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I N T R O D U C T I O N

Sensory receptors convert extrinsic stimuli into receptor 
potentials through direct or indirect activation of ion 
channels. Vertebrate mechanotransduction is the least 
understood of the sensory modalities, and the molecu-
lar composition of the underlying ion channel has yet 
to be definitively identified. Many of the properties of 
the mechanotransducer (MT) ion channels of inner ear 
hair cells have been characterized (Fettiplace, 2009; Peng 
et al., 2011), but the molecular identity of these channels 
remains controversial. Cochlear hair cells detect sound 
by vibrations of their stereociliary bundles, which apply 
force to the MT channels via tip links, extracellular fila-
ments that connect the top of each stereocilium with 
the side wall of its taller neighbor (Pickles et al., 1984; 
Furness and Hackney, 1985). The tip links are composed 
of dimers of cadherin-23 at the upper end associated with 
dimers of protocadherin-15 at the lower end (Kazmierczak 
et al., 2007); the latter transmit force to MT channels local-
ized at the tops of all but the tallest stereocilia (Beurg  
et al., 2009). A protein, TMHS (Lhfpl5), that may poten-
tially couple the tip link to the MT channel has been iden-
tified (Xiong et al., 2012), and knocking out this protein 
reduces the MT channel conductance, suggesting that 
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the channel’s properties can be modified by other mem-
bers of the transduction complex.

Mutations of Tmc1, a member of the transmembrane 
channel–like family, produce autosomal recessive pro-
found deafness type DFNB7/11 and dominant progres-
sive deafness type DFNA36 in humans. Equivalent mouse 
mutations include the “dn” and “Beethoven” mutations 
of the Tmc1 gene, which cause profound or progressive 
hearing loss, respectively (Steel and Bock, 1980; Kurima 
et al., 2002; Vreugde et al., 2002; Marcotti et al., 2006). 
Recent work has shown that Tmc1 and Tmc2 are neces-
sary for hair cell transduction: knocking out both iso-
forms abolishes MT currents in auditory and vestibular 
epithelia, a loss that can be rescued by exogenous expres-
sion of either Tmc1 or Tmc2 (Kawashima et al., 2011). 
Although these results argue for a fundamental role of 
Tmc’s in hair cell mechanotransduction, they do not un-
equivocally establish them as ion channels. Heterologously 
expressed Caenorhabditis elegans Tmc1 has been reported 
to form a Na+-sensitive ion channel (Chatzigeorgiou et al., 
2013), but this has not been replicated for vertebrate 
isoforms. The Ca2+ permeability of the MT channel was 
altered in hair cells lacking Tmc1 or Tmc2 (Kim and 
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was driven with voltage steps filtered at 1 kHz (Kros et al., 2002). 
In some experiments, the bundle motion produced by fluid stim-
ulation was calibrated by projecting an image of the bundle onto 
a pair of photodiodes (LD 2–5; Centronics) at a total magnification 
of 340. Current–voltage relationships and MT current–displacement 
curves were determined from automated protocols generated by 
a Cambridge Electronic Design (CED) Power1401 interface driven 
by a PC. Data were digitized with the CED interface, and the results 
were analyzed with IGOR Pro v6 (WaveMetrics). Unless otherwise 
stated, values are given as mean ± 1 SEM, and P < 0.02 indicates 
statistical significance on a two-tailed Student’s t test. All experi-
ments were performed at room temperature of 21–25°C.

Reversal potentials (VREV) and relative Ca2+ permeability (PCa/PCs) 
were determined (Kim and Fettiplace, 2013) by bathing cells in 
an extracellular solution containing the following (mM): 100 CaCl2, 
20 N-methylglucamine, 6 Tris, and 10 glucose, adjusted with HCl 
to pH 7.4, in both the fluid jet and the puffer pipette. Reversal 
potentials were corrected for a liquid junction potential of 9 mV. 
The relative Ca2+ permeability, PCa/PCs, was calculated from the 
Goldman–Hodgkin–Katz equation:

  
P P a Cs 4a Ca exp V F RT 1 exp V F RT
Ca Cs 1 2

2
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where RT/F has its usual meaning, with a value at room tempera-
ture of 25.7 mV; [Cs+] and [Ca2+] are the concentrations of Cs+ 
intracellularly (142 mM) and Ca2+ extracellularly (100 mM), and 
a1 and a2 are activity coefficients for Cs+ (Partanen, 2010) and Ca2+ 
(Rard and Clegg, 1997), respectively.

To isolate single MT channels in a whole-cell recording mode, 
saline with submicromolar free Ca2+ (composition [mM]: 140 NaCl, 
6 KCl, 1 CaCl2, 5 1,2-bis(o-aminophenoxy) ethane-N,N,N 9,N 9-
tetraacetic acid [BAPTA], 8 glucose, and 10 Na-HEPES, pH 7.4; 
free Ca2+ of 0.05 µM) was pressure-ejected onto the hair bundles 
for 10–20 s to sever almost all of the tip links (Beurg et al., 2006). 
Single-channel responses were elicited by hair bundle deflections 
with a glass stylus, polished to 3-µm tip diameter, and driven by 
a piezoelectric stack actuator (PA8/12; piezosystems jena GmbH). 
The driving voltage to the actuator was filtered at 3 kHz, yielding 
a step displacement with a rise time of 100 µs. Single-channel 
currents were filtered at 5 kHz.

