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Varitint-waddler (Va and VaJ) mice are deaf and have vestibular
impairment, with inner ear defects that include the degeneration
and loss of sensory hair cells. The semidominant Va mutation
results in an alanine-to-proline substitution at residue 419 (A419P)
of the presumed ion channel TRPML3. Another allele, VaJ, has the
A419P mutation in addition to an I362T mutation. We found that
hair cells, marginal cells of stria vascularis, and other cells lining the
cochlear and vestibular endolymphatic compartments express
TRPML3. When heterologously expressed in LLC-PK1-CL4 epithelial
cells, a culture model for hair cells, TRPML3 accumulated in lyso-
somes and in espin-enlarged microvilli that resemble stereocilia.
We also demonstrated that wild-type TRPML3 forms channels that
are blocked by Gd3�, have a conductance of 50–70 pS and, like
many other TRP channels, open at very positive potentials and
thus rectify outwardly. In addition to this outward current,
TRPML3(419P) and (I362T�A419P) generated a constitutive in-
wardly rectifying current that suggests a sensitivity to hyperpo-
larizing negative potentials and that depolarized the cells. Cells
expressing TRPML3(A419P) or (I362T�A419P), but not wild-type
TRPML3, died and were extruded from the epithelium in a manner
reminiscent of degenerating hair cells in Va mice. The increased
open probability of TRPML3(A419P) and (I362T�A419P) at physi-
ological potentials likely underlies hair cell degeneration and
deafness in Va and VaJ mice.

channelopathy � espin � hair cell � MCOLN3 � mucolipin

A very common cause of deafness is the loss of hair cells,
which degenerate because of environmental factors or

genetic mutations. Varitint-waddler (Va) mice have a mutation
that causes an alanine-to-proline substitution (A419P) in the
fifth transmembrane domain of TRPML3, a presumed ion
channel. A second allele, VaJ, contains the A419P mutation in
cis to an I362T mutation (1). The earliest sign of inner ear
damage in Va mice is hair cell degeneration, which begins in
embryogenesis as hair cells differentiate and continues postna-
tally. During degeneration, the hair cells bulge out of the apical
side of the epithelium and become extruded. Eventually these
mice also develop abnormalities in supporting cells, in the
tectorial membrane, and in the stria vascularis and in the
endocochlear potential that they help generate. The defects of
VaJ mice are similar although less severe, suggesting that the
mutation I362T attenuates the effects of A419P (1–3). A com-
prehensive examination of TRPML3 expression in inner ear has
not been published. Expression of TRPML3 protein in hair cells
was suggested by immunocytochemical methods, although re-
sults for other inner ear cell types were not reported (1).

Mutations in two other TRP channels, Drosophila TRP and
human TRPML1 (mutations in which cause mucolipidosis type
IV), are associated with degeneration of the retina. In both cases,
the channels seem necessary for cellular viability, because
recessive, loss-of-function mutations cause degeneration (4, 5).

By contrast, the Va and VaJ mutations in TRPML3 are semi-
dominant, although it remains unclear whether this is due to
gain-of-function, haploinsufficiency, or dominant-negative ef-
fects (1, 6).

Results
We first established which cells expressed TRPML3 in the inner
ear of wild-type mice. In situ hybridization on mouse inner ear
using probes from two nonoverlapping regions of TRPML3
mRNA gave identical results [Fig. 1 and supporting information
(SI) Fig. 6]. TRPML3 mRNA was most abundant in the marginal
cells of the cochlear stria vascularis and the dark cells of the
vestibule (Fig. 1 i, l, and m and SI Fig. 6 i, l, and m). Both cell
types are involved in producing the endolymph and therefore the
endocochlear potential (7–9). This expression pattern is in
keeping with the reduced stria vascularis and the rounding up
and loss of the cytoplasmic processes of its marginal cells in
Va/Va and Va/� mice (2) and with the reduced endocochlear
potentials of the VaJ mutants (1, 3).

