at or near the channel.

Discussion

In this study, we have investigated the adaptation properties of
the MET current in OHCs and IHCs of the mouse. By uniformly

displacing the stereociliary bundle with a piezo-driven fluid jet,
we show that all manifestations of MET current adaptation are
removed or strongly reduced in endolymphatic extracellular Ca2+

(40 μM), high intracellular BAPTA (5 or 10 mM), and by pre-
venting Ca2+ entry into the MET channels at depolarized mem-
brane potentials. All these findings are consistent with the
intracellular Ca2+ concentration in the stereocilia directly de-
termining the adaptation state of the MET channel in mam-
malian cochlear hair cells. At endolymphatic extracellular Ca2+

concentrations, there is little evidence of rapid time-dependent
adaptation (Fig. 2), even at a physiological driving force that
includes the contribution of the endocochlear potential. How-
ever, given the differences with the in vivo situation, including
the different temperature and the absence of the tectorial
membrane, the very existence of adaptation in mammalian co-
chlear hair cells demonstrated here implies that MET channel
adaptation may yet play a role in mammalian hearing. The
resting MET current at endolymphatic Ca2+ concentrations is
a lesser fraction of the total available current in IHCs (∼20%)
than in OHCs (∼35%). This finding is suggestive of differences
in their adaptation mechanisms, with the IHCs being in line with
hair cells from other vertebrates (e.g., refs. 9 and 28) and the
larger resting current in the OHCs optimizing the membrane
time constant for electromotility (22). Our recordings with the
fluid-jet stimulation revealed both fast and slow components of
adaptation. The fact that both components of adaptation are
similarly affected when changing either the extracellular Ca2+

Fig. 3. MET current adaptation in mouse cochlear hair cells is removed by high intracellular BAPTA. (A and B) MET currents recorded from an OHC (A) and an

IHC (B) in response to a 50-Hz sinusoidal force stimuli to the hair bundles at the membrane potential of −81 mV in the presence of different intracellular BAPTA

concentrations. Recordings are as in Fig. 1 A and B. Note the increased restingMET current (difference between dashed lines and arrows) with increasing BAPTA

concentration. (C) Resting open probability of the MET current recorded in OHCs and IHCs obtained at −81 mV and using different concentrations of in-

tracellular BAPTA. (D) Step driver voltages to the fluid jet (Top) and MET currents recorded from OHCs (Left) and IHCs (Right) at −81 mV (Bottom) and +99 mV

(Middle) in the presence of 0.1 mM BAPTA. Note that all manifestations of MET current adaptation were removed at +99 mV as shown in Fig. 1 D and E with

1 mM EGTA. (E) MET currents recorded from OHCs (Middle) and IHCs (Bottom) at −81 mV in the presence of 5 mM BAPTA. (F) MET currents recorded from an

OHC at −81 and +99 mV in the presence of 10 mM BAPTA. As for 5 mM BAPTA (E), MET current adaptation was absent. (G) Normalized peak MET current

recorded from OHCs at the holding potential of −81 and +99 mV as a function of bundle displacement in the presence of 5 mM (n = 6; Left) and 10 mM (n = 6;

Right) intracellular BAPTA. Similar to the experiments in low Ca2+ (Fig. 2E), little (5 mM) or no (10 mM) leftward shift in the MET current-displacement relation

was observed when cells were held at +99 mV in the presence of intracellular BAPTA. Resting open probability between −81 mV (5 mM: 0.39 ± 0.02, n = 6;

10 mM: 0.43 ± 0.04, n = 6) and +99 mV (5 mM: 0.57 ± 0.02; 10 mM: 0.48 ± 0.04) was only significantly different using 5 mM BAPTA (paired t test: P < 0.001).
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concentration or the intracellular Ca2+ buffering strength indi-
cates that they have a quantitatively similar Ca2+ dependence and
may thus originate from the same site, probably the MET channel.
The changes in shape of the relation between MET current and
bundle displacements upon depolarization (Fig. 1F and Fig. S3C)
and during an adaptive step (Fig. 4A and Fig. S4A; ref. 35) are also
hard to reconcile with adaptation being due to a process extrinsic
to the channel, such as one driven by myosin motors (16).
The MET channel in hair cells is a cation channel with a high