Scanning electron microscopy
Scanning electron micrographs of cochlear hair bundles from P5 
and P6 Tmc1/Tmc2/ or heterozygote mice were obtained 
after preparing samples using the repeated osmium–thiohydro–
carbazide technique modified from Furness and Hackney (1986). 
Mice were killed by decapitation using methods approved by the 
Institutional Animal Care and Use Committee of the University of 
Wisconsin-Madison. Apical low frequency and basal high frequency 
cochlear turns were isolated after removal of the tectorial mem-
brane, fixed in 2.5% glutaraldehyde in 0.1 M of sodium cacodyl-
ate buffer, pH 7.4, plus 2 mM CaCl2 for 1 h, and then stored at 4°C 
in a 10% dilution of the original fixative. To examine the effects 
of exposure to the submicromolar Ca2+ solution thought to sever 
the tip links (Assad et al., 1991; Goodyear et al., 2005), P6 cochleas 
were treated for 5 min after excision in a solution composed of 
the following (mM): 140 NaCl, 6 KCl, 1.0 CaCl2, 5 BAPTA (giving 
a free Ca2+ of 0.05 µM), 8 glucose, and 10 Na-HEPES, pH 7.4. Fixed 
cochlear turns were later postfixed for 1 h at room temperature  
in 1% osmium tetroxide (OsO4) in sodium cacodylate buffer, 
washed in the buffer, and placed in a saturated filtered solution of 
thiocarbohydrazide for 20 min and washed in water. The tissue was 
then immersed in OsO4 for 2 h, washed and placed in the thiocarbo-
hydrazide for 20 min before washing and a third immersion in 
OsO4 for another 2 h, followed by a final wash in water and transfer 

Fettiplace, 2013). Furthermore, here, we find that in Tmc1 
knockouts, the unitary conductance of the MT channel 
is reduced. However, we still observed MT currents evoked 
by bundle displacements in mice with null mutations of 
both Tmc1 and Tmc2, although these currents had un-
usual properties. Our results argue that the Tmc’s are 
likely to be accessory or trafficking proteins and not the 
pore-forming subunits of the MT channel.

M A T E R I A L S  A N D  M E T H O D S

Preparation
MT currents were recorded in outer hair cells (OHCs) in isolated 
organs of Corti of mice between 0 and 10 d postnatal (P0 to P10, 
where P0 is the birth date) using methods described previously 
(Beurg et al., 2006; Kim and Fettiplace, 2013). Mutation in Tmc1 
was achieved with dn mice (CBA.Cg-Tmc1dn/AjgJ; The Jackson Lab-
oratory), which contain a deletion of exon 14 and are on a CBA/J 
background. The Tmc2 mutant (B6;129S5-Tmc2tm1Lex/Mmucd), 
in which exon 1 is deleted, was obtained from the Mutant Mouse 
Regional Resource Center (University of California, Davis). The 
Tmc2 mutant was back crossed over multiple generations with 
CBA/J mice to put it on the same background as the Tmc1 mutant. 
Control measurements were made on CD-1 outbred mice or on 
Tmc1 or Tmc2 heterozygotes. Mice were genotyped from tail clips 
using primer sets suggested by the suppliers.

Mice were killed by decapitation using methods approved by 
the Institutional Animal Care and Use Committee of the University 
of Wisconsin-Madison according to current National Institutes of 
Health guidelines. Excised cochlear turns, either apex or base 
(originating at 0.2 or 0.7 of the distance along the cochlea from 
the apex), were immobilized under strands of dental floss in a 
recording chamber mounted on a microscope (Axioskop FS; Carl 
Zeiss) and viewed through a 40× water-immersion objective. The 
chamber was perfused with artificial perilymph of the following 
composition (mM): 150 NaCl, 6 KCl, 1.5 CaCl2, 2 Na-pyruvate, 
8 d-glucose, and 10 Na-HEPES, pH 7.4 (osmolarity of 315 
mOsm/l). The solution around the hair bundle was controlled 
using a local puffer pipette, and this was used to change the Ca2+ 
concentration to one containing different Ca2+ concentrations of 
(mM) 0.02 (buffered with 4 HEDTA), 0.07, 0.35, 6, 20, and 100. 
For the higher concentrations (6 and 20 mM), the NaCl concen-
tration was reduced to keep the osmolarity constant at 315 
mOsm/l. At the highest concentration, the solution contained 
(mM): 100 CaCl2, 20 N-methylglucamine, 6 Tris, and 10 glucose, 
adjusted with HCl to pH 7.4 and supplemented with d-glucose to 
give an osmolarity of 315 mOsm/l. The local puffer pipette was 
also used to apply MT channel blockers (dihydrostreptomycin 
[Sigma-Aldrich] and FM1-43 [Life Technologies]).

Electrical recordings and stimulation
Recordings were made with borosilicate patch electrodes filled 
with a solution containing the following (mM): 135 CsCl, 3 MgATP, 
10 Tris phosphocreatine, 1 EGTA, and 10 Cs-HEPES, pH 7.2 
(298 mOsm/l), connected to an amplifier (Axopatch 200A; 
Molecular Devices) with an output filter at 10 kHz. Membrane 
potentials were corrected for liquid junction potentials and for volt-
age drop across the uncompensated series resistance. Most voltage-
clamp protocols are referred to a holding potential of 84 mV. 
Hair bundles were mechanically stimulated with a fluid jet from a 
pipette (tip diameter of 10–15 µm) driven by a 25-mm-diameter 
piezoelectric disc (Johnson et al., 2011). The position of the stim-
ulating pipette was adjusted to elicit a maximal MT current. The 
stimulus was usually a 35-Hz sinusoid, but sometimes the fluid jet 



 Kim et al. 495

for a stimulus of reversed polarity. The polarity was nor-
mally established by stimulating with the fluid jet posi-
tioned adjacent to the shortest edge of the bundle, but 
if the fluid jet was placed on the opposite side of the bun-
dle, the same polarity was observed and remained oppo-
site to that seen in normal animals. Thus, it still displayed 
directional selectivity with respect to bundle motion. The 
reverse-polarity current was also less sensitive than nor-
mal and for large displacements had a “V”-shaped appear-
ance in contrast to the square shape of the saturated 
currents in wild type (Fig. 1 A). The current–displacement 
relationships showed little evidence of saturation (Fig. 1 B). 
Although it was possible to image the hair bundle to infer 
the current–displacement relationship, the meaning of 
the bundle displacement in evoking the reverse-polarity 
current is unclear. In some cells, during repetitive stimula-
tion the hair bundle became disorganized and sometimes 
almost completely destroyed, but this was not correlated 
with rundown of current, suggesting the reverse-polarity 
response does not require an intact bundle.