In addition, other cells that line the cochlear scala media and
the connected vestibular endolymphatic spaces expressed
TRPML3 mRNA, including (i) supporting cells at the marginal
part of the lesser epithelial ridge (Hensen and Claudius cells),
which in Va and VaJ mice (homozygotes and heterozygotes)
appear undifferentiated or degenerate (Fig. 1i and SI Fig. 6i); (ii)
cells of the spiral limbus that produce the tectorial membrane,
which in Va mice develops abnormally and fails to attach to the
reticular lamina (Fig. 1i and SI Fig. 6i); (iii) cells of the spiral
ligament (Fig. 1i and SI Fig. 6i); and (iv) cells of the Reissner’s
membrane (Fig. 1i and SI Fig. 6i). Importantly, TRPML3 mRNA
was also detected in the sensory hair cells of the vestibular system
and cochlea (Fig. 1 a, e, i, n, and p and SI Fig. 6 a, e, i, n, and p),
which degenerate in Va and VaJ mice (1–3).

Our detection of TRPML3 mRNA in hair cells supported
immunostaining evidence suggesting that TRPML3 is expressed
in hair cells (1). We expressed a TRPML3::GFP fusion protein
heterologously in LLC-PK1-CL4 epithelial (CL4) cells, a culture
model of hair cells (10). CL4 cells heterologously expressing the
actin-bundling protein espin elongate their microvilli to resem-
ble hair cell stereocilia, and indeed several heterologously
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expressed stereociliary proteins localize to these espin-enlarged
microvilli (10) (L.Z., J.G.-A. and J.R.B., unpublished work).
Heterologously expressed TRPML3::GFP localized to intracel-
lular vesicles and to espin-enlarged microvilli (Fig. 2 a–d),
resembling the localization to hair cell vesicles and stereocilia
observed with antibodies to TRPML3 (1). The large cytoplasmic
vesicles appeared to be lysosomes, because they labeled with the
endocytic pathway marker Texas red-dextran (70 kDa) after a
1-h pulse and a prolonged (4- to 6-h) chase (11, 12) (SI Fig. 7
a–c). Small amounts of TRPML3::GFP were also detected in
endoplasmic reticulum, which we colabeled with DsRed2-ER (a
fusion of DsRed2 with the ER targerting signal of calreticulin;
SI Fig. 7 d–f). However, some of the TRPML3::GFP was clearly
at the plasma membrane, because large TRPML3 currents were
recorded from the transfected CL4 cells (see below; Fig. 3 i
and j).

The earliest phenotype of Va and VaJ mice appears to be hair cell
degeneration, which begins during embryogenesis, days before the

formation of the endolymph (1, 3). Specifically, hair cells in Va and
VaJ mice loose their columnar epithelial appearance, round up,
bulge out of the epithelium and are extruded from it (2, 3). We
found that CL4 cells expressing TRPML3(A419P) degenerated in
a strikingly similar manner (Fig. 3 a–h). Twenty-four hours after
transfection, most CL4 cells expressing TRPML3(A419P) (77 �
2%) or TRPML3(I362T�A419P) (78 � 6%) became extruded
from the epithelial monolayer and took up the cell death marker
propidium iodide, whereas adjacent untransfected cells did not. By
comparison, almost no CL4 cells expressing wild-type TRPML3
(3 � 1%) or TRPML3(I362T) (2 � 1%) died (mean � SD; three
independent experiments; 200–250 transfected cells of each type
were examined per experiment). Hence, TRPML3(A419P) causes
a form of cell-autonomous cell death that could account for the hair
cell degeneration and loss in Va and VaJ mice. We next wondered
how the A419P substitution caused cell death.