Ca2+ permeability (27). Although the nature of the MET chan-
nels is still unknown, recent findings have shown that trans-
membrane channel-like (TMC)1 and TMC2 proteins are likely
candidate subunits (37). A crucial feature of the MET machinery
is that, in response to a sustained deflection of the hair bundle, it
adapts, so that the channel operating range is kept near its
maximal sensitivity (14, 16). MET channel adaptation manifests
as a time-dependent decline in the current amplitude during
sustained bundle displacements and a reduced resting open
channel probability, which is evident by the shift in the current-
displacement relation. Previous studies on lower-vertebrate hair
cells have demonstrated that transducer adaptation is regulated
by Ca2+ entry into the stereocilia via the MET channel itself
(6–13). However, it has recently been proposed that Ca2+

-dependent adaptation is not present in mammalian cochlear
hair cells (19), which our findings contradict. The main differ-
ence between the two studies is the device used to displace the
hair bundle: the fluid jet (present study) and rigid glass probe
(19). The disadvantage of the rigid probe, compared with the

fluid jet, is that it requires optimal vertical and angular posi-
tioning to produce a homogeneous displacement of the V- or U-
shaped hair bundle of OHCs and IHCs, respectively. Because the
glass probe may not contact some stereocilia, when the probe is
displaced (16, 25), all stereociliary rows are initially deflected by
viscous coupling, but then those not in direct contact with
the probe relax, producing an artifactual adaptation (see also
Materials and Methods). Indeed, it has been demonstrated that
when the vertical positioning of the rigid probe was not optimal
in respect to the bundle of cochlear OHCs, it produced an
artifactually large and Ca2+-independent MET current decay
(25), similar to that observed in ref. 19. This technical constraint
is not an issue when stimulating the hair bundles of lower-ver-
tebrate or mammalian vestibular hair cells because of their more
compact structure, which allows for better coupling with a rigid
probe (7, 8, 24, 38). In the mammalian cochlea, the stimulus
produced by the fluid jet allows a more uniform displacement of
the whole hair bundle (Fig. S1) and is sufficiently fast to allow
submillisecond decay time-constants of MET current adaptation
to be observed. A particularly strong argument for Ca2+

-dependent adaptation that in principle does not depend on the
method of bundle stimulation is the increase in resting open
probability of the MET current in low extracellular Ca 2+, with
strong BAPTA buffering, or at depolarized potentials. Our
results show that the long-standing theory implicating Ca2+ ion
entry through the MET channels as the main regulator of ad-
aptation in lower-vertebrate hair cells also applies to the hair
cells of the mammalian cochlea.

Materials and Methods
Electrophysiology. OHCs (n = 92) and IHCs (n = 30) from the mouse cochlea

were studied in acutely dissected organs of Corti from P4 to P9, where the

day of birth is P0. Animals of either sex were killed by cervical dislocation,

under Schedule 1 in accordance with UK Home Office regulations and

approved by the University of Sheffield Ethical Review Committee. Cochleae

were dissected as described (23, 39). Whole-cell patch-clamp recordings

were performed at room temperature (22–24 °C). Statistical comparisons of

means were made by Student’s two-tailed t test (paired or unpaired, as

appropriate), and for multiple comparisons, ANOVA, one-way ANOVA

followed by the Tukey test. Mean values are shown ± SEM where P < 0.05

indicates statistical significance. See SI Materials and Methods for

more details.

Hair Bundle Stimulation. MET currents were elicited by stimulating the hair

bundles of hair cells using a fluid jet from a pipette driven by a piezoelectric disk

(20–23). The pipette was pulled from borosilicate glass to a final overall length

of 5.3–5.5 cm. The pipette tip (diameter 7–10 μm) was positioned at ∼8 μm

from the bundles of hair cells (Fig. S1 A and B). The width of the hair bundle

was: 6.7 ± 0.1 μm (n = 10) for OHCs and 8.7 ± 0.4 μm (n = 10) for IHCs. The

height of the OHC bundles was 4.3 ± 0.3 μm (n = 12); this measure was used to

assess bundle stiffness (Fig. S2) as described (21). Mechanical stimuli were ap-

plied as 20- or 50-ms steps, paired-pulse steps, or 45- or 50-Hz sinusoids (fil-

tered at 1 kHz, 8-pole Bessel) with driving voltages of up to ±40 V. In most

cases, the jet was placed on the modiolar side of the bundle (with the patch

pipette placed opposite), but in a few experiments performed on IHCs (7 of

30), the position of fluid jet and patch pipette was swapped. This different

bundle stimulation approach has been described and produces comparable

responses (40), as expected given the linear behavior of the fluid jet (Fig. S2).

Before the positioning of the fluid jet by the hair bundles, any steady-state

pressure was removed by monitoring the movement of debris in front of

the pipette.