The current could also be elicited by step displacements 
of the hair bundle using the fluid jet (Fig. 2, A and B). 
Control currents responded to movements toward the 
tallest edge of the bundle and showed fast activation 
(Fig. 2 A) and adaptation, with the shapes of the currents 
being similar to those reported previously (Beurg et al., 
2006). Depolarization to +76 mV, which minimizes Ca2+ 
influx, slowed the adaptation (but did not fully extin-
guish it), and there was an increase in the MT current ac-
tivated at rest. Because of the low-pass filtering imposed  
by the fluid jet (Dinklo et al., 2007), the adaptation was 
slower than that using a glass stylus driven by a piezoac-
tuator (Kennedy et al., 2003; Stauffer and Holt, 2007), and 

to 70% ethanol. It was then dehydrated through an ethanolic series, 
critical point dried from liquid CO2, mounted on SEM specimen 
stubs using carbon double-sided adhesive discs, and examined in 
a field emission scanning electron microscope (S-4500; Hitachi) 
operated at an accelerating voltage of 5 kV.

For quantitative analysis of tip-link survival, a region of hair bun-
dles was selected randomly at low power from the apical turn, and 
then individual hair bundles of OHCs from each of the three rows 
were examined at high magnification (45,000). The number of 
stereocilia in all three ranks (N) was counted on screen, followed 
by the number of tip links visible (nL). From these data, the pro-
portion of tip links surviving was calculated (nL/N*0.67, where 
0.67 represents the expected proportion of tip-link sites per bun-
dle assuming three serried rows of stereocilia). The three groups, 
or heterozygotes and Tmc1/Tmc2/ with or without prior 
BAPTA treatment, were compared statistically using ANOVA, fol-
lowed by pairwise comparison using the Wilcoxon sign-rank test.

R E S U L T S

MT currents in OHCs of double knockouts
MT currents in OHCs of neonatal Tmc1/Tmc2/ 
mice could be routinely recorded in response to sinu-
soidal displacements of the hair bundle produced by a 
fluid jet (Fig. 1 A). The current amplitude assayed at a 
holding potential of 84 mV was variable and for P4–P6 
mice ranged from 0.05 to 0.8 nA between preparations. 
However, the characteristics of the current were unusual 
in that it was activated by the opposite polarity of bundle 
motion compared with heterozygotes plus single knock-
outs (Fig. 1 A) or to wild type (Kim and Fettiplace, 2013). 
The current was evoked by displacements of the hair 
bundle away from the tallest edge rather than toward it 
as in wild-type hair cells. It will subsequently be referred 
to as a “reverse-polarity” current to denote its preference 

Figure 1. Reverse-polarity MT cur-
rents in OHCs of Tmc1/Tmc2/ 
double knockouts. (A) Examples of 
MT currents in response to sinusoidal 
deflections of the hair bundle for a P2 
Tmc1/Tmc2/ double knock-
out and for P2 Tmc1/Tmc2+/ 
and P3 Tmc1+/Tmc2/ mice. 
All recordings from basal OHCs at a 
holding potential of 84 mV; stimu-
lus monitor, the driving voltage to the 
fluid jet, is shown at the top. In this and 
subsequent figures, a positive driving 
voltage denotes displacement toward 
the tallest edge of the hair bundle. 
Note that the double knockout re-
sponse occurs on the opposite phase 
of the stimulus to those in the hetero-
zygote plus single knockouts. (B) Cur-
rent–displacement (I-X) relationships 

for the Tmc1/Tmc2/ and for the Tmc1+/Tmc2/ recordings. MT current over the first cycle of the response was plotted 
against bundle displacement, inferred by calibrating hair bundle motion (see Materials and methods). Dashed lines are fits with single-
state Boltzmann: I = Imax/(1 + exp(((XX1)/X2))), where X1 is the half-activation displacement, X2 is rate, and Imax is maximum cur-
rent. Parameter values for Tmc1+/Tmc2/: Imax, 0.38 nA; X1, 27 nm; X2, 18 nm. Parameter values for Tmc1/Tmc2/: Imax, 
0.66 nA; X1, 165 nm; X2, 33 nm.
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constant of 2.9 ± 0.3 ms (n = 5 OHCs), but in contrast to 
the controls never showed a sustained response. The de-
cline in the current during the step, although slowed, 
was still pronounced at +76 mV, implying that it is not 
regulated primarily by Ca2+ influx. In support of that 
notion, exposure to the submicromolar Ca2+ buffered 
with BAPTA (later be shown not to abolish the MT cur-
rents in the double knockouts) had no effect on the de-
cline in the current during the maintained stimulus. The 
decay time constant was 3.2 ± 0.1 ms (n = 4 OHCs), which 
was not significantly different from the value in normal 
saline (P = 0.40).

at 84 mV had a time constant of several milliseconds. 
Similar MT currents could also be evoked in the double 
knockouts, but responses were obtained solely for larger 
bundle movements of the opposite polarity, away from the 
tallest edge of the bundle (Fig. 2 B). This might explain 
why they were not seen in the previous work (Kawashima 
et al., 2011), because, with the piezoactuator-driven glass 
stylus used in those experiments, it may have been dif-
ficult to pull the bundle back toward its shortest edge 
without the probe detaching. The currents also showed 
relatively fast activation followed by a decline in the cur-
rent back to the baseline (Fig. 2 B), with a mean time 