To examine the physiological properties of TRPML3, we
recorded from CL4 and HEK 293 cells that heterologously
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Fig. 1. Expression of TRPML3 mRNA in hair cells, stria vascularis, Reissner’s membrane, and other cells lining the scala media of the cochlea and the
endolymphatic spaces of the vestibule. In situ hybridization with antisense probes to the 3� half of TRPML3 mRNA (a, e, i, l, n, and p), control with sense probes
(c, g, and k) and nuclear DAPI label (b, d, f, h, j, m, o, q). (a–d) Crista ampullaris: TRPML3 in vestibular hair cells (CA HC) and adjacent transient epithelium and
dark cells (TE�DC). (e–h) Sacculus: TRPML3 in vestibular hair cells (HC) and in cells of the vestibular membrane. (i–k) Cochlear scala media: TRPML3 in stria
vascularis (SV), Reissner’s membrane (RM), spiral limbus (SL), hair cells of the organ of Corti (OC), and support cells of the marginally located lesser epithelial ridge
(H & C, Hensen’s and Claudius’ cells). (l and m) Marginal cells of the stria vascularis express TRPML3 mRNA. (n–q) Cochlear inner and outer hair cells (IHC and OHC)
express TRPML3 mRNA. All sections are from P5 mice.
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expressed TRPML3 (Figs. 3 i and j, 4, and 5). The physiology of
TRPML3 channels has not been examined previously, and there
are no known agonists of TRPML3 channels. However, many
other TRP channels have a voltage sensitivity that leaves them
open at positive membrane potentials (13–16). Therefore, we
tested whether voltage also activated TRPML3 channels. In-
deed, cells heterologously expressing TRPML3 exposed to volt-
age ramps showed outwardly rectifying currents that were
blocked by gadolinium (Gd3�), a blocker of other TRP channels
(Figs. 3, 4 a and c, and 5a). These outwardly rectifying currents
were not affected by removal of divalent cations, and thus this
rectification is not due to voltage-sensitive block. The pro-
nounced outward rectification observed in whole cells was not
due to increased single-channel conductance. Patch recordings
reveal a linear single-channel conductance of 50 pS (at negative
voltages) to 70 pS (at positive voltages) (Fig. 5c). However,
voltage ramps reveal that TRPML3 channels open primarily at
positive voltages (Fig. 5a). Thus, the outward rectification of
TRPML3, like that of other TRP channels (13–16), is probably
due to a voltage-sensitive increase in open probability (Fig. 4b).

To elucidate the effects of the degeneration-causing A419P
mutation on TRPML3 channels, we recorded currents from CL4
and HEK 293 cells and membrane patches heterologously ex-
pressing TRPML3(A419P) or TRPML3(I362T�A419P). Al-
though these cells displayed the outwardly rectifying currents
characteristic of wild-type TRPML3, they had an additional and
very large inwardly rectifying current at negative voltages (Figs.
3j and 4 a and c). This mutant inward current was also blocked
by Gd3�, with an IC50 similar to that for the outward currents of
both mutant and wild-type TRPML3 (Fig. 4e). From reversal
potential measurements, we estimate that TRPML3(A419P) is
equally permeable to Na� and K� and more permeable to Ca2�

(PCa2�/PNa� � 67 � 37; n � 4 cells), although the conductance
is greater for monovalent ions than for Ca2� (Fig. 4f ).

Two potential mechanisms by which a channel could display
inward rectification are if it selects preferentially for Ca2� or its
outward currents are blocked by Mg2�. However, the inwardly
rectifying current of cells expressing TRPML3(A419P) was also
present in the absence of divalent cations from both the external
and internal solutions (Fig. 4d and data not shown). Thus, the
inward rectification of the mutant channel is not due to a
preferential permeation of, or block by, divalent cations. An-
other mechanism by which a channel may display inward recti-

fication is if its conductance is larger at negative potentials.
However, single-channel recordings from outside-out patches of
membrane revealed the same linear single-channel conductance
for wild-type and A419P mutant TRPML3 channels: �50 pS at
negative potentials and up to 70 pS in the positive range (Fig. 5c).
Hence, the A419P mutation does not generate inwardly recti-
fying currents by altering their single-channel conductance.

Fig. 2. Localization of TRPML3::GFP in LLC-PK1-CL4 cells. (a–d) CL4 cells
coexpressing TRPML3::GFP (green) and espin, which results in enlarged mi-
crovilli that resemble hair cell stereocilia. Phalloidin (red) labels F-actin. (a–c)
Optical section through apical end of cell demonstrating localization of (a)
TRPML3 to (b) enlarged microvilli (merged in c). (d) Optical section through the
cell body demonstrating localization of TRPML3 to intracellular vesicles.

