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C E L L U L A R  N E U R O S C I E N C E

Regulation of membrane homeostasis by TMC1 
mechanoelectrical transduction channels is  
essential for hearing
Angela Ballesteros* and Kenton J. Swartz*

The mechanoelectrical transduction (MET) channel in auditory hair cells converts sound into electrical signals, 
enabling hearing. Transmembrane-like channel 1 and 2 (TMC1 and TMC2) are implicated in forming the pore of 
the MET channel. Here, we demonstrate that inhibition of MET channels, breakage of the tip links required for 
MET, or buffering of intracellular Ca... induces pronounced phosphatidylserine externalization, membrane 
blebbing, and ectosome release at the hair cell sensory organelle, culminating in the loss of TMC1. Membrane 
homeostasis triggered by MET channel inhibition requires Tmc1 but not Tmc2, and three deafness-causing muta-
tions in Tmc1 cause constitutive phosphatidylserine externalization that correlates with deafness phenotype. Our 
results suggest that, in addition to forming the pore of the MET channel, TMC1 is a critical regulator of membrane 
homeostasis in hair cells, and that Tmc1-related hearing loss may involve alterations in membrane homeostasis.

INTRODUCTION
Auditory and vestibular hair cells of the inner ear are the sensory 
cells responsible for perceiving sound and head movements, respec-
tively. The mechanosensory apparatus consists of a bundle of 50 to 
100 specialized actin-based microvilli, termed stereocilia, at the 
apical region of hair cells (1). In mammals, stereocilia are arranged 
in three rows of increasing height interconnected by several protein 
filaments, including the tip link that transfers mechanical stimuli to 
the mechanoelectrical transduction (MET) channels (2). After sound 
stimulation, the stereocilia are deflected toward the tallest stereocilia 
row, opening the MET channel and leading to depolarization of the 
hair cell and conversion of the mechanical stimulus into an electri-
cal response (3).

Five integral membrane proteins have been proposed to be 
components of the hair cell MET channel complex: the transmem-
brane-like channel 1 and 2 proteins (TMC1 and TMC2), LHFPL5, 
protocadherin-15, and TMIE (4–8). Of those, TMC1 and TMC2 
have been recently identified as pore-forming subunits of the MET 
channel (4, 9) and reported to exhibit channel activity when re-
constituted in liposomes (10). Mammalian auditory hair cells express 
both Tmc1 and Tmc2, but their expression patterns vary during 
development, and they confer different properties to the MET 
channel (5, 11, 12). Expression of Tmc2 is insufficient for maintain-
ing normal hearing in mice lacking Tmc1 (13, 14), suggesting that 
TMC1 must have additional functions required for hearing. More 
than 30 autosomal dominant (DFNA36) and recessive (DFNB7/11) 
mutations in the Tmc1 gene cause deafness in humans, highlighting 
the importance of TMC1 in sound transduction (15, 16). In con-
trast, no deafness-causing mutations have been identified in Tmc2. 
The dominant M412K and D569N and the recessive D528N Tmc1 
mutations have been extensively characterized in mice (5, 17–22). 
When comparing heterozygous mice for these three Tmc1 mutations, 

Tmc1D528N/+ mice have normal hearing, whereas Tmc1D569N/+ and 
Tmc1M412K/+ mice present hearing loss, consistent with the recessive 
and dominant nature of these mutations (18–20). However, the 
MET channel properties of recessive Tmc1D528N/+ hair cells are 
altered to a similar extent compared to those carrying one copy of 
the dominant mutations (17, 19, 20), suggesting that alterations in 
the functional properties of the MET channel are not sufficient to 
explain the deafness phenotype of Tmc1D569N/+ and Tmc1M412K/+ 
mice. Thus, the molecular mechanisms of Tmc1-related deafness 
remain enigmatic.

We and others have previously reported that TMC proteins 
are evolutionarily and structurally related to TMEM16, a family of 
Ca2+-activated lipid scramblases and channels (4, 23–26), some 
of which function as Ca2+-activated chloride channels (27). Lipid 
scramblases provide a permeation pathway for the diffusion of 
phospholipids between the plasma membrane leaflets following 
their concentration gradient. Therefore, activation of a lipid scram-
blase results in the externalization of phosphatidylserine (PS), 
which is usually restricted to the inner leaflet, and loss of the phos-
pholipid asymmetry at the plasma membrane, a hallmark of many 
relevant biological processes such as apoptosis, blood coagulation, 
myoblast fusion, fertilization, synapse pruning, or photoreceptor 
disc shedding (28). A structural model of TMC1 based on Nectria 
haematococca TMEM16, which functions as lipid scramblase and 
ionic channel (29), suggested that TMC1 has a cavity located at the 
protein-membrane interface that could function as the permeation 
pathway of the inner ear hair cell MET channel (4, 23). An equiva-
lent cavity in TMEM16s is implicated in the transport of ions and 
lipids, which are thought to occur through a similar, but not identical, 
pathway (30, 31).

Inspired by this TMC-TMEM16 relation and by previous work 
on the ability of aminoglycoside inhibitors of the MET channel to 
trigger PS externalization and membrane blebbing in hair cells 
(32–35), here, we investigated the potential role of TMC proteins in 
lipid scrambling and regulation of hair cell membrane homeostasis 
using Airyscan super-resolution confocal microscopy and 13 different 
transgenic mouse lines. We found that pharmacological inhibition 
of the MET channel, breakage of the tip links, or buffering of 
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intracellular Ca2+ triggers PS externalization and the formation of 
PS-positive membrane blebs at the stereocilia and apical hair cell 
region in a Tmc1-dependent and Tmc2-independent manner. 
Furthermore, we report that hair cells impaired by Tmc1 deafness–
causing mutations display constitutive PS externalization, empha-
sizing the importance of membrane homeostasis for hearing. Our 
findings show that constitutive PS externalization in Tmc1 dominant 
and recessive mutations correlates with the deafness phenotype of these 
mice, revealing a previously unidentified role for Tmc1 in the regula-
tion of hair cell membrane homeostasis that is essential for hearing.

RESULTS
Blockage of MET channels triggers PS externalization 
and membrane blebbing
Rapid PS externalization and membrane blebs have been previously 
observed at the apical region of hair cells treated with ototoxic 
aminoglycoside antibiotics, which are well-known inhibitors of the 
MET channel (32, 33). To examine whether this dysregulation of 
membrane homeostasis is caused by the blockage of the MET 
current at rest (36), we examined the induction of PS externalization 
and membrane blebbing in hair cells treated with the aminoglycoside 
neomycin and with two other non-ototoxic and well-established 
MET channel blockers, benzamil and curare (37–39). For this pur-
pose, externalized PS at the cell membrane was detected using the 
PS-specific binding protein annexin V (AnV) and the overall hair 
cell surface was visualized by staining with fluorescently labeled 
wheat germ agglutinin (WGA), which does not affect MET currents 
(40, 41). To visualize the membrane, we systematically performed 
parallel experiments in mT/mGTg/+ mice expressing one copy of the 
membrane-targeted tandem dimer tomato (mtdTomato) fluorescent 
reporter, which retains functional MET (42).

Untreated cochlear hair cells from 6-day-old (P6) mice show no 
specific labeling of AnV (Fig. 1, A to D), indicating that PS is not 
exposed on these cells. However, 25-min incubation with 100 M 
neomycin, benzamil, or the less permeable antagonist curare (37, 38, 43) 
triggered robust PS externalization at the apical hair cell region in 
wild-type (Fig. 1, A and B) and mT/mGTg/+ mice (Fig. 1, C and D). 
Neomycin and benzamil induced PS externalization in both outer 
(OHCs) and inner hair cells (IHCs), whereas curare-induced PS 
externalization was mainly restricted to OHCs. Because the IC50 
(median inhibitory concentration) of curare for inhibiting MET 
was estimated in murine OHCs (37) and higher curare concentra-
tion may be needed to fully block the MET channels in IHCs, we 
performed experiments with 1 mM curare. Higher curare concen-
tration induced robust PS externalization in both OHCs and IHCs 
(fig. S3) like that observed with the other two well-established MET 
channel blockers. These data demonstrate that three chemically 
distinct MET inhibitors trigger PS externalization.