Figure 2. MT currents in response to fluid jet step 
stimuli. (A) Family of MT currents evoked by step 
deflections of the hair bundle in an apical OHC 
from a P5 Tmc1+/Tmc2+/ heterozygote at 
+76 mV (top) and 84 mV (bottom). (B) Family of 
MT currents evoked by hair bundle steps in a P4 api-
cal OHC from a Tmc1/Tmc2/ double knock-
out at +76 mV (top) and 84 mV (bottom). The 
driving voltage to the fluid jet, low-pass filtered at  
1 kHz, is shown above the currents. (C) Onset of one  
of the currents in a P5 heterozygote apical OHC 
shown on a faster time base; dashed line, fit with a de-
cay time constant of 16 ms. (D) Onset of two currents 
of a P4 apical OHC from a Tmc1/Tmc2/ 
double knockout on a faster time base; dashed lines, 
fits with time constants of 3.3 and 6.3 ms. Note the 
response delay is similar in the heterozygote and 
double knockout.

Figure 3. Development of reverse-polarity MT 
currents in Tmc1/Tmc2/ double knock-
outs. (A) Examples of reverse-polarity MT cur-
rents in apical OHCs of Tmc1/Tmc2/ 
double knockout mice at four postnatal ages, 
given beside each trace. (B) Plot of the mean re-
verse-polarity MT current (±SEM) against post-
natal age; numbers of cells are given above points. 
Time course of current, I, fitted with a sigmoidal 
decay: I = Imax/(1 + exp((TT0.5)/TR)), with 
Imax = 0.32 nA, decay half-time T0.5 = 6.3 ± 0.6 d, 
and rate TR = 0.7 d. (C) Example of MT cur-
rent in Tmc1/Tmc2/ in a P0 OHC; the 
reverse-polarity component of the two-harmonic 
response is larger.
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the wild-type OHCs during the first few postnatal days 
(Waguespack et al., 2007). In our recordings, two-harmonic 
currents were seen in four out of five OHCs at P0 and 
four out of nine OHCs at P1. The meaning of such re-
sponses is unclear but may be related to refinement of 
the inter-stereociliary links (Goodyear et al., 2005), which 
initially run in multiple directions, or to the presence of 
mechanically sensitive microvilli on the apical membrane 
of the hair cell. At the ages where most of the measure-
ments were made (P4–P6), the microvilli had been re-
absorbed (Fig. 6 A). These results indicate that OHCs 
in double Tmc1/Tmc2/ knockout mice possess 
substantial MT currents of similar amplitude to those in 
wild type at the same age.

Block and permeability of reverse-polarity MT currents
To address whether the MT channels occurring in the 
double knockouts had the same ionic properties as those 
normally present in wild-type OHCs, we next examined 
the ionic permeability and block of the reverse-polarity 
currents. The currents were reversibly blocked by FM1-43 
(Fig. 4 A), which is known to block the OHC MT currents 
(Gale et al., 2001). With 5 µM, the reverse-polarity current 
was reduced to 0.37 ± 0.09 (n = 4) of that in the control 
and wash, a value virtually identical to that reported by 
Gale et al. (2001) at a holding potential of 104 mV, at 
which the KI was 2.4 µM. The reverse-polarity current 

In wild-type mice, the OHC MT current develops over 
the first few days after birth (Lelli et al., 2009; Kim and 
Fettiplace, 2013) and at the apex peaks at about P4–P5 
as the hair bundle achieves its mature V-shaped appear-
ance. The reverse-polarity currents in the double knock-
outs were initially cataloged from P4 onward and found 
to decline in amplitude after P6 (Fig. 2 B), and few cells 
showed signs of such current at P10 or later. The time 
course in the decline of the current with age closely mirrors 
that seen in the Tmc1/ (Fig. 3 of Kim and Fettiplace, 
2013). Fits to the time course gave a half-amplitude at 6.3 ± 
0.6 d (±1 SD; Fig. 2 B) compared with 6.7 ± 0.2 d seen in 
the Tmc1/ apical OHCs. In view of the scatter in the 
points, largely attributable to variation in current ampli-
tude from one preparation to another, there is little dif-
ference between these two values. Large currents evoked 
by bundle displacement could be recorded in OHCs of 
double knockouts at even earlier ages from P0 onwards, 
but in most cells studied, these currents exhibited two-
harmonic responses in that they occurred on both phases 
of a sinusoidal stimulus (Fig. 3 C). At this age up to 2 d 
postnatal, the mean amplitude of the reverse-polarity 
component was 0.23 ± 0.08 nA (n = 8 OHCs; P0–P2). 
Because of the more complex pattern of response, the 
reverse-polarity current amplitudes were not included 
in the developmental plot in Fig. 3 B. It is worth not-
ing that a lack of directional selectivity is also seen in 