Fig. 3. Extrusion and death of LLC-PK1-CL4 cells expressing TRPML3(A419P).
(a and c) Cells expressing wild-type TRPML3 remain in the epithelium. (b and
d) Cells expressing TRPML3(A419P) round up and become extruded from the
epithelium. (a and b) Top views. (c and d) Orthogonal (x and z) sections. ( f and
h) Cells expressing TRPML3(A419P) take up the cell death marker propidium
iodide (PI), whereas (e and g) cells expressing wild-type TRPML3 do not. The
optical section in f cuts through the transfected cells, above the monolayer of
untransfected cells. (e and f ) Top views. (g and h) Lateral 3D projections. There
was a 1:1 correlation between epithelial extrusion and PI uptake. DAPI labels
nuclei and phalloidin F-actin. (i and j) TRPML3 currents in CL4 cells demon-
strate channel expression in their plasma membrane. (i) Current–voltage (IV)
plot of CL4 cells expressing TRPML3::GFP. (j) IV plot of CL4 cells expressing
TRPML3(A419P)::GFP or TRPML3(I362T�A419P)::GFP, both of which add an
inwardly rectifying current. Identical currents were obtained in HEK 293 cells
expressing these constructs or untagged ones (Fig. 4). The currents found in
CL4 cells expressing TRPML3 (n � 8), TRPML3(A419P) (n � 8), or
TRPML3(I362T�A419P) (n � 4) were not detected in untransfected CL4 cells
(n � 6).
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Instead, TRPML3(A419P) channels appear to generate inwardly
rectifying currents by increasing open probability at negative
voltages (Figs. 4b and 5b). The outward rectification character-
istic of many TRP channels, including wild-type TRPML3,
results from a weak voltage sensitivity: Open probability in-
creases with ‘‘depolarization’’ at positive membrane potentials,
in the nonphysiological range (13–16) (Fig. 4b). Activation of
some of these TRP channels by physical stimuli such as temper-
ature or by ligand binding shifts their voltage sensitivity toward
negative potentials, so that channels open in the physiological
range of membrane resting potentials (13–16). However, these
channels still display outward rectification, because their open
probability increases with depolarization. By contrast, the A419P
mutation in TRPML3 does not alter the voltage sensitivity of its
outwardly rectifying current (Fig. 4b). Instead, this mutation
induces another, inwardly rectifying current in which whole-cell
conductance and channel apparent open probability increase
with hyperpolarization and decrease with depolarization
(Fig. 4b). The A419P-activated TRPML3 channel appears to be
gated by different voltage-sensitivities at positive and negative
potentials.

The result of the A419P-induced inward rectification is a
constitutive inward current at normal cellular resting poten-
tials. Accordingly, CL4 cells expressing TRPML3(A419P)
channels and displaying these constitutive currents became
completely depolarized. Although the resting membrane po-
tential of untransfected CL4 cells was �26.3 � 3.6 mV (n �
7) and that of CL4 cells expressing wild-type TRPML3
was �24.8 � 3.3 mV (n � 6), CL4 cells expressing

TRPML3(A419P) were depolarized to 1.3 � 1.1 mV (n � 3),
as expected for cells expressing leak cationic currents. This
depolarization was measured in live cells (without leaky
plasma membranes) and therefore occurred before cell death,
not as a consequence of it.

Discussion
We have demonstrated that the TRPML3 mRNA is expressed in
hair cells and that the channels formed by the TRPML3 protein
are activated by the A419P mutation to generate constitutive
currents at normal physiological resting potential. Very positive
potentials, not reached by cells in physiological conditions, can
open several TRP channels, including TRPML3. Stimuli like
temperature or chemical agonists open some of these TRP
channels by shifting this voltage sensitivity toward negative
potentials, into the physiological range. By contrast, the A419P
mutation does not affect the voltage sensitivity of TRPML3 at
positive potentials but instead appears to open the channel at
negative potentials with a reversed voltage sensitivity (increased
open probability by voltage changes toward negative, rather than
positive, voltages). It remains to be determined whether there
are physiological forms of stimulation that can open TRPML3 in
the same way than the A419P mutation does or whether they
activate by shifting the voltage sensitivity of TRPML3 to ‘‘de-
polarizations’’ (i.e., voltage changes toward positive, or less
negative, potentials).