In addition to PS externalization, neomycin is known to induce 
membrane blebbing and increase hair cell capacitance, indicating 
that PS externalization is accompanied by membrane addition to 
the hair cell surface (32, 44) and agreeing with previous work on 
other cell types describing a relationship between PS externalization 
and membrane blebbing (45–47). Consistent with this precedence, 
we found that while the mtdTomato reporter labeled the membrane 
homogeneously in untreated hair cells isolated from mT/mGTg/+ 
mice, it was enriched in vesicle-like structures and membrane blebs 
in hair cells treated with neomycin, benzamil, or curare (Fig. 1C and 

fig. S1). In addition, we observed an increase in the mtdTomato 
fluorescence intensity in OHCs and IHCs treated with neomycin, 
benzamil, or curare (Fig. 1E and fig. S3), which parallels the changes 
in AnV signal (Fig. 1D). These data indicate that inhibition of the 
MET channel leads to membrane addition and blebbing at the 
apical region of hair cells.

The WGA labeling and the resolution provided by the Airyscan 
LSM 880 confocal microscope allowed us to pinpoint the externalized 
PS. Neomycin is known to induce PS externalization at the stereo-
cilia, around the apical surface of the hair cell, and at the kinocilial 
area (32). Accordingly, we observed that treatment with benzamil, 
neomycin, or curare led to PS externalization at these same regions. 
Hair cells treated with neomycin presented larger AnV-positive 
patches around the hair cells and at the kinocilial area than the 
other treatments (figs. S1 and S2, blue arrows). These AnV-positive 
patches or vesicles were also enriched with mtdTomato, suggesting 
that PS externalization and membrane blebbing are related as previ-
ously reported (45–47). We observed that externalized PS and 
mtdTomato accumulate at the tips of the shorter stereocilia rows 
(fig. S2, green arrows), where TMC1, TMC2, and the MET channel 
are located (48, 49). Vesicle-like particles labeled with WGA, AnV, 
and mtdTomato were observed bulging at the tips of the stereocilia 
and around the hair cell surface (figs. S1 and S2, yellow arrows), 
indicating outward budding and vesiculation of the membrane.

We also attempted to see evidence of the formation of AnV-
positive patches, blebs, and vesicles upon blockage of the MET in 
live-cultured wild-type hair cells labeled with the membrane marker 
CellMask. AnV specifically detected externalized PS at the hair cell 
bundle of curare-treated cells but not in the untreated hair cells 
(Fig. 1F). AnV and CellMask-positive patches, blebs, and vesicles 
were observed at the tips of the stereocilia and floating near the 
stereocilia bundle in treated samples (Fig. 1G). The average diameter 
of free vesicles (1.05 ± 0.27 m) was larger than that of stereocilia-
attached vesicles (0.55 ± 0.28 m), which suggests that these vesicles 
are ectosomes shedding from the stereocilia membrane (50). That 
we observed PS externalization, membrane blebbing, and vesicle 
release in both fixed and live tissue suggests that these events are 
unlikely to arise from an experimental artifact related to tissue fixa-
tion. We conclude that pharmacological inhibition of the MET 
channel leads to PS externalization, membrane blebbing, and 
ectosome release in the apical region of murine auditory hair cells, 
suggesting that blockage of the MET channel is accompanied by 
dysregulation of the apical hair cell membrane homeostasis.

Tip link disruption leads to PS externalization 
and membrane blebbing
We next explored whether manipulations that mechanically dis-
turb the MET channel current would also trigger PS externalization. 
For this purpose, we analyzed PS externalization and membrane blebbing 
in hair cells from P6 mT/mGTg/+ mice treated with Hanks’ balanced salt 
solution (HBSS; control) or 5 mM BAPTA [1,2-bis(2-aminophenoxy) 
ethane-N,N,N′,N′-tetraacetic acid] in Ca2+- and Mg2+-free HBSS 
(HBSS-CFM), a manipulation established to break the tip links that 
mechanically gate the MET channel (2, 51). We found a robust PS 
externalization and accumulation of AnV and mtdTomato fluores-
cence signals at the stereocilia, vestigial kinociliary site, and blebs in 
BAPTA-treated hair cells but not in the control (Fig. 2A). In addition, 
AnV and mtdTomato fluorescence intensities were increased in 
BAPTA-treated hair cells (Fig. 2, B and C). Comparable results were 
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Fig. 1. Blockade of the MET channel triggers PS externalization and membrane blebbing. (A) Confocal images of P6 wild-type hair cells incubated with WGA (gray) 
and AnV in the absence (control) or presence of 100 M neomycin, benzamil, or curare. (B) Quantification of AnV fluorescence intensity in OHCs (○) or IHCs (●) treated as 
in (A). (C) Confocal images of P6 mT/mGTg/+ hair cells expressing the mtdTomato membrane reporter (green) treated as in (A). Quantification of the AnV (D) or mtdTomato 
(E) fluorescence intensity in IHCs and OHCs treated as in (C). (F) Live imaging of wild-type hair cells labeled with CellMask (green) and AnV (magenta) in the absence 
(control) or presence of curare. (G) Confocal planes of OHCs treated with curare as in (F). (H) Diameter of AnV-positive vesicles (n = 20). In (B), (D), and (E), mean ± SD is 
shown for n = 70 to 85 OHCs and 22 to 27 IHCs from two cochleae. One-way analysis of variance (ANOVA) analysis was performed (ns P > 0.05, *P < 0.05, ***P < 0.001, and 
****P < 0.0001). Scale bars, 10 m in (A), (C), and (F) and 5 m in (G). See also figs. S1 to S3.
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Fig. 2. PS externalization and membrane blebbing after tip link disruption and in biological extracellular solutions. (A) Confocal images of P6 mT/mGTg/+ hair cells 
expressing mtdTomato (green) treated with HBSS (control) or 5 mM BAPTA before the addition of AnV (magenta). Quantification of the AnV (B) and mtdTomato (C) fluorescence 
intensity at the apical region of OHCs (○) and IHCs (●) treated as in (A). (D) Confocal images of wild-type hair cells treated with HBSS (control), HBSS cation-free medium 
(HBSS-CFM), or 5 mM BAPTA in HBSS-CFM containing WGA (gray) before the addition of AnV (Fire LUT). (E) AnV fluorescence intensity quantification as in (D). (F) Confocal 
images of P6 mT/mGTg/+ mice hair cells untreated or treated with 100 M benzamil in perilymph-like buffer containing AnV. (G) Confocal images of P6 mT/mGTg/+ hair 
cells untreated or treated with 100 M benzamil in endolymph-like buffer containing AnV. Quantification of AnV (H) and mtdTomato (I) fluorescence intensity as in (F) 
and (G). In (B), (C), (E), (H), and (I), mean fluorescence intensity ± SD is represented for n = 82 to 126 OHCs and 19 to 43 IHCs from two cochleae. Unpaired t test (B and C) 
or one-way ANOVA analysis (E, H, and I) was performed (ns P > 0.05, *P < 0.05, **P < 0.01, and ****P < 0.0001). Scale bar, 10 m. See also fig. S4.
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obtained in hair cells from P6 wild-type mice (Fig. 2, D and E). We 
did not detect AnV labeling in hair cells incubated in HBSS-CFM 
alone (Fig. 2D), indicating that the PS externalization observed in 
BAPTA-treated cells was not caused by the low cation concentration 
of this buffer. Like our observations with the MET blockers, AnV 
staining was more robust in OHCs than in IHCs (Fig. 2, B and E). It 
is important to note that due to the Ca2+-dependent PS binding of 
AnV, cochlear explants were incubated for 5 min in HBSS contain-
ing AnV after BAPTA treatment. Although the regeneration of the 
tip links takes hours (52, 53), we wanted to confirm these results 
using a recombinant C2 domain of lactadherin/MFG-E8 fused to 
the fluorescent protein clover (clover- Lact-C2), which binds PS in 
the absence of Ca2+ (54). Consistent with the AnV results, clover-
Lact-C2 labeling was detected in BAPTA-treated cells but not in the 
control (fig. S4, A and B), further supporting the specific detec-
tion of externalized PS in response to tip link disruption. Last, to 
test whether our BAPTA treatment might nonspecifically damage 
hair cells, we performed FM1-43 uptake experiments and observed 
robust uptake in control hair cells, similar to previous studies (12), 
yet no detectable uptake following BAPTA treatment (fig. S4, D and E), 
indicating that this manipulation disrupts MET without damaging 
the hair cell membrane. Together, these data indicate that pharma-
cological inhibition of the MET channel or manipulations estab-
lished to break the tip links required for functional MET are both 
sufficient to trigger PS externalization.