Whereas IHC bundles are believed to be stimulated in vivo by fluid motion,

making the fluid jet approach the most suitable stimulus in vitro, those of

OHCs are coupled to the tectorial membrane with the consequence that

neither of the methods of stimulation currently used to displace the hair

bundle (fluid jet and stiff probe) are able to reproduce the in vivo condition

(16). Both the fluid jet and stiff probe have potential limitations: The probe

is unlikely to contact all stereocilia rows, especially those at the center and

two edges of the V-shaped bundles, causing their nonuniform deflection;

the stimulus applied by the fluid jet can be slower than that achievable

with a glass probe (16, 24). Although the fluid jet can produce slower bundle

movements (17, 19), with consequences for the adaptation time constants

Fig. 4. Strong Ca2+ buffering and depolarization abolish the adaptive shift

in response to a paired-pulse protocol. MET currents recorded from OHCs

elicited by paired-pulse stimulation (Upper). Steps 1 and 2 were 1.5 ms in

duration and elicited maximal MET currents. Step 3, the adaptive step

(81 nm), was 20 ms in duration and elicited nonsaturating current to move

the bundle to the most sensitive region of the current-displacement curve

(Fig. 1 D–G). MET current recorded in P6 OHCs at −81 mV (A) and +99 mV (B)

in the presence of intracellular 0.1 mM BAPTA and at −81 mV in 10 mM

BAPTA (C). Lower shows the normalized peak MET currents recorded in P6–P7

OHCs before (step 1) and during (step 2) the adaptive step (step 3) as a

function of bundle displacement in 0.1 mM (A and B, n = 3) and 10 mM in-

tracellular BAPTA (C; n = 7). The bundle displacement at which 50% of the

maximum MET current is activated was found to be significantly different

between step 1 (100.4 ± 15.0 nm; n = 3) and step 2 (132.2 ± 18.7 nm) in 0.1

mM BAPTA and at −81 mV (A: paired t test: P < 0.05). No significant differ-

ence was found in all of the other experimental conditions (B: step 1: 48.3 ±

8.9 nm, n = 3; step 2: 32.2 ± 6.3 nm; C: step 1: 71.6 ± 11.9 nm, n = 7; step 2:

60.7 ± 17.9 nm). Data points in A were fitted using Eq. 2: step 1 Imax = –841

pA, a1 = 0.020 nm−1, a2 = 0.013 nm−1, x1 and x2 = 67 nm; step 2 Imax = −812

pA, and the other parameters were as for step 1, except for x1 = 141 nm,

which show a Ca2+-dependent adaptive shift of 74 nm to the right, in

agreement with previous finding in turtle hair cells (10).
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(24), our in-house–built fluid jet system allows the recording of sub-

millisecond MET current adaptation (10–90% rise time for the nonadapting

MET current in OHCs; 0.50 ± 0.02 ms; n = 16). We investigated whether the

hair bundles of OHCs and IHCs were displaced uniformly during fluid-jet step

stimulation by imaging them using a fast camera (ORCA Flash 4; Hamamatsu).

We found that in both cell types, the hair bundle movement is spatially uni-

form across their width using our fluid jet system (Fig. S1 C–F).

The conversion value used to express the piezo-driver voltage into dis-

placement at the top of the OHC hair bundle was obtained by using a

photodiode system. The fluid jet was calibrated by using carbon fibers of

a uniform diameter of 8 μm (Fig. S2A) and 10 μm (Fig. S2B) placed at the

bottom of the recording chamber and at a similar distance (∼7.5 μm) from

the pipette tip of the fluid jet as for the hair bundle. The carbon fiber dis-

placement traces (Fig. S2 A and B, Middle) show that the force/pressure from

the fluid jet to the bundle remains constant during a step stimulus. The force

from the fluid jet applied to the OHC bundle has been calculated as de-

scribed (21) and was 7.7 × 10−11 and 10.3 × 10−11 N per volt of the driver

voltage for Fig. S2 A and B, respectively. Bundle motion during fluid jet

stimulation was determined by projecting an image of the OHC bundle onto

a pair of photodiodes (LD 2-5; Centronics) at 360× total magnification as

described (22). The differential photocurrent was filtered at 5 kHz and was

calibrated by measuring its amplitude when displacing the photodiodes

a known amount in the image plane and then using the magnification to

determine the equivalent motion in the object plane. In some experiments,

bundle movements were recorded with a laser differential interferometer

(21). The conversion value used to express the piezo-driver voltage into

displacement at the top of the OHC hair bundle for most of the MET current

recordings was obtained from a sample of 12 recordings from P5–P8 OHCs

(10.1 nm/V: Fig. S2 C and D). Fig. S3 also shows an example where MET

currents and OHC bundle displacements were measured simultaneously.
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SI Materials and Methods