When expressed in the CL4 epithelial cell model, both
TRPML3(A419P) and TRPML3(I362T�A419P) resulted in se-
vere depolarization, extrusion from the monolayer and cell

Fig. 4. The degeneration causing A419P mutation results in depolarization-sensitive opening of TRPML3 channels at negative voltages. (a) IV plot of cells
expressing TRPML3, TRPML3(A419P), or TRPML3(I362T�A419P) shows outward currents at positive potentials in wild type and mutants and an additional inward
current at negative potentials in mutants. (b) Apparent open probabilities (G/Gmax) at various voltages. The A419P mutation (with or without I362T) does not
affect the increase of channel opening with membrane potential increases in the positive voltage range, but induces opening at hyperpolarized negative
voltages. Gmax is defined as the steady-state conductance of TRPML3(A419P) or (I362T�A419P) at �120 mV. G is the steady-state conductance at the plotted
membrane potentials. (c) Whole-cell currents elicited by voltage steps from �120 mV to up to �120 mV. A use-dependent increase in current at �120 mV was
detected in cells expressing mutant or wild-type TRPML3. (d) IV plots cells expressing TRPML3(A419P) demonstrating that inward rectification is not affected by
the presence or absence of external Ca2�. External solution with 0 mM Ca2� contained 4 mM EGTA. Both external solutions lacked Mg2�. (e) IV plots of cells
expressing TRPML3(A419P) showing block by Gd3�. (Inset) Dose–responses indicate that block is independent of voltage and unaffected by the A419P mutation
[IC50 of TRPML3(A419P) at �80 mV is 20.6 � 2.0 �M; IC50 of TRPML3(A419P) at �80 mV is 24.6 � 6.7 �M; IC50 of wild-type TRPML3 at �80 mV is 14.8 � 2.5 �M;
n � 3 or 4]. ( f) IV plots of cells expressing TRPML3(A419P) in the presence of external solutions containing either 140 mM NaCl, 140 mM KCl, or 20 mM CaCl2 plus
98 mM NMDGCl. The reversal potential was near 0 mV with Na� or K�, but more positive with Ca2� (there were no inward currents with 140 mM NMDGCl
externally, from which we deduce that neither Cl� nor NMDG� permeate). Cells were HEK 293T.
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death. Because these defects resemble the fate of hair cells in Va
and VaJ mice, we propose that this A419P mutation-induced
change in TRPML3 physiology underlies the hair cell degener-
ation and loss observed in deaf Va and VaJ mice. Although VaJ

mice have a weaker phenotype than Va mice, we did not detect
any difference in the lethality of cells expressing
TRPML3(A419P) and TRPML3(I362T�A419P). This explains
why VaJ mice also exhibit hair cell degeneration and deafness but
not why this allele is less severe than Va. Perhaps the mechanism
of attenuation requires endogenous conditions or cofactors
lacking in heterologous CL4 cells.

Constitutive channel activation has been implicated in other
inherited forms of neurodegeneration. This phenomenon was
first reported in the degenerin channels of Caenorhabditis elegans
(17–19) in which gain-of-function mutations that increase chan-
nel open probability cause cellular degeneration of both endog-
enously expressing neurons and of heterologously expressing
cells (20, 21). Like we found for TRPML3(A419P), the mutated
nematode degenerin channels also caused constitutive cationic
currents, which result in complete depolarization (to near 0 mV
resting membrane potential) and cell death (20). However,

although there are mammalian homologs of nematode de-
generins that when similarly mutated also kill heterologously
expressing cells (22, 23), there are, to date, no disorders caused
by mutations in these channels. Other cell degeneration-causing
mutations occur in a nematode acetylcholine receptor (24, 25)
and in the mouse �2 orphan glutamate receptor (mutated in the
Lurcher mouse) (26, 27). To our knowledge, the Va and VaJ

mutations provide the first examples of a cellular degeneration
channelopathies involving constitutive activation of a mamma-
lian TRP channel.