PS externalization and membrane remodeling occur 
in perilymph-like conditions
Most of our experiments were performed in HBSS containing 
1.26 mM Ca2+. However, in the intact cochlea, the apical hair cell 
region is immersed in an endolymph solution rich in Na+ and K+ 
and low in Ca2+, whereas the basal region is bathed in perilymph 
with an ion composition similar to HBSS (55). Thus, we next tested 
whether PS externalization occurs in a physiological environment 
by incubating hair cells from P6 mT/mGTg/+ mice with AnV in peri-
lymph (1.3 mM Ca2+) or endolymph buffer (25 M Ca2+) in the absence 
or presence of 100 M benzamil. In the absence of benzamil, we did 
not detect externalized PS in explants incubated in either perilymph 
or endolymph buffer, indicating that reduced extracellular Ca2+ con-
centrations alone do not trigger PS externalization (Fig. 2, F to H), 
consistent with our data with HBSS-CFM (Fig. 2, D and E). However, 
MET blockade with benzamil triggered PS externalization in hair cells 
immersed in either perilymph or endolymph buffer (Fig. 2, F to H). 
While the increase in mtdTomato fluorescence intensity was similar 
in benzamil-treated samples, AnV signal in the endolymph buffer 
was lower than in the perilymph buffer (Fig. 2, H and I). Therefore, 
although extracellular Ca2+ influences the extent of PS externaliza-
tion, these results indicate that PS externalization and membrane 
blebbing occur under physiological ionic conditions.

Transgenic mice lacking functional MET channels fail 
to externalize PS and remodel the membrane
The results thus far demonstrated that physical and pharmacological 
disruption of MET triggers PS externalization and membrane blebbing, 
suggesting that functional MET channels are required for mainte-
nance of membrane homeostasis. To test this hypothesis, we examined 
PS externalization in response to MET channel blockers in hair cells 
from Tmc1 and Tmc2 double knockout mice (Tmc1−/−;Tmc2−/−), 
which lack functional MET channels (12). Furthermore, we generated 

a triple transgenic mT/mGTg/+ Tmc1−/−;Tmc2−/− mouse expressing 
the mtdTomato reporter to visualize the hair cell membrane. As pre-
viously reported (12), we found that the morphology of Tmc1−/−; 
Tmc2−/− hair cell bundles was altered; IHCs presenting additional 
stereocilia rows and OHCs were arranged in a “U” shape (fig. S5E). 
Hair cells from mT/mGTg/+;Tmc1−/−;Tmc2−/− (Fig. 3, A and C) or 
Tmc1−/−;Tmc2−/− mice (fig. S5, A to D) were incubated with differ-
ent MET blockers, but in contrast to our results with wild-type hair 
cells, treatment with neomycin, benzamil, or curare failed to trigger 
PS externalization in hair cells from these two MET-lacking mouse 
lines (Fig. 3, A to C, and fig. S5, A and D). Furthermore, we did not 
observe any alteration of the apical hair cell membrane or an 
increase of the mtdTomato fluorescence intensity upon MET block-
age in mT/mGTg/+;Tmc1−/−;Tmc2−/− hair cells (Fig. 3, A  to C), 
suggesting that Tmc1 and/or Tmc2 are required for membrane 
remodeling after MET channel blockade. In addition, we analyzed 
PS externalization after benzamil treatment in hair cells from P6 
homozygous mT/mG mice (mT/mGTg/Tg), which, unlike their 
heterozygous counterparts, present profound hearing loss and lack 
functional MET channels as indicated by their absence of distortion 
product otoacoustic emissions and failure to uptake the MET channel-
permeable FM1-43 dye (42). As shown in Fig. 3 (D and E), wild-type 
and mT/mGTg/+ hair cells externalized PS upon benzamil treatment, 
whereas benzamil-treated hair cells from mT/mGTg/Tg littermates 
failed to externalize PS. Furthermore, mtdTomato fluorescence in-
tensity increased after benzamil treatment in mT/mGTg/+ hair cells 
but not in cells from mT/mGTg/Tg mice (Fig. 3F). Thus, we conclude 
that functional MET is required for PS externalization and apical 
hair cell membrane remodeling after MET inhibition.

Tmc1, but not Tmc2, is essential for PS externalization 
and membrane blebbing
Because both TMC1 and TMC2 form functional MET channels 
(5,  10,  12), we next evaluated the individual role of TMC1 and 
TMC2 in PS externalization and membrane blebbing. For this pur-
pose, we first analyzed PS externalization in hair cells from Tmc1−/− 
or Tmc2−/− mice in an mT/mGTg/+ (Fig. 4, A to F) or wild-type (fig. 
S5, B to D) background at P6, when both TMC1 and TMC2 contribute 
to functional MET (12). In the absence of MET blockers (control), 
AnV staining was not detected in Tmc1−/− or Tmc2−/− hair cells 
(Fig.  4,  A,  B,  D,  and  E, and fig. S5, B to D), indicating that the 
absence of TMC1 or TMC2 does not itself trigger PS externaliza-
tion. However, like in wild-type hair cells, treatment with neomycin, 
benzamil, and curare induced PS externalization and an increase of 
the mtdTomato signal in hair cells from Tmc2−/− mice (Fig. 4, A to C, 
and fig. S5, C and D). In contrast, hair cells from Tmc1−/− mice 
failed to externalize PS after MET channel blockade (Fig. 4, D and E, 
and fig. S5, B to D). Furthermore, MET blockade by benzamil or 
curare did not increase mtdTomato signal in mT/mGTg/+;Tmc1−/− 
hair cells, whereas neomycin was still able to induce a detectable 
increase of mtdTomato fluorescence intensity in these cells (Fig. 4F), 
agreeing with previously published data showing that PS externaliza-
tion and membrane blebbing can occur independently in hair cells 
(32). This neomycin-induced increase of mtdTomato signal was not 
observed in hair cells from mT/mGTg/+;Tmc1−/−;Tmc2−/− (Fig. 3C). 
In addition to its MET-blocking activity, neomycin is known to 
bind with high affinity to phosphatidylinositol 4,5-biphosphate 
(56), permeate through functional MET channels, and accumulate 
inside the hair cell to trigger cell death (57). Therefore, permeation 
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Fig. 3. PS externalization and membrane blebbing in mice lacking MET. (A) Confocal images of P6 mT/mGTg/+;Tmc1−/−;Tmc2−/− hair cells incubated with HBSS 
containing AnV in the absence (control) or presence of 100 M neomycin, benzamil, or curare. Quantification of the AnV (B) and mtdTomato (C) fluorescence intensity at 
the apical region of the OHCs (○) and IHCs (●) treated as in (A). (D) Confocal images of hair cells from P6 wild-type, mT/mGTg/+, and mT/mGTg/Tg littermates incubated in 
HBSS containing AnV in the absence (control) or presence of 100 M benzamil. Quantification of the AnV (E) and mtdTomato (F) fluorescence intensity as in (D). In (B), (C), 
(E), and (F), mean fluorescence intensity ± SD is represented for n = 57 to 126 OHCs and 21 to 43 IHCs from two cochleae. One-way ANOVA analysis was performed 
(ns P > 0.05, and ****P < 0.0001). Scale bar, 10 m. See also fig. S5.
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Fig. 4. TMC1, but not TMC2, is required for PS externalization and membrane blebbing. (A) Confocal images of P6 mT/mGTg/+;Tmc2−/− hair cells incubated with HBSS 
containing AnV (magenta) in the absence (control) or presence of 100 M neomycin, benzamil, or curare. Quantification of AnV (B) and mtdTomato (C) fluorescence 
intensity at the apical region of OHCs (○) and IHCs (●) treated as in (A). (D) Confocal images of P6 mT/mGTg/+;Tmc1−/− hair cells treated as in (A). Quantification of AnV (E) and 
mtdTomato (F) fluorescence in mT/mGTg/+;Tmc1−/− as in (D). (G) Confocal images of hair cells from P6 mosaic mice expressing TMC1-cherry untreated (control) or treated 
with 100 M benzamil. F-actin (blue) is included to visualize the stereocilia. In (B), (C), (E), and (F), mean ± SD is shown for n = 45 to 81 OHCs and 17 to 24 IHCs from two 
cochleae. One-way ANOVA analysis was performed (ns P > 0.05, *P > 0.05, and ****P < 0.0001). Scale bar, 10 m. See also fig. S5.
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of neomycin through TMC2 MET channels and disruption of the 
actin-membrane coupling by phosphatidylinositol sequestration 
(58) could explain these results. Together, these data indicate that 
Tmc1 is required for PS externalization and membrane blebbing at 
the apical hair cell region, whereas Tmc2 is dispensable for regula-
tion of membrane homeostasis following MET channel blockade.