Electrophysiology.Outer hair cells (OHCs: n = 92) and inner hair
cells (IHCs: n = 30) mainly from the apical coil of the cochlea of
C57B mice of either sex were studied in acutely dissected organs
of Corti from postnatal day 4 (P4) to P9, where the day of birth is
P0. In a few experiments, CD-1, CBA/Ca, and C3HeB/FeJ mice
were also used in combination with C57B mice (mainly in Figs. 1
and 2 and Figs. S2 and S3), with similar results between the
different strains. Animals were killed by cervical dislocation,
under Schedule 1 in accordance with UK Home Office regu-
lations. Cochleae were dissected in normal extracellular solution
(in mM): 135 NaCl, 5.8 KCl, 1.3 CaCl2, 0.9 MgCl2, 0.7 NaH2PO4,
5.6 D-glucose, 10 Hepes–NaOH. Sodium pyruvate (2 mM),
MEM amino acids solution (50×, without L-glutamine), and
MEM vitamins solution (100×) were added from concentrates
(Fisher Scientific). The pH was adjusted to 7.5 (osmolality ∼308
mmol·kg−1). The dissected organs of Corti were transferred to
a microscope chamber, immobilized by using a nylon mesh fixed
to a stainless steel ring, and continuously perfused with the above
extracellular solution. The organs of Corti were observed with an
upright microscope (Leica; Nikon), with Nomarski differential
interference contrast optics (×63 or ×60 water immersion ob-
jectives with an additional up to ×2 magnification and ×16
eyepieces).
Whole-cell patch-clamp recordings were performed at room

temperature (22–24 °C) by using an Optopatch (Cairn Research
Ltd.) amplifier. Patch pipettes (2–3 MΩ) were coated with surf
wax (Mr. Zogs SexWax) to minimize the fast capacitance transient
of the patch pipette. The pipette intracellular solution contained
(in mM): 106 Cs-glutamate, 20 CsCl, 3 MgCl2, 1 EGTA–CsOH,
5 Na2ATP, 0.3 Na2GTP, 5 Hepes–CsOH, 10 Na2-phosphocreatine
(pH 7.3; osmolality ∼296 mmol·kg−1). In some experiments, 147
mM CsCl was used instead of Cs-glutamate. Some recordings
were performed by using different concentrations of the fast
Ca2+ buffer 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic
acid (BAPTA; 0.1, 1, 5, and 10 mM: Molecular Probes) instead of
1 mM EGTA (Fluka) in the intracellular solution. The osmolality
of the intracellular solution with BAPTA was kept constant by

adjusting the concentration of Cs-glutamate. Data acquisition was
controlled by pClamp (Molecular Devices) or Asyst (Keithley
Instruments) software using Digidata boards (Molecular De-
vices). Recordings were low-pass filtered at 2.5 kHz (8-pole
Bessel) and sampled at 5 kHz. Data analysis was performed by
using Origin software (OriginLab). The residual series resistance
(Rs) after compensation (60–80%) was 1.49 ± 0.16 MΩ (n = 117).
The average voltage-clamp time constant (product of Rs and
membrane capacitance Cm: 7.2 ± 0.2 pF, n = 117) was 9.9 ± 0.9 μs.
Membrane potentials were corrected for a liquid junction poten-
tial (Cs-glutamate: −11 mV; Cs-Cl: −4 mV) measured between
electrode and bath solutions.
The effect of endolymph-like extracellular Ca2+, which has been

reported to be between 20 and 40 μM (1, 2), was examined by
using a solution containing low Ca2+ (40 μM Ca2+ obtained by
buffering 3.7 mM Ca2+ with 4 mM hydroxyethyl ethylenediamine
triacetic acid, HEDTA). During the experiments in which dif-
ferent extracellular Ca2+ concentrations were used (0.04 and
1.3 mM), the hair bundles were topically superfused, and the fluid
jet pipette was also filled with the same solution.