Figure 4. Permeability and block of the reverse-
polarity MT current in Tmc1/Tmc2/. 
(A) Current is reversibly reduced by 5 µM FM1-
43 and by 7 µM dihydrosteptomycin in P5 apical 
OHCs. (B) Dose–response relationship for block 
of the reverse-polarity current by dihydrostepto-
mycin, with two to three OHCs assayed at each 
concentration. Results fit with a Hill equation 
with a half-blocking concentration, KI, of 25 ± 
6 µM and a Hill coefficient of 1.02 ± 0.2. Note 
the break in the abscissa at 0.2 µM. (C) Reducing 
extracellular Ca2+ bathing the hair bundle from 
1.5 mM (perilymph) to 0.02 mM (endolymph) 
augments the reverse-polarity MT current in a P6 
apical OHC. Top traces in A and C are the driv-
ing voltage to the fluid jet stimulator. (D) Plot of 
mean MT current against the Ca2+ activity in the 
saline bathing the hair bundle in wild-type (closed 
circles) and Tmc1/Tmc2/ (crosses) api-
cal OHCs. The measurements were performed 
by changing the bundle perfusate from saline 
with 1.5 mM Ca2+ to one containing the test Ca2+ 
concentration, and then washing in 1.5 mM Ca2+. 
All MT currents are normalized to that in 1.5 mM 
Ca2+ control and wash. 4–10 cells were averaged 
for the wild type, and 2–5 cells were averaged for 
the Tmc1/Tmc2/. Points were fitted with 
Hill plots with half-blocking concentration: KI = 
0.9 ± 0.3 mM and Hill coefficient of 1.0 ± 0.3 for 
wild type, and KI = 1.2 ± 0.3 mM and Hill coeffi-
cient of 1.1 ± 0.3 for Tmc1/Tmc2/.
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determining the relative Ca2+ selectivity, as was done with 
the single Tmc knockouts (Kim and Fettiplace, 2013). 
Reversal potentials measurements were made with 100 mM 
Ca2+ in the external solution and 142 mM of total Cs+ in 
the intracellular solution as the principal conducting ions, 
neglecting the contributions from the small amounts of 
Tris and N-methylglucamine. OHC bundles were vibrated 
sinusoidally with a fluid jet, and the membrane poten-
tial was ramped from 150 to +100 mV (Fig. 5 A). The 
reversal potential at both the apex and base were >10 mV 
more negative relative to the heterozygote littermates 
(Fig. 5, B and C). The mean Ca2+ reversal potentials for 
the reverse-polarity MT channels in the double knock-
outs were 10.9 ± 0.6 mV (n = 6; P5 apical OHCs) and 9.9 ± 
0.5 mV (n = 3; P2 basal OHCs). The respective PCa/PCs 
permeability ratios were calculated as 1.9 ± 0.07 at the 
apex and 1.8 ± 0.04 at the base. These values are signifi-
cantly smaller (P < 0.001) than those in wild-type or sin-
gle knockouts, all of which lie between 3.7 and 6.3. The 
equivalent reversal potentials in the OHCs of wild-type 
or single knockouts were between 22 and 28 mV de-
pending on the condition (Kim and Fettiplace, 2013). 
Collectively, the results indicate that although some as-
pects of the underlying reverse-polarity current resem-
ble those of the wild type, there are differences in the 
Ca2+ permeability.

The effects of tip-link destruction
The hair bundles of apical OHCs in the double knock-
outs were relatively intact at the age (P4–P6) at which 
most of the recordings were made (Fig. 6 A). The most 
significant abnormality was that the bundles had more 
rounded sides compared with the straight wings of the 
wild type or heterozygotes. Nevertheless, they possessed 
tip links and also still retained side-to-side links between 
adjacent stereocilia (Fig. 6 B); the latter are sometimes 

was also blocked by dihydrostreptomycin, with the dose–
response relationship (Fig. 4 B) having a half-blocking 
concentration of 25 ± 6 µM, which is comparable to the 
value reported for wild-type OHCs (10 µM; Marcotti 
et al., 2005). In addition, the reverse-polarity currents were 
blocked by extracellular Ca2+ (Fig. 4 C), as has been found 
for MT channels in wild-type mice and in auditory hair 
cells of (nonmutant) turtles and rats (Ricci and Fettiplace, 
1998; Beurg et al., 2006). Reducing extracellular Ca2+ 
from 1.5 to 0.02 mM, its concentration in endolymph, 
eliminated the block and increased the current ampli-
tude 1.5-fold (mean increase of 1.52 ± 0.01; n = 3). The 
change in current amplitude with respect to that in 1.5 mM 
Ca2+ was titrated against the extracellular Ca2+ concen-
tration to generate a blocking relationship (Fig. 4 D, 
crosses). The Ca2+ concentration for half-block, KI, was 
1.2 ± 0.3 mM (±SD), and the Hill coefficient was 1.1 ± 
0.3. For comparison, the equivalent values in apical OHCs 
of wild-type mice of the same age (Fig. 4 D, closed sym-
bols) were 0.9 ± 0.3 mM for KI and 1.0 ± 0.3 for the Hill 
coefficient. These experiments suggest that the normal 
and reverse-polarity MT currents respond similarly to 
the blocking agents used.

We next examined the ionic permeability of the chan-
nels. The current–voltage relationship in extracellular 
saline containing 1.5 mM Ca2+ was approximately linear 
(not depicted) and reversed at +6.1 ± 0.5 mV (n = 4). 
This value is not significantly different (P = 0.33) from 
the reversal potential measured under the same condi-
tions in wild type (mean = 4.7 ± 1.1 mV; n = 5). The rever-
sal potential is consistent with the underlying ion channel 
being a nonselective cation channel, as is the case for 
the normal MT channel (Ohmori, 1985; Kros et al., 1992). 
A reversal potential of +6 mV with the solution composi-
tions used here corresponds to a PNa/PCs of 1.1. The 
permeability characteristics were investigated further by 