After birth, TMC1 expression in OHCs initiates in the basal 
portion of the cochlea and progresses toward the apex over the 
subsequent weeks, following the developmental acquisition of MET 
and the tonotopic organization of the cochlea (12). Consistent with 
this TMC1 expression gradient of the developing cochlea and with 
a role of TMC1  in PS externalization, we observed that curare-
induced PS externalization in OHCs was stronger in the basal than 
in the middle cochlear regions, whereas it was undetectable in the 
apical region of the cochlea from P3 wild-type mice (fig. S6, A to C), 
when the tonotopic MET gradient differences are still evident (59). 
Similarly, at this age, PS externalization was only detectable in IHCs 
from the basal region (fig. S6, B and C). Therefore, PS externaliza-
tion follows the tonotopic gradient of the cochlea. We confirmed 
that PS externalization was not restricted to the immature auditory 
system because hair cells from P14 mT/mGTg/+ mice also external-
ized PS in response to the MET blocker benzamil (fig. S6D).

Having uncovered evidence that TMC1 serves a unique and 
essential role in regulating membrane homeostasis from experi-
ments where we compared organ of Corti explants obtained from 
Tmc1−/− and Tmc2−/− mice, we reasoned that Tmc1−/− mice with the 
Tmc1-cherry transgene ectopically inserted into the X chromosome 
would provide a particularly powerful background to unequivocally 
establish the privileged role of TMC1 in regulating PS externalization 
in individual animals. In these female mice with two X chromosomes, 
roughly half of their hair cells would not express TMC1 because it 
has been knocked out from chromosome 19 and their wild-type 
X chromosome is activated, while the other hair cells would express 
TMC1-cherry because of activation of their X chromosome harboring 
the ectopic TMC1-cherry (49, 60). Hair cells expressing TMC1-cherry 
via ectopic insertion into the X chromosome retain functional 
MET, whereas the others do not (49). We therefore crossed Tmc1−/− 
and Tmc1-cherry mice to obtain females with mosaic expression of 
TMC1-cherry in auditory hair cells and used an anti-cherry antibody 
to identify those cells expressing TMC1-cherry and localize the 
expression of this transgene at the tips of the two shorter stereocilia 
rows of OHCs and IHCs (Fig. 4G), consistent with the well-known 
localization of TMC1 (49). Although we could not detect AnV 
staining in control HBSS-treated cells, indicating that expression of 
the Tmc1-cherry transgene does not alter PS distribution (Fig. 4G), 
following benzamil treatment we observed robust PS externaliza-
tion only in TMC1-cherry–expressing hair cells. We conclude from 
these collective experimental results that TMC1 plays a remarkably 
unique and essential role in regulating membrane homeostasis in 
hair cells.

Buffering of intracellular Ca2+ triggers PS externalization 
and membrane blebbing
PS externalization by TMEM16 scramblases is triggered by a rapid 
rise in intracellular Ca2+ concentration (61). In contrast, we have 
demonstrated that PS externalization in hair cells is induced after 
MET blockade or breakage of the tip link, treatments that have been 
established to diminish Ca2+ influx through the MET channels 
and decrease intracellular Ca2+ (62,  63), thus excluding a role of 

Ca2+-activated TMEM16 scramblases in the processes studied here. 
To determine whether a decrease in intracellular Ca2+ plays a role in 
PS externalization, we incubated hair cells from wild-type (fig. S4, F 
and G) and mT/mGTg/+ mice (Fig. 5) with the membrane-permeable 
Ca2+ chelator, BAPTA-AM, which does not affect the integrity of 
the tip links or MET (64,  65). As a control, we incubated ex-
plants with an equivalent amount of the vehicle used to solubilize 
BAPTA-AM and observed no detectable AnV staining (Fig. 5 and 
fig. S4, F and G). In contrast, BAPTA-AM induced robust PS exter-
nalization at the apical hair cell region and an increase in mtdTomato 
fluorescence intensity (Fig. 5), indicating that buffering of intra-
cellular Ca2+ is sufficient to trigger PS externalization and membrane 
blebbing. Like what we observed with MET channel blockers, 
BAPTA-AM failed to induce PS externalization or an increase of 
the mtdTomato signal in hair cells from mT/mGTg/−;Tmc1−/− mice 
(Fig. 5, B to D). We therefore conclude that externalization of PS 
triggered by MET blockade or buffering of intracellular Ca2+ both 
require TMC1.

Tmc1 deafness–causing mutations cause constitutive PS 
externalization
Next, we investigated the effects of three TMC1 single-point muta-
tions known to cause progressive hearing loss in human and mice 
with different penetrance. We analyzed PS externalization in hair 
cells from mice carrying one or two copies of the dominant M412K 
(also termed Beethoven) or D569N mutations, or the recessive 
D528N mutation. To qualitatively assess the extent of PS externaliza-
tion within each Tmc1 genotype, the AnV signal of untreated hair 
cells was normalized with the signal of benzamil-treated hair cells 
for each genotype. However, because M412K and D528N have been 
reported to alter the MET blockade (20,  22), we cannot directly 
compare the AnV fluorescence signal between the different mu-
tants and conditions. Unexpectedly, we found that, unlike wild-type 
hair cells, cells homozygous for any of these three mutations 
(Tmc1M412K/M412K, Tmc1D569N/D569N, and Tmc1D528N/D528N) showed 
robust AnV fluorescence signals even in the absence of benzamil 
(Fig. 6 and fig. S7), indicating that PS externalization at the apical 
hair cell region of these mutants was constitutive. More notably, 
this constitutive PS externalization was also detected in untreated 
hair cells from mice heterozygous for the two dominant TMC1 
mutations (Tmc1M412K/+ and Tmc1D569N/+; Fig. 6, A and B). In contrast, 
hair cells carrying just one copy of the recessive D528N mutation 
(Tmc1D528N/+) lacked externalized PS and required MET blockade 
with benzamil to externalize PS (Fig. 6C), like wild-type hair cells. 
Consistent with our previous results showing that Tmc2 is dispensable 
for PS externalization, we also confirmed that differences in the 
Tmc2 genotype did not affect constitutive PS externalization in 
Tmc1M412K/+ hair cells (Fig.  6,  D  and  E, and fig. S7, A and B). 
Together, these data demonstrate that these three Tmc1 deafness–
causing mutations alter membrane homeostasis and cause constitu-
tive PS externalization in direct correlation with their deafness 
phenotypes, leading us to propose that PS externalization could be 
a critical step in molecular mechanisms of hearing loss.

PS externalization alters TMC1 localization at 
the stereocilia tips
To explore how this Tmc1-dependent PS externalization, membrane 
blebbing, and ectosome release might cause deafness, we analyzed 
the TMC1 localization and PS externalization in hair cells as a 
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function of time following MET blockade with benzamil (Fig. 7). 
For these experiments, because immunostaining of endogenous 
TMC1 has proved to be challenging due to its low expression and 
lack of sensitive and specific antibodies, we used the specific anti-
cherry antibody to track the expression of TMC1-cherry in P6 mice 
expressing the Tmc1-cherry transgene in all hair cells (fig. S7B). In 
the absence of benzamil, TMC1 localized to the tips of the two 
shorter stereocilia rows in OHCs and IHCs, consistent with previous 
studies (49,  66), and no externalized PS was detectable by AnV 
staining (Fig. 7 and fig. S7). However, 10 min after benzamil treat-
ment, we observed externalized PS puncta overlapping with TMC1 
at the tips of the shorter stereocilia rows (Fig. 7, A and B, and fig. 
S7), suggesting that PS initially externalizes near the MET channel. 
To confirm that PS externalization does not occur at the tips of the 
longest stereocilia row, we looked at the localization of ESP8, a pro-
tein known to be enriched at the longest stereocilia (67). However, 
ESP8 puncta at the tips of the longest stereocilia did not overlap 
with AnV labeling in P6 IHCs (fig. S7A). Furthermore, we found a 
strong direct correlation between the AnV and TMC1 fluorescence 
intensities (fig. S7C), suggesting that the expression level of TMC1 
determines the extent of PS externalization. These data suggest that 
TMC1 is intimately involved in the process of PS externalization.

