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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 resetting 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 applied 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 available 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+ buffering, and membrane potential, by their common effect on intracellular free Ca2+.

H

earing and balance depend on the transduction of mechanical 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 adaptation 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 mechanism (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 adaptation, 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-yetundefined mechanism involving a Ca2+-independent reduction in
the viscoelastic force of elements in series with the MET channels (19). In the present study, we further investigated the role of
Ca2+ in MET channel adaptation in mouse cochlear hair cells by
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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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IðVÞ = k½exp ðð1 − γÞðV − Vr Þ=Vs Þ − exp ð−γðV − Vr Þ=Vs Þ,
where k is a proportionality constant, Vr is the reversal potential, Vs is a measure 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, V r = 0.2 mV, Vs = 40 mV, γ = 0.42.
(D) MET currents recorded at −81 mV (Lower) from an OHC elicited by forcestep stimuli (Upper). Positive DVs of 50-ms duration (excitatory direction) elicited inward MET 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 termination 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 excitatory step was −221 and 81 nm, respectively. In this and the following figures,
bundle motion during fluid jet stimulation was estimated by using a conversion 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 secondorder Boltzmann function (Eq. 2):



I Imax = 1 1 + exp ða2 ðx2 − xÞÞ * ð1 + exp ða1 ðx1 − 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
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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 extracellular Ca2+ (0.04 mM: see Materials and Methods) or different intracellular concentrations of the fast Ca2+ chelator 1,2-Bis
(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA). Extracellular 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 observed a significantly (OHCs: P < 0.0001; IHCs: P < 0.002) increased resting open probability of the MET current when
lowering the extracellular Ca2+ from 1.3 to 0.04 mM Ca2+ 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
C a 2+ entering through the MET channels causes adaptation

D. Holding current: −132 pA (Left) and +1,268 pA (Right). Note that adaptation was absent at +99 mV.
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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., disappearance 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):

nonselective permeability of MET channels to cations (27), to
become outward, with a larger resting current at positive potentials. 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 timedependent decline of the MET current in OHCs occurred for
small driver voltages that produce nonsaturating bundle displacements (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; contributing 57.3% of the total extent of adaptation described by the
exponential fit) and a slow time constant (16.9 ± 2.4 ms; contributing 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 threestate 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; contributing 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).

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 endolymphatic 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 probability of the MET current obtained in OHCs and IHCs at −81 and +99 mV 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 drivervoltages 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 displacement 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
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and that a reduced entry, in low Ca 2+ 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 nonsaturating 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 adaptation 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 prevented, 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 currentdisplacement relation was Ca2+-dependent by using a pairedpulse 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

from an IHC at −161 mV in the presence of 0.04 mM extracellular Ca2+.
Holding current: −424 pA.

Corns et al.

the adaptive step in both OHCs (Fig. 4 A, Bottom) and IHCs
(Fig. S4A). A similar, but larger, adaptive shift has been described 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
Corns et al.

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 preventing Ca2+ entry into the MET channels at depolarized membrane potentials. All these findings are consistent with the
intracellular Ca2+ concentration in the stereocilia directly determining the adaptation state of the MET channel in mammalian 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. However, 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 cochlear 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+
PNAS | October 14, 2014 | vol. 111 | no. 41 | 14921
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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 resting MET 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 intracellular 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).

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 intracellular 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 difference 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).

concentration or the intracellular Ca2+ buffering strength indicates 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 channels is still unknown, recent findings have shown that transmembrane 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 currentdisplacement 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 difference 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
14922 | www.pnas.org/cgi/doi/10.1073/pnas.1409920111

fluid jet, is that it requires optimal vertical and angular positioning to produce a homogeneous displacement of the V- or Ushaped 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-vertebrate 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 Ca 2+
-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 adaptation 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 applied as 20- or 50-ms steps, paired-pulse steps, or 45- or 50-Hz sinusoids (filtered 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
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(24), our in-house–built fluid jet system allows the recording of submillisecond 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 uniform across their width using our fluid jet system (Fig. S1 C–F).
The conversion value used to express the piezo-driver voltage into displacement 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 displacement 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 described (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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