Figure 5. Ca2+ permeability of OHC MT cur-
rents. (A) Examples of reverse-polarity cur-
rents in a P5 apical OHC and a P2 basal OHC 
of Tmc1/Tmc2/ mice. Hair bundle 
stimulated continuously with a sinusoidal fluid 
jet (top trace) during a voltage ramp from 
150 to +100 mV (second trace), apical and 
basal currents (third and fourth traces). Extra-
cellular solution contains 100 mM CaCl2 (see 
Materials and methods for full composition). 
(B) Current–voltage plots around reversal for 
apical OHCs of Tmc1/Tmc2/ (mean 
± SEM; n = 6, P5) and Tmc1+/Tmc2+/ 
heterozygous P5 littermates. (C) Current– 
voltage plots around reversal for basal OHCs  
of Tmc1/Tmc2/ (mean ± SEM; n = 3, 
P2), Tmc1+/Tmc2/, and Tmc1/
Tmc2+/ P3 mice. Note that the double 
knockout MT currents at both apex and base 
reverse >10 mV more negative than the het-
erozygotes or single knockouts, implying a 
smaller Ca2+ permeability.
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In contrast to the susceptibility of the tip links, the 
reverse-polarity MT currents in the Tmc1/Tmc2/ 
were completely resistant to the BAPTA treatment, and 
indeed the amplitude of the MT current approximately 
doubled during BAPTA perfusion (Fig. 6 C); the increase 
in amplitude can be explained by complete removal of 
Ca2+ block of the channels as documented above. The ef-
fect was reversible, and the size of the current decreased 
again on washing with normal 1.5 mM Ca2+ saline. The 
ratio of current amplitudes in BAPTA compared with 
those in control saline was 2.2 ± 0.2 (n = 4). The simplest 
conclusion from these observations is that the reverse-po-
larity currents, compared with wild types, are not coupled 
to bundle motion by force delivered through the tip links.

The use of BAPTA treatment to distinguish the nor-
mal and mutant MT currents was also effective in the early 
neonatal wild type or heterozygotes. Fig. 7 shows a record-
ing from an early postnatal OHC, which initially gave a 
normal polarity response to bundle deflection. The MT 
current disappeared immediately after starting BAPTA 
perfusion, but as the BAPTA perfusion was continued,  
a reverse-polarity current appeared and then grew over 
5–8 min. The existence of the reverse-polarity current 
here indicates that it is not an artifact of the double knock-
out. This type of behavior was seen in five OHCs tested 
during the early postnatal stage (P0–P4). In one record-
ing, both the in-phase and reverse-phase currents were 
>80% blocked by 100 µM dihydrostreptomycin, indicat-
ing a similar sensitivity to this agent. It should be noted 
that Indzhykulian et al. (2013) have shown recovery of 

referred to as “transient lateral links” and are thought 
to disappear in mice by P9 (Goodyear et al., 2005). As in 
the wild type (Assad et al., 1991; Goodyear et al., 2005; 
Furness et al., 2008; Indzhykulian et al., 2013), the ma-
jority of the tip links could be destroyed by exposure to 
submicromolar Ca2+ buffered with BAPTA (Fig. 6 D). 
Tip-link survival in OHCs was quantified (see Materials 
and methods) by counting in scanning electron micro-
scope images the visible tip links and the number of stereo-
cilia per bundle, and then assuming that the maximum 
number of tip links is two thirds the number of stereo-
cilia. The fraction of tip links visible compared with the 
expected maximum in each cell (±SD) was: 0.37 ± 0.11 
(n = 20 cells from Tmc1+/Tmc2+/ heterozygotes; 
range = 0.20–0.67); 0.39 ± 0.13 (n = 20 cells from 
Tmc1/Tmc2/ double knockouts; range = 0.15–
0.65); and 0.10 ± 0.06 (n = 16 cells from double knock-
outs after 5 min of BAPTA exposure; range = 0.04–0.2). 
The heterozygotes and double knockouts were not sig-
nificantly different (Wilcoxon test; P = 0.2), but the dou-
ble knockouts with or without prior BAPTA treatment 
were significantly different (P = 5 × 109). The less than 
full complement of tip links in the absence of BAPTA 
may be an artifact of the specimen preparation, but why 
some tip links seem to remain after BAPTA is unclear. 
Given the large number of lateral links in the neonatal 
mice, it is possible that some lateral links near the tops 
of the stereocilia were misidentified as tip links. Never-
theless the results argue for a substantial loss of tip links 
after BAPTA treatment.

Figure 6. Apical OHC hair bundles and 
tip links in Tmc1/Tmc2/. (A) Scan-
ning electron micrograph of an apical 
OHC bundle from a P6 double knockout 
showing an intact but rounded bundle. 
(B) High power scanning electron micro-
graph of the stereocilia of a P6 OHC bundle 
showing the tip links (arrowed) and inter-
stereociliary side-to side links. (C) Reverse-
polarity MT currents in a P5 apical OHC 
in a control 1.5 mM Ca2+ saline, during 
exposure to submicromolar Ca2+ solution 
buffered with 5 mM BAPTA, and after 
washing with the control saline. (D) High 
power scanning electron micrograph of 
the stereocilia of a P5 OHC bundle after 
the preparation was treated with 5 mM 
BAPTA for 5 min before fixation. Note the 
substantial loss of tip links, although some 
side-to-side links remain.
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conduction pathway as a gauge of the pore structure. 
Single channels could be characterized in the whole-cell 
recording mode after destruction of the majority of the 
tip links by brief perfusion with submicromolar Ca2+ buff-
ered with BAPTA (Assad et al., 1991; Crawford et al., 1991; 
Indzhykulian et al., 2013). Examples of such channels 
and their mechanosensitivity in OHCs from apical and 
basal turns of wild-type mice are shown in Fig. 8. Hair 
bundles were stimulated with a glass probe driven by a 

MT currents after BAPTA treatment, but these were re-
corded >1 h after tip-link destruction by brief BAPTA 
exposure and were of normal polarity. Those currents 
were attributed to transient formation of anomalous 
links composed only of protocadherin-15.