Later after benzamil treatment, the patterns of PS and TMC1 
localization begin to markedly change. After 1 to 2 hours, AnV 
labeling and TMC1 remained at the stereocilia but TMC1 loses its 
puncta-like pattern and appears diffuse and enriched in vesicle-like 
AnV-positive particles at the stereocilia tips and around the cuticular 
plate (Fig. 7 and fig. S7). After 3 to 4 hours, PS and TMC1 are no 

longer localized at the stereocilia and instead large AnV- and 
TMC1-positive vesicle-like particles appeared at the kinocilium site 
and around the cuticular plate (Fig. 7 and fig. S7). These results 
suggest that hair cells release TMC1 in PS-positive ectosomes upon 
activation of PS externalization following MET blockade. Four 
hours after MET blockade, WGA labeling revealed bulky vesicles at 
the back of the stereocilia resembling those previously observed by 
scanning electron microscopy after treatment with ototoxic amino-
glycosides (32, 33). The temporal sequence of these observations 
suggests that blockade of the MET channel triggers the relatively 
rapid externalization of PS, which is followed more slowly by a 
process that displaces TMC1 from the stereocilia tips, the cellular 
localization where TMC1 is required for MET and hearing.

DISCUSSION
The objective of our study was to explore whether the TMC1 and 
TMC2 proteins that are thought to function as pore-forming 
subunits of the MET channel also play important roles in regulating 
membrane homeostasis in mammalian auditory hair cells. Our 
findings demonstrate that pharmacological blockade of the hair cell 
MET channel (Fig. 1), tip link disruption (Fig. 2), and intracellular 
Ca2+ buffering (Fig. 5) all trigger PS externalization and membrane 
remodeling in a TMC1-dependent and TMC2-independent (Fig. 4) 
manner. Furthermore, we show that mice carrying three distinct 
Tmc1 mutations that cause deafness also trigger PS externalization 
and membrane remodeling (Fig. 6). We show that PS externaliza-
tion and membrane blebbing also occur after MET blockade in 

Fig. 5. Buffering of intracellular Ca2+ triggers PS externalization and membrane blebbing when TMC1 is present. Confocal images of P6 mT/mGTg/+ (A) or 
mT/mGTg/+;Tmc1−/− (B) hair cells incubated with HBSS containing AnV (magenta) in the presence of BAPTA-AM or the vehicle (Control). Scale bar, 10 m. Quantification 
of AnV (C) and mtdTomato (D) fluorescence intensity at the apical region of OHCs (○) and IHCs (●) treated as in (A) and (B). Mean fluorescence intensity ± SD is represented 
for n = 70 to 100 OHCs and 15 to 30 IHCs from two cochleae. One-way ANOVA analysis was performed (ns P > 0.05, *P < 0.05, and ****P < 0.0001). See also fig. S4F and G.
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Fig. 6. Constitutive externalization of PS in TMC1 deafness–causing mutant mice. Confocal images of P6 Tmc1M412K/+ and Tmc1M412K/M412K (A), Tmc1D569N/+ and 
Tmc1D569N/D569N (B), or Tmc1D528N/+ and Tmc1D528N/D528N (C) OHCs and IHCs labeled with AnV in the absence (control) or presence of 100 M benzamil. Scale bar, 5 m. 
Quantification of AnV fluorescence intensity in OHCs (D) or IHCs (E). Mean ± SD from three to five mice is shown. Each dot represents the mean fluorescence intensity of 
>100 OHCs or >30 IHCs from one cochlea. One-way ANOVA analysis was performed (ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). See also fig. S7.
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Fig. 7. MET blockage and PS externalization alter TMC1 localization at the stereocilia tips. Confocal images of OHCs (A) and IHCs (B) from P6 TMC1-cherry mice 
untreated (control) or treated with 100 M benzamil for 10, 120, and 240 min. TMC1-cherry (green), AnV (red), and WGA (gray) channels are shown. Scale bar, 5 m. Yellow 
arrows indicate protruding TMC1- and AnV-positive vesicles. Quantification of TMC1 (C) and AnV (D) fluorescence intensity at the apical region of OHCs (○) and IHCs (●) 
treated as in (A) and (B). Mean ± SD is shown for n = 79 to 125 OHCs and 23 to 45 IHCs from two cochleae. One-way ANOVA analysis was performed (ns P > 0.05, *P < 0.05, 
**P < 0.01, and ****P < 0.0001). See also fig. S8.
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endolymph-like conditions (Fig.  2), highlighting the biological 
relevance of this process. That this homeostatic mechanism ulti-
mately leads to ectosome release and removal of TMC1 from the 
stereocilia tips (Fig. 7) implies that a key function of this pathway 
may be protein and membrane turnover. Overall, our data reveal a 
previously unknown relationship between TMC1 and hair cell 
membrane remodeling that is associated with hearing loss.

In the present study, we show that PS externalization in hair cells 
can be triggered by three distinct classes of MET channel inhibitors: 
curare, benzamil, and neomycin (Fig. 1). It is important to clarify 
that although neomycin, like other ototoxic aminoglycosides, is 
known to permeate through the MET channel, accumulate inside 
the hair cells, and induce cell death at high concentrations (68), the 
low dose of neomycin and relatively short incubation times used 
here are not ototoxic (32, 69). Benzamil and curare protect hair cells 
against aminoglycoside ototoxicity (70), yet they both can induce 
robust PS externalization. Blocker permeation into hair cells is 
unlikely to be essential for triggering PS externalization because 
curare is a nonpermeant blocker of the MET channel (43) and robust 
externalization can be triggered by breakage of the tip links required 
for MET (Fig. 2). Therefore, although we cannot exclude that these 
drugs may have multiple distinct actions on hair cells, it seems rea-
sonable to conclude that the hair cell–specific PS externalization 
observed in our experiments is not a consequence of cell death or 
permeation of the drugs inside the hair cells, but most likely due to 
inhibition of MET channels, a function common to all three mole-
cules. Because the MET channel is Ca2+ permeable and inhibition of 
the MET channel or breakage of the tip links has been established to 
lower intracellular Ca2+ (48, 63, 71), we investigated the effects of a 
membrane-permeant Ca2+ chelator and found that this manipula-
tion is sufficient to trigger PS externalization (Fig. 5). Although we 
have not directly measured intracellular Ca2+ concentrations in our 
study, we propose that lowering of intracellular Ca2+ is the common 
trigger for PS externalization when activity of the MET channel is 
disrupted. PS externalization and membrane blebbing are more 
robust in OHCs than in IHCs under our experimental conditions. 
Although the molecular mechanisms of this difference will require 
further investigation, differences in the OHC and IHC membrane 
composition (72), Ca2+ homeostatic mechanisms (73), resting open 
probability of the MET channel (74), and TMC1 expression 
levels (66) might explain the less robust PS externalization observed 
in IHCs.

One major finding of our study is that PS externalization and 
membrane blebbing require expression of Tmc1, but not Tmc2 
(Fig. 4). While both Tmc1 and Tmc2 can restore MET in young 
animals, the unique role of TMC1 in regulating membrane homeo-
stasis identified by our study may explain why TMC1 plays a more 
important role than TMC2  in hearing. Tmc1−/− mice are deaf, 
Tmc2−/− mice are phenotypically normal, and Tmc1−/−;Tmc2−/− 
mice are deaf and present vestibular dysfunction, indicating that 
Tmc1 can compensate for the lack of Tmc2 in the vestibular and 
auditory systems, but that Tmc2 cannot compensate for the lack of 
Tmc1 in the auditory system (12–14). Here, we identify a key func-
tional difference between TMC1 and TMC2 that could explain the 
different requirement for these two proteins in hearing and balance. 
Unlike vestibular hair cells, auditory hair cells are tonotopically 
organized along the cochlea and tuned to sense and amplify precise 
frequencies (59). We provide evidence that PS externalization is 
directly related to TMC1, whose expression levels follow the tonotopic 

gradient of the cochlea (66). While our study focused on PS exter-
nalization, loss of the membrane asymmetry also causes changes in 
membrane thickness and externalization of other phospholipids 
such as phosphatidylinositols, known to regulate MET adaptation 
(75, 76). The ability of TMC1 to remodel the membrane and alter 
the lipid distribution may equip TMC1 channels to respond and 
adapt to different frequencies. Accordingly, TMC1 channels show 
faster adaptation than TMC2, and the TMC1 M412K and D569N 
deafness-causing mutations affect MET adaptation (5, 22, 77). 
Although the temporal resolution or our experiments is limited to 
the time scale of minutes, it will be fascinating to explore more 
rapid molecular events involved in the process by which TMC1 
MET channels alter membrane homeostasis.