Bundle imaging. To determine whether the fluid-jet stimulation
produces a uniform bundle displacement in both OHCs and IHCs
(C57B mice, P6–P7), their hair bundles were viewed with a Nikon
FN1 microscope with 75× magnification and images captured
with a Flash 4.0 SCCD camera (Hamamatsu, Japan). Hair bun-
dles were deflected with the fluid jet in response to excitatory step
stimuli, and images were captured at a rate of 400 frames per
second (512 × 512 pixels). Hair bundle movements were tracked
at three positions (1: left; 2: middle; 3: right) on the same bundle
(Fig. S1 C–F) by using Fiji software (3). Lines were drawn across
the stereocilia at these three positions, perpendicular to the di-
rection of bundle motion, and a projected time-based z-stack of
the pixels under the line was made (Fig. S1 E and F, Left) (3).
Excitatory movement of the stereocilia from their resting position
was measured with Photoshop initially as a pixel shift and then
converted to nm (290 pixels = 10 μm).

1. Bosher SK, Warren RL (1978) Very low calcium content of cochlear endolymph, an
extracellular fluid. Nature 273(5661):377–378.

2. Salt AN, Inamura N, Thalmann R, Vora A (1989) Calcium gradients in inner ear
endolymph. Am J Otolaryngol 10(6):371–375.

3. Schindelin J, et al. (2012) Fiji: An open-source platform for biological-image analysis.
Nat Methods 9(7):676–682.
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Fig. S1. The fluid-jet stimulation produces a uniform bundle displacement in both OHCs and IHCs. (A and B) Images showing the relative position of the hair
bundle of an OHC (A; P7) and an IHC (B; P6) and the pipette tip of the fluid jet (seeMaterials and Methods for more details). (Scale bar: 10 μm.) (C and D) Images
of the hair bundle position at rest (Left; indicated by the red lines) and during excitatory bundle stimulation (Right; indicated by the blue lines) using force-step
stimuli in an OHC and an IHC, respectively (for details, see Materials and Methods). The numbers (1–3) indicate the positions at which the hair bundle
movements were tracked. (Scale bar: 5 μm.) (E and F) Left shows time-based z-stack projections of the pixels from the line drawn at position 2 in response to
excitatory bundle stimulation, as in C and D. Again, red lines indicate the resting position of the stereocilia, and the blue is the excitatory displacement. (Scale
bars: y axis, 1 μm; x axis, 100 ms.) Right shows the average excitatory displacement of stereocilia from OHCs (n = 7) and IHCs (n = 6) measured in the three
bundle locations shown in C and D: 1, left; 2, middle; 3, right. Note that bundle motion during fluid-jet stimulation was not significantly different among the
three positions along the bundle width of both OHCs (one-way ANOVA: P = 0.31) and IHCs (P = 0.73); post tests were not calculated because P > 0.05. This result
indicates that our fluid jet produces a uniform displacement of bundles.
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Fig. S2. Calibration of the fluid jet and hair bundle movement. (A and B) Driver voltage to the fluid jet (Left), carbon fiber displacement (Center) measured at
∼2 mm from the tip and the relation between the two (Right) for two different fluid jets and fibers with a diameter of 8 μm (A) and 10 μm (B). The stiffness of
the fibers (shown above Right) was measured by hanging an electron microscope copper grid of known mass (0.3 mg) at ∼2 mm from its tip and measuring the
deflection due to gravity (1). The fiber stiffness and the fluid-jet–induced displacement were measured at approximately the same place along the fiber. The
carbon fibers were positioned perpendicular to the tip of the fluid jet pipette. Continuous lines are from a linear fit, and values are indicated. Note that
the carbon fiber displacement traces, which provide an indication of the force/pressure exerted by the jet, remain constant during a step stimulus. (C) Example
of bundle displacement recordings from a P5 OHC. (D) Steady-state bundle displacement and driver voltage to the fluid jet relation from P5–P8 OHCs (n = 12).
The linear fit value (10.1 nm/V) was used to transform the driver voltages to the fluid jet into nanometer bundle displacements for OHCs. The linear re-
lationship between bundle displacement and driver voltages implies that there is no obvious contribution of the gating compliance to the bundle movements
(2), probably because the pivotal stiffness of the mammalian hair bundle is relatively large (see also ref. 3). The average steady stiffness of the OHC bundles
(shown above the trace) was calculated as described (3) using the force from the fluid jet applied to the OHC bundle from the 10-μm–diameter carbon fibers
(Materials and Methods) and the bundle movement (volts per nanometer). The size and shape of the fluid jet pipette used for these experiments was similar to
those used when mechanoelectrical transducer (MET) currents were recorded in isolation.
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Fig. S3. MET currents and bundle displacements recorded simultaneously in OHCs. (A and B) Driver voltages to the fluid jet (Top), bundle displacement at the
tip of the hair bundle (Middle), and transducer currents recorded at −84 and +86 mV (Bottom) from a P4 OHC. Note that the holding current was zeroed and
was −111 pA at −84 mV and +562 pA at +86 mV. At −84 mV (A), positive driver voltages and displacements (excitatory direction) elicited inward (negative)
transducer currents that declined or adapted over time, which was evident for the intermediate (nonsaturating) bundle displacements. A small transducer
current was present at rest (before t = 0), and inhibitory bundle displacement turned this current off. Note that the current decline for intermediate stim-
ulation was not associated with any relaxing back of the bundle toward the resting position (see also Fig. S2), indicating that the adaptation is an intrinsic
property of the transduction apparatus and not an artifact of the fluid-jet stimulation. In addition, we found that after a rapid initial response to the step, the
bundle exhibits a slow movement further away from the resting position, as shown (1–3). This finding is an intrinsic feature of the bundles attributed to the
hydrodynamics within the bundle (1) because it is not observed when stimulating a carbon fiber with the jet (Fig. S2). At +86 mV (B), excitatory bundle
displacements elicited outward (positive) currents with no signs of adaptation. A larger fraction of the current was activated at rest. (C) Normalized peak
transducer current as a function of bundle displacement for six OHCs (P4–P5). The resting open probability between −81 mV (0.040 ± 0.004; n = 6) and +99 mV
(0.293 ± 0.005) was significantly different (P < 0.0005). Fits to the data points were obtained by using Eq. 2 (Fig. 1 legend). At −84 mV, Imax = −511 pA, a1 = 0.044 nm−1,
a2 = 0.021 nm−1, x1 and x2 = 42 nm; at +86 mV, Imax = 458 pA, and the other parameters were as at −84 mV, except x1 = −56 nm, indicating a leftward shift of 98 nm
upon depolarization. The shape change in the current-displacement relation, which is fitted with second-order Boltzmann functions, implies that the MET channel has
two closed states and one open state [turtle (4); mouse (1, 3)] and has been interpreted as being due to the set point of the transition between the two closed states
being voltage-sensitive (and hence Ca2+-sensitive), but not that of the opening transition (4).