A common interpretation for these degenerative channelopa-
thies is that excessive cation influx through the plasma mem-
brane causes lethal levels of [Ca2�]i or of depolarization. The
same might explain death caused by TRPML3(A419P). How-
ever, the presence of TRPML3 in lysosomal vesicles raises the
possibility that the lethal effects of the mutant channels are due,
in full or in part, to their effects on these organelles. Indeed, a
number of neurodegenerative conditions are caused by defective
lysosomal storage (28). In either case, the hyperactivity caused
by A419P is the likely cause of the hair cell degeneration in Va
and VaJ mice. The semidominance of the Va mutation has been
proposed to result from a gain of function, a partial loss of
function, or a dominant-negative effect of the A419P substitu-
tion (1, 6). Our results indicate that the Va mutation acts as a
gain of function.

We describe a form of deafness caused by a channelopathy of
a TRP channel. TRP channels mediate hearing in invertebrates,
and there is much interest in figuring out whether they play a
similar role in vertebrates. The expression of TRPML3 in hair
cells, its likely localization to stereocilia, and some of its prop-
erties, like the block by gadolinium, suggest a potential contri-
bution of this channel protein to hair cell transduction. On the
other hand, the high expression of TRPML3 in lysosomal vesicles
and its homology to, and capacity to interact with, the lysosomal
channels TRPML1 and TRPML2 (29) are also consistent with
roles in intracellular membranes. Regardless of the function of
wild-type TRPML3, it is clear that it causes deafness when
bearing a mutation (A419P) that generates constitutive currents.

Methods
In Situ Hybridization. In situ hybridization was performed as described (30). To
confirm specificity, we hybridized with either of two nonoverlapping RNA
probes corresponding to fragments of TRPML3 mRNA. Experimental details
are provided in SI Methods.

Cell Culture and Heterologous Expression. LLC-PK1-CL4 epithelial cells were
cultured on glass coverslips, transfected by using lipofectamine and examined
by confocal microscopy, with and without labeling for F-actin with Texas
red-phalloidin, as described (10). The nuclei of fixed cells were labeled with
DAPI, and cell death was assayed by uptake of propidium iodide upon incu-
bation for 4 min in 2.5 �g/ml propidium iodide in PBS before a brief rinse and
fixation. HEK 293 cells were transiently transfected with TRPML3 cDNA con-
structs by lipofectamine 2000. HEK 293 or LLC-PK1-CL4 cells were used for
patch–clamp experiments 24 h after transfection.

TRPML3 mammalian expression constructs contain the full-length mouse
TRPML3 cDNA under a CMV promoter and either GFP under the control of a
separate promoter (vector pHGCX) or as a C-terminal fusion with TRPML3
(vector pEGFP-N2). Approximately 24 h after transfection, we select cells for
recording based on GFP fluorescence. In some experiments, cells were cotrans-
fected with mammalian expression constructs for espin (pcDNA3-rat espin 2B)
or with DsRed2-ER (Clontech) or incubated for 1 h with 1 mg/ml Texas
red-Dextran (70 kDa; Molecular Probes).

Electrophysiological Recordings. Electrophysiological recordings of whole cells
and single channels were performed as described (30). Detailed protocols are
provided in SI Methods.

ACKNOWLEDGMENTS. This work was supported by National Institutes of
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Fig. 5. Single-channel currents of TRPML3 and TRPML3(A419P). (a) Voltage
ramps of outside-out membrane patches from cells expressing TRPML3 reveal
preferential channel opening at positive potentials and block by Gd3�. (b)
Voltage steps of an outside-out membrane patch from a cell expressing
TRPML3(A419P) reveal increased channel opening at negative potentials. (c)
IV plots of single-channel current amplitudes show the same single-channel
conductance for TRPML3 and TRPML3(A419P).
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