In mammalian cells, PS exposure on the extracellular leaflet of 
the plasma membrane is the result of the action of lipid scramblases 
(28). In recent years, notable progress has been made in under-
standing the biological relevance of lipid scrambling and the pro-
teins that have this activity (47, 61, 78–82), but its physiological role 
in hair cells and hearing remains unexplored. Although hair cells 
express known lipid scramblases (83, 84), the PS externalization we 
observed in hair cells is TMC1-dependent and can be triggered 
by lowering intracellular Ca2+, suggesting that the PS externaliza-
tion is unlikely to be mediated by Ca2+-activated TMEM16s (79), 
caspase-activated XK-related protein 8 (78), or constitutively acti-
vated scramblases such as class A G protein–coupled receptors (82) 
or the intracellular TMEM41B, VMP1 (80), and Atg9 (85) lipid 
scramblases. Instead, given the known structural relationship be-
tween TMC1 and TMEM16 scramblases, the finding that Tmc1−/− 
hair cells fail to externalize PS, and the discovery that three different 
Tmc1 deafness mutations cause constitutive PS externalization, we 
speculate that in addition to forming the pore of the MET channel, 
TMC1 might moonlight as a Ca2+-inhibited lipid scramblase.

As buffering intracellular Ca2+ is sufficient to trigger PS exter-
nalization in wild-type hair cells and all three Tmc1 mutations studied 
here (M412K, D569N, and D528N) have been shown to reduce the 
Ca2+ permeability of MET channels (5, 17, 19, 20, 22), it is intriguing 
to consider whether this alteration in Ca2+ permeability might be 
sufficient to trigger PS externalization in the mutants. For the recessive 
D528N mutant, one copy of the mutant diminishes Ca2+ permeability 
by about twofold and two copies of the mutation diminish Ca2+ per-
meability by about sevenfold in OHCs (20), raising the possibility 
that alterations in Ca2+ permeability might be sufficient to explain 
why the mutant triggers PS externalization. However, for the two 
dominant mutations (M412K and D569N), one copy of each mu-
tant diminishes Ca2+ permeability by 1.8- to 2.2-fold, yet two copies 
of the mutations diminish Ca2+ permeability by only 2.8- to 3.4-fold 
in OHCs (17, 19, 22), suggesting that changes in Ca2+ permeability 
alone cannot explain the pattern of constitutive PS externalization 
observed here (Fig. 6). Thus, it seems likely that the two dominant 
mutations trigger constitutive PS externalization by a mechanism 
distinct from their effects on Ca2+ permeability of the MET channel.

Alterations in the functional properties of MET channels mea-
sured in neonatal mice have been described for several Tmc1 muta-
tions that ultimately cause hearing loss (5, 17, 19–22, 77, 86), which 
can only be accurately measured in older animals where hair cells 
from Tmc1 deafness–causing mutants and Tmc1−/− mice have be-
gun to die (18–21). Thus, it remains unclear whether alterations 
in the MET channel properties per se are sufficient to cause hear-
ing loss or whether the subsequent hair cell death is ultimately 
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responsible for deafness. The MET channel properties are clearly 
impaired in Tmc1D528N/+ hair cells, but these cells do not degenerate, 
and Tmc1D528N/+ mice have normal hearing (20), providing one 
clear example where altered MET channel properties do not cause 
loss of hair cells or deafness. It has therefore been proposed that 
TMC1 may play other roles that are critical for hair cell survival 
(19, 20, 22). Our discovery that Tmc1 regulates membrane homeo-
stasis and Tmc1 deafness–causing mutations trigger constitutive PS 
externalization raises the possibility that hair cell membrane 
homeostasis is essential for hair cell survival and hearing. Mutations 
in the stereocilia ATP8B1 flippase that transports PS from the outer 
to the inner membrane leaflet causes hair cell death and hearing loss 
(87), consistent with an important role for membrane homeostasis 
in hair cell death. Moreover, PS is constitutively externalized in hair 
cells from heterozygotic and homozygotic mice carrying the 
autosomal dominant M412K and D569N mutations, but only in 

homozygotic mice carrying the recessive D528N mutation (Fig. 6), 
providing a clear correlation between PS externalization and 
deafness phenotype in these mice and supporting a role of altered 
membrane homeostasis in hair cell death and deafness.

Upon MET blockade, we observed that PS externalization, mem-
brane blebbing, and ectosome release ultimately lead to the loss of 
TMC1 from the hair cell bundle (Fig. 7), suggesting that a key func-
tion of this TMC1-dependent membrane remodeling mechanism 
may be protein turnover to restore functional MET once it has been 
disrupted. Consistent with this hypothesis, the transducing stereo-
cilia tips of Tmc1−/− hair cells have been shown to display accumu-
lation of TMC2 and altered protein distribution (66, 88). Loss of 
TMC1 channels would explain the protective effect described for 
several blockers of the MET channel against ototoxic compounds (89). 
In the case of Tmc1 mutant hair cells, constitutive PS externaliza-
tion in these hair cells may lead to continued loss of TMC1 from the 

Fig. 8. TMC1-dependent regulation of the apical hair cell membrane homeostasis. Plasma membrane asymmetry is preserved in wild-type murine auditory hair cells 
under physiological conditions. However, pharmacological blockade of the MET channel, disruption of the tip links, or intracellular Ca2+ buffering triggers the externaliza-
tion of PS and membrane blebbing at the stereocilia and apical region of hair cells expressing TMC1. In addition, two autosomal dominant (M412K and D569N) and one 
recessive (D528N) Tmc1 deafness–causing mutations cause constitutive externalization of PS that correlates with deafness phenotype in these mutant mice, highlighting 
the relevance of membrane homeostasis in hearing.
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hair cell bundle, which could explain the coincidental degeneration 
and loss of hair cells reported in Tmc1−/− and Tmc1 M412K, D569N, 
and D528N mutant mice (12, 18–20). Overall, our findings suggest 
that stereocilia might use membrane remodeling and ectosome 
release as a mechanism to regulate membrane and protein homeosta-
sis, resembling cilia (90).

In conclusion, our study reveals new insights into the importance 
of membrane homeostasis in hair cells for both MET and hearing. 
We show that TMC1 is essential for the externalization of PS and 
membrane blebbing at the apical hair cell membrane triggered by 
blockade of the MET channels, disruption of the tip links, or buffer-
ing of the intracellular Ca2+ (Fig. 8). Furthermore, three TMC1 
deafness–causing mutations cause constitutive PS externalization 
matching their hearing-loss phenotype and suggesting that loss of 
hair cell plasma membrane asymmetry may be a mechanism of hair 
cell loss and deafness. The discovery of a TMC1-dependent auto-
regulatory process opens new avenues of research to understand the 
mechanisms of hair cell bundle development, stereocilia remodeling, 
and deafness.