Single-channel conductances in Tmc knockouts
Measurements of single-channel currents in wild type 
and Tmc nulls were performed to investigate the ion 

Figure 7. Effects of sustained perfusion of BAPTA 
on OHC MT currents. Examples of responses to 
sinusoidal fluid jet stimulation before and during 
perfusion with BAPTA in a P1 Tmc1+/Tmc2+/+ 
OHC; numbers beside traces give the time after 
the start of BAPTA perfusion. Initially (control), 
an MT current of conventional polarity was re-
corded. After the onset of BAPTA perfusion at 0 s,  
the normal MT current disappeared, and there-
after, the reverse-polarity current appeared and 
grew to attain a maximal amplitude after 8 min.

Figure 8. Single MT channel currents in wild-type 
OHCs. (A) Examples of single-channel currents in a 
P4 apical OHC recorded in whole-cell mode with a 
holding potential of 84 mV; hair bundle deflected 
by a glass probe driven by a piezoactuator, time course 
shown above, displacement of 0.2 µm. (B; Top) 
Ensemble average currents of 30 responses for apical 
OHC channels in A. (Bottom) Amplitude histogram 
of channel event for the cell in A. Points fitted with 
two Gaussians with peak at 0 and 5.2 pA. (C) Ex-
amples of single-channel currents in a P3 basal OHC 
with recording and hair bundle stimulation as in A. 
(D; Top) Ensemble average currents of 23 responses 
for channels from OHC in C. (Bottom) Amplitude 
histogram of the OHC events in C, fitted with two 
Gaussians with peaks at 0 and 8.6 pA. The leak cur-
rent, usually <0.1 nA, was subtracted from the records 
before constructing single-channel histograms.
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knockout (Fig. 2 B), with a decay time constant of 3 ms 
and a unitary current of 5.5 ± 0.2 pA (Fig. 9 D). The 
properties of these channels are consistent with their 
underlying reverse-polarity response. In both wild type 
and double knockouts, a smaller 25-pS channel was also 
sometimes seen and was distinguished by its slow activa-
tion with onset and decay time constant of 30 ms. Such 
a small, slow channel was previously reported in turtle 
hair cells (Crawford et al., 1991; Ricci et al., 2003), where 
it was referred to as a “subconductance state.” It differs 
from the macroscopic MT current in the double knock-
out (Fig. 2 D) because it responds to the opposite stimu-
lus polarity, it has a slow activation time course, and it is 
sustained for a step displacement. Based on this evidence, 
it is unlikely to make a contribution to the reverse-polarity 
current. Nevertheless, the characteristics of the small 
channel are included in Table 1.

D I S C U S S I O N

Reverse-polarity MT currents
We have found that large, several hundred–picoampere 
receptor currents evoked by hair bundle displacements 
are still present during the first postnatal week in mice 
lacking both Tmc isoforms 1 and 2. This result differs 
from the findings of Kawashima et al. (2011), who saw no 
currents in double Tmc1/Tmc2 knockouts. The currents 
in our experiments were activated by negative deflec-
tions of the bundle and required a threshold displace-
ment to appear (Fig. 1 B). They might therefore have 
been missed by stimulation with a glass probe placed 
against the shorter edge of the bundle, as was used by 
Kawashima et al. (2011), because, in our experience, such 
probes do not pull the bundle back well and tend to 

piezoactuator, and relatively large deflections of 0.2 µm 
were generally used to produce maximal opening. In some 
cells, two or three open levels were detectable, but only 
those cells with a dominant single level were analyzed 
(Fig. 8, A and C). These generated ensemble averages 
synchronized to the displacement step and single peaks 
in the amplitude histogram (Fig. 8, B and D). The mean 
single-channel conductances were significantly differ-
ent between apex and base (62 and 101 pS, respectively; 
P < 0.02; Table 1), consistent with a tonotopic gradient 
in conductance as seen in the turtle (Ricci et al., 2003) 
and rat (Beurg et al., 2006). No significant difference was 
seen between wild type and heterozygotes, or between 
wild type and Tmc2/ (Table 1).

Single-channel currents in Tmc1/ showed a smaller 
amplitude than either wild type or heterozygotes, al-
though the basal current was slightly larger than the api-
cal one. Nevertheless, the tonotopic gradient in the Tmc1 
null was much diminished compared with the wild type 
(Fig. 9 and Table 1). The larger effect at the base is remi-
niscent of the consequences of Tmc1 knockout on the 
MT channel Ca2+ permeability, where the predominant 
effect was at the base (Kim and Fettiplace, 2013). Attempts 
were also made to isolate single-channel currents in the 
Tmc1/Tmc2/ double knockout, but these were 
hampered by the failure of BAPTA to reduce the cur-
rent size and hence the number of channels. On several 
occasions, channels were recorded under circumstances 
in which there was no obvious macroscopic current (Fig. 9, 
C and D). These channels responded to negative deflec-
tions of the hair bundle and, in contrast to the other 
channel recordings, displayed fast flickering with no main-
tained opening. Ensemble averages yielded a transient cur-
rent resembling the macroscopic current in the double 