1. Géléoc GSG, Lennan GWT, Richardson GP, Kros CJ (1997) A quantitative comparison of mechanoelectrical transduction in vestibular and auditory hair cells of neonatal mice. Proc Biol Sci
264(1381):611–621.
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Fig. S4. Adaptive shift in a paired-pulse protocol applied to IHCs is abolished by strong Ca2+ buffering and depolarization. MET currents (Middle) were re-
corded from IHCs in response to paired-pulse stimulation with an 81-nm adaptive step (Upper), as described for OHCs in Fig. 4. MET currents recorded in P7 IHCs
at −81 mV (A) and +99 mV (B) in the presence of 0.1 mM and at −81 mV in 10 mM intracellular BAPTA (C). Lower shows the normalized peak MET current
recorded in P7 IHCs before (step 1) and during (step 2) the adaptive step (step 3) as a function of bundle displacement in 0.1 mM intracellular BAPTA (A and B; n =

4) and 10 mM BAPTA (C; n = 4). Data points in A were fitted by using Eq. 2: step 1, Imax = −419 pA, a1 = 0.023 nm−1, a2 = 0.0089 nm−1, x1 and x2 = 64 nm; step 2,
Imax = −401 pA, other parameters were as for step 1, except for x1 = 122 nm, indicative of a Ca2+-dependent adaptive shift of 58 nm to the right, in agreement
with previous findings in turtle hair cells (1). The bundle displacement at which 50% of the maximum MET current is activated was significantly different between
step 1 (103.3 ± 8.6 nm; n = 3) and step 2 (130.0 ± 12.5 nm; n = 3) in 0.1 mM BAPTA and at −81 mV (A; paired t test: P < 0.05). No significant difference was found
in any of the other experimental conditions (B: step 1, 85.6 ± 23.3 nm, n = 3; step 2, 81.2 ± 28.2 nm; C: step 1, 100.3 ± 11.8 nm, n = 4; step 2, 106.6 ± 13.6 nm). The
conversion value used to express the piezo driver voltage into displacement (Bottom) was the same as that used for OHCs (Fig. S2 C and D) as the bundle
displacements for a given driver voltage were similar between the two cell types (Fig. S1 E and F).
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