MATERIALS AND METHODS
Mouse strains
Wild-type C57BL/6J (strain 000664) and mT/mG mice (strain 
007676) were purchased from The Jackson Laboratory and breed 
in our animal facility to obtain the desired phenotypes. Tmc1−/−, 
Tmc2−/− (RRIDs: IMSR_JAX:019146 and IMSR_JAX:019147) (12) 
and transgenic mice endogenously expressing TMC1 fused at the 
C-terminal to Cherry fluorescent protein in a Tmc1−/−;Tmc2−/− 
background (TMC1-cherry, RRID: IMSR_JAX:028392) (49) were 
obtained from A. Griffith (National Institute on Deafness and Other 
Communication Disorders). Tmc1−/−, Tmc2−/− mice were crossbreed 
with mT/mGTg/Tg mice to obtain double (mT/mGTg/Tg;Tmc1−/− 
or mT/mGTg/TG;Tmc2−/−) and triple (mT/mGTg/Tg;Tmc1−/−;Tmc2−/−) 
transgenic mice. Because only heterozygous mice for the mtdTomato 
transgene (mT/mGTg/+) were used in our experiments (except where 
indicated), mT/mGTg/Tg and Tmc1−/− mice were crossbred with 
Tmc1−/− to obtain heterozygous mT/mGTg/+;Tmc1−/− mice. The 
same protocol was followed to generate mT/mGTg/+;Tmc2−/− and 
mT/mGTg/+;Tmc1−/−;Tmc2−/− mice. Tmc1M412K/M412K, Tmc1D569N/D569N, 
and Tmc1 D528N/D528N mice were bred with wild type to obtain 
heterozygous mice. For all genotypes, a mixture of male and female 
mice was used. Mice were kept on a 12-hour light/dark cycle and 
were allowed solid food and water ad libitum. The animal care and 
experimental procedures were performed following the Guide for 
the Care and Use of Laboratory Animals. They were approved by 
the Animal Care and Use Committee of the National Institute of 
Neurological Disorders and Stroke (Animal protocol number 1336).

Genomic DNA extraction from tail snips and genotyping poly-
merase chain reactions (PCRs) were performed using a MyTaq 
Extract-PCR kit (Bioline, Taunton, MA). All the mice were genotyped 
by the fragment PCR method using the primers listed in table S1 
and as indicated in The Jackson Laboratory website or previously 
described (23). PCR products were run on 2% agarose gels, and the 
Quick-Load 100 bp DNA Ladder (New England Biolabs) was used 
for fragment size visualization. The PCR fragments obtained from 
genotyping of the Tmc1 M412K mice were purified and sent for 
sequencing, whereas the PCR fragments from the Tmc1 D569N or 
D528N mice were further digested with Eco RI or Acl I, respectively.

Dissection of inner ear tissue and sample preparation 
for imaging
Excision of the inner ear from P6 wild-type C57BL/6J, reporter mT/mG, 
or Tmc mutant mice and further cochleae dissection, including 
removing the semicircular canals and vestibular organs, were 
performed in cold Leibovitz’s L15 medium. Cochlear tissues were 
placed on a Corning PYREX 9 depression plate well HBSS to re-
move the cochlear bone and expose the organ of Corti. At least 
three cochleae from littermate mice were used for each experimen-
tal condition. Drug treatments were performed at this stage. The 
cochlear tissues were incubated with the indicated drugs and 
fluorescent dyes for 25 min at room temperature (RT) in an or-
bital shaker and protected from light. Without mechanical stimula-
tion, a population of MET channels will be open at rest because of 
tension on the channel by the tip links (36), but we performed our 
experiments under gentle shaking conditions to increase the open 
probability of the MET channel. After treatment, tissues were 
washed twice with HBSS and fixed in 4% paraformaldehyde (PFA) 
in HBSS for 30 min. Fixed tissue was washed with HBSS to remove 
PFA, and the spiral ligament and the tectorial membrane were 
removed to obtain fixed organ of Corti explants in HBSS buffer. 
Tissue was washed with phosphate-buffered saline (PBS) to re-
move salt and finally mounted with ProLong Diamond antifade 
mounting medium (Thermo Fisher Scientific) on a Superfrost plus 
microscope slide (Fisherbrand) and covered with a #1.5 glass cover-
slips of 0.17 ± 0.02 mm thickness (Warner Instruments) for con-
focal imaging.

Blockage of the MET channel
Dissected organ of Corti from wild-type C57BL/6J, mT/mGTg/+, or 
Tmc1 or Tmc2 single- and double-knockout littermate mice were 
incubated in HBSS containing 1:25 AnV–Alexa Fluor 647 (Thermo 
Fisher Scientific) and CF488A-WGA (20 g/ml; Biotium) in the 
absence (control) or presence of neomycin, benzamil at 0.1 mM, or 
curare at 0.1 mM and 1 mM concentration. A stock solution of 
30 mM benzamil hydrochloride hydrate (Sigma-Aldrich) was 
prepared in dimethyl sulfoxide (DMSO). Neomycin trisulfate salt 
hydrate (Sigma-Aldrich) was dissolved at 50 mM in water. Tubocu-
rarine hydrochloride pentahydrate (Curare, Sigma-Aldrich) was 
dissolved at 50 mM in water. Stock solutions were aliquoted and 
stored at −30°C. AnV was used to detect and visualize the external-
ized PS because of its ability to bind PS with high affinity in a 
Ca2+-dependent manner (40). WGA binds to oligosaccharides and 
has been shown to label the surface of both IHCs and OHCs without 
blocking transduction (41, 91). Under all the conditions we tested, 
WGA labeled the stereocilia and hair cell surface and was also 
accumulated at the surface of pillar and Hensen cells (Fig. 1A). 
P6 heterozygous mT/mG mice (mT/mGTg/+), which express a 
membrane-targeted tandem dimer tomato (mtdTomato) fluores-
cent protein and preserve MET (42), were used to visualize the 
stereocilia and hair cell membrane. Cochlear tissues were incubated 
with the drugs and fluorescent dyes for 25 min at RT in an orbital 
shaker protected from light. After treatment, tissues were washed 
twice with HBSS, fixed in 4% PFA in HBSS for 30 min, and pre-
pared for imaging as described above. P6 littermate mice obtained 
from mT/mGTg/+ and mT/mGTg/+ breeding were used in the experi-
ments comparing wild-type, mT/mGTg/+, and mT/mGTg/Tg hair 
cells. One cochlea was incubated in HBSS, and the other one was 
treated with benzamil. Cochleae from wild-type or Tmc2−/− mice 
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were included in the experiments, with Tmc1−/− and Tmc1−/−;Tmc2−/− 
mice as positive controls.

For live imaging experiments, dissected organs of Corti from 
P4-P6 wild-type mice were cultured over collagen-covered 35-mm 
glass-bottom cell culture dish with 2 ml of Leibovitz’s L15 medium 
with fetal bovine serum (FBS) at 37°C and 5% CO2. After 2- to 
4-hour incubation, 5 l of CellMask Green plasma membrane stain 
(Thermo Fisher Scientific) was added to the Leibovitz’s L15 medium 
with FBS and incubated at 37°C for 5 to 10 min. Cell medium was 
removed, and 1:50 AnV was added in Leibovitz’s L15 medium with-
out FBS. After collecting some images of time cero, 100 M curare 
was added to the AnV-containing medium, and imaging acquisi-
tion was resumed at RT. An equivalent amount of water was added 
to the control samples.

Disruption of the tip links with BAPTA
We incubated organ of Corti explants with 5 mM BAPTA in HBSS 
without Ca2+ and Mg2+ (HBSS-CFM) containing CF488A-WGA 
at 20 g/ml for 25  min. A stock of BAPTA tetrapotassium salt 
(Thermo Fisher Scientific) was dissolved at 50 mM in water, ali-
quoted, and stored at −30°C. Organ of Corti explants were incubated 
in HBSS or HBSS-CFM buffer containing CF488A-WGA at 20 g/ml 
as controls. Tissue explants were then washed once with HBSS, and 
AnV–Alexa Fluor 647 (Thermo Fisher Scientific) was added at a 
1:25 dilution in HBSS for 5 min. Tissues were washed twice with 
HBSS to remove the excess of AnV, fixed in 4% PFA in HBSS for 
30 min, and prepared for imaging as described above. In addition, 
experiments with the C2 domain of lactadherin fused to a fluores-
cent clover protein (clover-Lact-C2) were performed to detect the 
externalized PS in the absence of Ca2+. In these experiments, excised 
organs of Corti tissues were incubated in HBSS-CFM with CF488A-
WGA (20 g/ml) and clover-Lact-C2 (3 g/ml) for 25 min at RT 
under gentle shaking. Tissues were then washed twice with HBSS to 
remove the excess of WGA and clover-Lact-C2, fixed in 4% PFA in 
HBSS for 20 min, and prepared for imaging as described above.