Ta B L E  1

Single MT channel currents in mouse OHCs

Mice Location I channel G channel n traces n cells, age

pA pS

Wild type Apex 5.2 ± 0.1a,b 62 50 5, P4–P5

Tmc1+/ Apex 5.3 ± 0.1 63 41 4, P4

Tmc1/ Apex 4.1 ± 0.1a 49 93 6, P4–P5

Tmc2+/ Apex 5.5 ± 0.3 65 13 4, P4

Tmc2/ Apex 5.2 ± 0.2 62 14 4, P4

Tmc1/Tmc2/ Apex 5.5 ± 0.1 65 56 4, P5–P6

Tmc1/Tmc2/ Apex 2.1 ± 0.03c 25 8 3, P6

Wild type Base 8.5 ± 0.2b,d 101 80 14, P3

Tmc2/ Base 8.6 ± 0.2 102 37 5, P2–P3

Tmc2+/ Base 8.1 ± 0.2 96 14 4, P2–P3

Tmc1/ Base 5.0 ± 0.1d 60 26 5, P2–P3

Location in cochlea at low frequency apex or high frequency base. I channel, single-channel currents measured at a holding potential of 84 mV from 
amplitude histograms, mean ± SEM; G channel, single-channel conductance; n, number of traces analyzed and cells characterized; P, postnatal age.
aPairs of values were significantly different, P < 0.02.
bPairs of values were significantly different, P < 0.02.
cMT channels of similar size were also occasionally seen in wild type and heterozygotes.
dPairs of values were significantly different, P < 0.02.
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mutations causing tip-link loss, an MT current was re-
corded in response to negative bundle deflections. The 
simplest conclusion is that in the absence of Tmc1 and 
Tmc2, the MT channels are unable to connect with the tip 
link or be activated by its tensioning. However, this conclu-
sion carries the implication that the Tmc proteins are not 
pore-forming subunits of the channel. The observation 
that reverse-polarity currents develop even in wild-type 
mice during continued exposure to BAPTA (Fig. 7) would 
be consistent with the incorporation of new MT channels 
in the membrane awaiting targeting to the tip-link region.

Unanswered questions are how do the channels in 
the double mutants retain their sensitivity to bundle 
motion, and moreover, why do they become responsive 
to bundle displacements of the opposite polarity. There 
are two general possibilities: they could still be present 
in the stereocilia but floating free in the plasma mem-
brane and not anchored to the cytoskeleton or the tip 
links, or they could be elsewhere in the bundle attached 
to inter-ciliary links that survive the BAPTA treatment. 
Reverse-polarity MT responses have been measured in 
developing zebrafish hair cells where they were attrib-
uted to the mechanosensitivity of the kinocilium before 
development of the tip links (Kindt et al., 2012). We 
were unable to demonstrate the persistence of kino-
ciliary links, but some of the side-to-side links may have 
survived the BAPTA treatment (Fig. 6 D), and we can-
not exclude their contribution to the reverse-polarity 
current. However, this conclusion seems inconsistent 
with our observation that the reverse-polarity current 
did not run down after repeated strong stimulation that 
disorganized and sometimes effectively destroyed the 
bundle. An alternative possibility is that in the double 
knockouts, MT channels are present on the apical 
membrane of the hair cell and at the base of the stereo-
cilia. There has been a previous report of ion channels 
with large-conductance similar to MT channels on the 
apical surface of OHCs (Frolenkov, G.I., J. Gorelik, G.P. 
Richardson, C.J. Kros, A.J. Griffith, and Y.E. Korchev. 
2004. 27th Association for Research in Otolaryngology 
MidWinter Meeting. Abstr. 1207). It is not obvious how 
such channels would be preferentially selective for neg-
ative hair bundle displacements, although one hypoth-
esis is that they diffuse from the abneural margin of the 
hair cell apical membrane and accumulate at the base 
of each stereocilium on its abneural side awaiting trans-
port up the stereociliary membrane. A similar direc-
tional transport from the hair cell apical membrane 
into the stereocilia has been observed for the CaATPase 
(Grati et al., 2006). They might therefore be activated 
by stretching of the membrane at the stereociliary base 
as the bundle rotates back toward the neural limb.

The role of Tmc proteins in hair cell transduction
There is no disputing that Tmc proteins are important 
for proper MT channel function and the adult mice are 

become detached with negative stimuli. For this reason, 
we used a fluid jet stimulator (Kros et al., 1992) that, 
although having a slower onset, is able to push and pull 
the bundle equally well. The reverse-polarity current had 
some properties akin to the normal MT current in wild-
type hair cells. It had a reversal potential close to 0 mV, 
as expected for a nonselective cation channel, and was 
susceptible to similar doses of blocking agents—FM1-43, 
dihydrostreptomycin, and extracellular Ca2+—as the wild-
type channel. It differed in requiring negative bundle 
displacements and strikingly persisted after exposure to 
BAPTA, which abolished many of the tip links. These two 
anomalous features are the same as those seen in cer-
tain protocadherin-15 mutations, which result in loss of 
tip links (Alagramam et al., 2011). In protocadherin-15 

Figure 9. Single MT channel currents in Tmc mutants. (A) Ex-
amples of single-channel currents in a P5 apical OHC holding 
potential of 84 mV. Hair bundle deflection is shown above, 
and amplitude histogram of the OHC channel currents is shown 
below, fitted with two Gaussians with peaks at 0 and 4.1 pA. (B; 
Top) Single-channel currents in a P3 basal OHC with recording 
and stimulation conditions as in A. (Bottom) Amplitude histo-
gram of the OHC channel currents fitted with two Gaussians with 
peaks at 0 and 5.0 pA. The tonotopic gradient in the wild type 
is much diminished in Tmc1/. (C) Single-channel currents in 
a P6 apical OHC of Tmc1/Tmc2/ at 84 mV. (D; Top) 
Ensemble average current of 14 responses; decay fitted with an 
exponential time constant of 2.9 ms. (Bottom) Amplitude histo-
gram of events in C, fitted with two Gaussians; channel amplitude 
of 5.8 pA.
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59 pS without Ca2+, and it displays rapid and complete 
inactivation similar to that for the reverse-polarity cur-
rent (Fig. 2 B). The similarities to Piezo1 provide only 
circumstantial evidence and other as yet unidentified 
channels may share such properties. Firm identification 
of the MT channel molecule will be needed to under-
stand the mechanisms that regulate its properties along 
the cochlea’s tonotopic axis.
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