Expression and purification of clover-Lact-C2
A cDNA construct consisting of Clover fluorescent protein followed 
by a hexa-histidine tag and lactadherin-C2 [Clover-(His)6-LactC2] 
in the pET-28 bacterial expression vector together with pLysSRARE2 
plasmid [both shared by L. Chernomordik, National Institute of 
Child Health and Human Development (NICHD)] were electropo-
rated into ClearColi BL21(DE3) according to the manufacturer’s 
protocol (Lucigen). Bacterial colonies that grew in an LB plate 
containing kanamycin (100 g/ml) and chloramphenicol (30 g/ml) 
were considered positive for incorporating both plasmids and selected 
for protein expression. Cells were grown in 0.5 liters of LB Miller 
medium at 37°C in kanamycin (100 g/ml) and chloramphenicol 
(30 g/ml) until the culture reached A600 = 1. After the addition of 
1 mM IPTG (isopropyl--D-thiogalactopyranoside), the culture was 
grown for 3 hours at 37°C. Next, cells were lysed in B-PER bacterial 
protein extraction reagent (Thermo Fisher Scientific) containing 
2500 U of deoxyribonuclease I (Sigma-Aldrich), 0.1 mM phenyl-
methylsulfonyl fluoride, and SIGMAFAST EDTA-free protease 
inhibitor cocktail (Sigma-Aldrich). After centrifugation at 20,000g 
for 20 min, Clover-(His)6-LactC2 was purified from the supernatant 
with 3 ml of the TALON superflow metal affinity resin (Clontech). 
The resin was washed with 5 mM imidazole in PBS, and the protein 
was eluted with 100 mM imidazole in PBS (fig. S4C). The eluted 

protein was dialyzed against PBS and concentrated to a final 
concentration of 1.036 mg/ml.

Perilymph and endolymph-like buffers
The perilymph-like buffer used in our experiments had a composi-
tion of 125 mM NaCl, 1.3 mM CaCl2, 3.5 mM KCl, 1.5 mM MgCl2, 
10 mM Hepes (pH 7.4), and 5 mM glucose, and the osmolarity 
was adjusted to 290 mOsm with NaCl. The composition of the 
endolymph-like buffer used was 1 mM NaCl, 0.025 mM CaCl2, 126 mM 
KCl, 0.025 mM MgCl2, 10 mM Hepes (pH 7.4), and 0.5 mM glucose, 
and the osmolarity was adjusted to 315 mOsm with KCl. Cochlear 
tissues from P6 mT/mGTg/+ mice were dissected to remove the 
cochlear bone and expose the organ of Corti. Organ of Corti explants 
were incubated in perilymph-like or endolymph-like buffer with 
benzamil or the equivalent volume of DMSO (control) for 25 min at 
RT with gentle shaking in an orbital shaker protected from light. 
Tissue explants were then washed once with HBSS, and AnV–Alexa 
Fluor 647 was added at a 1:25 dilution in HBSS for 5 min to all the 
samples. Tissues were washed twice with HBSS to remove the excess 
of AnV, fixed in 4% PFA in HBSS for 30 min, and prepared for 
imaging as described above.

Buffering of intracellular Ca2+

To buffer the intracellular Ca2+ concentration in murine hair cells, we 
use the Ca2+ quelator BAPTA-AM. BAPTA-AM is an acetoxymethyl 
(AM) ester derivative of BAPTA that binds Ca2+ only after its AM 
group is removed by cytoplasmic esterases. Treatment of cochlear 
tissue with BAPTA-AM does not affect the integrity of the tip links 
or does not alter the resting probability of the MET channel (64, 65). 
A stock of cell-permeant BAPTA-AM (Invitrogen) was prepared at 
20 mM in 20% pluronic F-127 in DMSO, aliquoted, and stored 
at −30°C. Pluronic F-127 is a mild non-ionic detergent useful for 
solubilizing BAPTA-AM and facilitating AM esters loading into 
cells. A stock solution of HBSS containing CF488A-WGA (20 g/ml) 
and AnV at a 1:25 dilution was prepared and split into two tubes. 
BAPTA-AM (20 mM) in 20% pluronic F-127 in DMSO was added 
at a final concentration of 20 M, while an equivalent volume of the 
vehicle (20% pluronic F-127 in DMSO) was added to the other tube 
and used as a control in these experiments. Dissected organ of Corti 
explants were incubated with the solution containing BAPTA-AM 
or the vehicle and incubated for 25 min at RT under gentle shaking. 
After the incubation, the tissue was washed a couple of times with 
HBSS, fixed with 4% PFA, and prepared for imaging.

TMC1-cherry immunostaining and time course
Organ of Corti explants from TMC1-cherry mice were dissected as 
described above. Tissue explants were then incubated with HBSS 
(control) or HBSS with 100 M benzamil in the presence of 1:25 
AnV–Alexa Fluor 647 and CF488A-WGA (20 g/ml). Ten, 60, 120, 
180, and 240 min after benzamil addition, tissues were washed twice 
with HBSS and fixed in 4% PFA in HBSS for 30 min. Fixed tissues 
were washed with HBSS to remove PFA, and the spiral ligament 
and the tectorial membrane were removed to obtain fixed organ of 
Corti explants in HBSS buffer. To label TMC1-cherry, tissues were 
permeabilized in 0.5% Triton X-100 in PBS for 20 min. Tissues were 
washed twice with PBS for 5 min to remove the excess of Triton 
X-100 and then blocked for 1 hour at RT with blocking buffer (PBS 
containing 10% goat serum and 5% bovine serum albumin). The 
primary antibody anti–red fluorescent protein (660-401-379, 
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Rockland) was added at 1:100 in blocking buffer and incubated 
at 4°C overnight in an orbital shaker with gentle shaking protected 
from light. The next morning, tissues were washed three times with 
PBS to remove the excess of primary antibody. Goat anti-rabbit 
secondary antibody conjugated with Alexa Fluor 594 (R37117, 
Molecular Probes) at the manufacturer’s recommended concentra-
tion and 1:100 CF405M phalloidin (Biotium) in blocking buffer 
were added to the tissue and incubated for 30 min at RT. Tissues 
were then washed two to three times with PBS and prepared for 
imaging as described above.

PS externalization in TMC1 mutants
To compare the AnV fluorescence in the Tmc1 mutant mice, we 
incubated one cochlea in HBSS containing AnV–Alexa Fluor 647 at 
a 1:25 dilution and CF488A-WGA (Biotium) at 20 g/ml and the 
other cochlea in the same buffer supplemented with 100 M 
benzamil for 25 min at RT in an orbital shaker protected from light. 
After treatment, tissues were washed twice with HBSS, fixed 
in 4% PFA in HBSS for 30 min, and prepared for imaging as de-
scribed below.

Quantification and statistical analysis
Super-resolution imaging was performed in the Microscopy and 
Imaging Core (NICHD) with a confocal laser scanning microscope 
(Zeiss LSM 880, Carl Zeiss AG) equipped with a 32-channel 
Airyscan detector. Images of the whole organ of Corti were taken 
with a 20× objective (Carl Zeiss). To image the hair cells, we used oil 
immersion alpha Plan-Apochromat 63×/1.4 Oil Corr M27 objective 
(Carl Zeiss) and immersol 518F medium [ne = 1.518 (30°)]. A 
z-stack of images from the stereocilia to the apical half of the hair 
cell body was collected with identical image acquisition settings, no 
averaging, and optimal parameters for x, y, and z resolution for 
each independent experiment. Image acquisition and Airyscan 
image processing were performed with Zen Black 2.3 SP1 software 
(Carl Zeiss) using the Airyscan three-dimensional reconstruction 
algorithm with the automatic default Wiener filter settings. Samples 
from each experiment, including control and treated or wild-type 
and mutant mice, were imaged on the same day to limit variability.

Microscopy data analysis and quantification were done in 
ImageJ. To measure the fluorescence intensity at the apical region 
of the hair cells, we generated a region of interest (ROI) around each 
OHCs and IHCs using the elliptical tool as depicted in Fig. 1A. The 
fluorescence intensity of an equivalent ROI in an area outside 
the hair cells was considered as background and subtracted from the 
values at the hair cells for each image. AnV and mtdTomato fluo-
rescence intensities were quantified in each hair cell. mtdTomato 
fluorescence intensity was normalized against the mtdTomato 
fluorescence intensity of the control samples, whereas AnV fluores-
cence intensity was normalized against the fluorescence of the treated 
samples as indicated in the corresponding y axis. The number of 
cells and tissues analyzed in each condition and the statistical method 
used are indicated in the figure legends. GraphPad Prism V.7 
software was used to generate the graphs and perform the statistical 
analysis.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm5550

View/request a protocol for this paper from Bio-protocol.
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