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The varitint-waddler mutation A419P renders TRPML3 con-
stitutively active, resulting in cationic overload, particularly in
sustained influx of Ca2�. TRPML3 is expressed by inner ear sen-
sory hair cells, and we were intrigued by the fact that hair cells
are able to cope with expressing the TRPML3(A419P) isoform
for weeks before they ultimately die. We hypothesized that the
survival of varitint-waddler hair cells is linked to their ability to
deal withCa2� loads due to the abundance of plasmamembrane
calcium ATPases (PMCAs). Here, we show that PMCA2 signif-
icantly reduced [Ca2�]i increase and apoptosis in HEK293 cells
expressing TRPML3(A419P). The deaf-waddler isoform of
PMCA2, operating at 30% efficacy, showed a significantly
decreased ability to rescue the Ca2� loading of cells expressing
TRPML3(A419P). When we combined mice heterozygous for
the varitint-waddler mutant allele with mice heterozygous for
the deaf-waddler mutant allele, we found severe hair bundle
defects as well as increased hair cell loss compared with mice
heterozygous for each mutant allele alone. Furthermore,
3-week-old double mutant mice lacked auditory brainstem
responses, which were present in their respective littermates
containing singlemutant alleles. Likewise, heterozygous double
mutant mice exhibited severe circling behavior, which was
not observed in mice heterozygous for TRPML3(A419P) or
PMCA2(G283S) alone. Our results provide a molecular
rationale for the delayed hair cell loss in varitint-waddler
mice. They also show that hair cells are able to survive
for weeks with sustained Ca2� loading, which implies that
Ca2� loading is an unlikely primary cause of hair cell death in
ototoxic stress situations.

Varitint-waddler (Va) mice express a mutant isoform
(A419P) of the transient receptor potential channel TRPML3
(murine gene symbol,Mcoln3) that results in profound hearing
loss, vestibular defects (circling behavior, imbalance, head bob-
bing, waddling), pigmentation deficiencies, sterility, and peri-
natal lethality in homozygous animals (1). A second Mcoln3
variant (VaJ) that arose in theVa background carries twomuta-
tions (I362T and A419P) and shows a phenotype with reduced

severity, particularly in heterozygous animals (1). The A419P
mutation in Va and VaJ mice is located in transmembrane-
spanning domain 5(TM5)3 of TRPML3, where it leads to a con-
stitutively open channel, resulting in highly elevated [Ca2�]i
(2–5). In contrast to the effect of the A419P mutation on
TRPML3 channel activity, the single I362T mutation does not
appear to affect [Ca2�]i (3, 5). When combined with the A419P
mutation, as found in VaJ mice, the constitutive activity of this
mutant TRPML3 isoform is comparable with that of A419P
alone (2–5).
Here, we show that HEK293 cells expressing TRPML3-

(A419P) or TRPML3(I362T/A419P) undergo rapid apoptosis.
This apoptosis is suppressed by coexpression of plasma mem-
brane calcium ATPase type 2 (PMCA2). In varitint-waddler
mice, sensory hair cells survive for weeks after birth (6), which
raised the question of whether this survival could be the result
of the hair cells’ ability to deal with normally transient and
localized Ca2� influx, a feature that is centered around the high
levels of mobile Ca2� buffers and PMCA isoforms found in
sensory hair cells (7–10). We decided to test this hypothesis in
vivo by utilizing deaf-waddler mice that carry a mutation
(G283S) in the Atp2b2 gene encoding mutant PMCA2. Mice
homozygous for PMCA2(G283S) (Atp2b2dfw/dfw) are deaf and
have poor balance (11). Compared with Atp2b2 knock-out
mice, deaf-waddler mice display a milder phenotype because
PMCA2(G283S) retains 30% of its biological activity compared
with the wild-type isoform (12).We found that sensory hair cell
loss, hearing loss, and vestibular dysfunctionwere aggravated in
mice carrying varitint-waddler and deaf-waddler alleles com-
pared with animals carrying the single mutant alleles. Our
results reveal that the Ca2�-buffering and Ca2� extrusion
abilities of hair cells are powerful enough to prevent cell
death for weeks, even in the presence of constitutively active
TRPML3(A419P), which is able to induce rapid apoptosis in
other cells.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—The cDNAs encoding wild-type and
mutant TRPML3 channel isoforms (3) were subcloned into
pcDNA3.1 (Invitrogen). Rat PMCA2z/a cDNA plasmid (13)
was provided by Dr. Peter G. Gillespie (Oregon Hearing
Research Center, Portland, OR). The deaf-waddler mutant
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PMCA2 isoform was generated from rat PMCA2z/a cDNA
plasmid using the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA). All plasmid cDNAs were verified by
sequencing both strands entirely. GeneJammer transfection
reagent (Stratagene) was used to introduce plasmid DNA for
transient expression into HEK293, HeLa, and NIH3T3 cells
(American Type Culture Collection, Manassas, VA).
Calcium Imaging and Electrophysiology—HEK293 cells were

maintained in Eagle’s minimal essential medium (Invitrogen)
supplemented with 10% fetal bovine serum (Invitrogen), 100
�g/ml penicillin, and 100 �g/ml streptomycin in a humidified
5% CO2 and 95% air atmosphere at 37 °C. Measurements of
[Ca2�]i with the fluorescent indicator fura-2/AM (Invitrogen)
were performed using a monochromator-based imaging sys-
tem (iMic platform and Polychrome V monochromator, TILL
Photonics, Munich, Germany). HEK293 cells were loaded with
4 �M fura-2/AM in imaging solution containing 138 mM NaCl,
6mMKCl, 2mMMgCl2, 2mMCaCl2, 10mMHEPES, and 5.5mM
D-glucose (adjusted to pH 7.4 with NaOH). A 100 mM stock
solution of sodium orthovanadate (Sigma) was made in sterile
water. For fluorescence measurements, the cells were plated
onto glass coverslips.Whole-cell currentswere recorded 12–15
h after transfection with an Axopatch 200B amplifier (Axon
Instruments, Sunnyvale, CA) and acquired with jClamp soft-
ware (SciSoft Co., NewHaven, CT). The standard bath solution
contained 138mMNaCl, 5.4mMKCl, 2mMMgCl2, 2mMCaCl2,
10mMHEPES, and 10mMD-glucose (pH 7.4). The pipette solu-
tion contained 140 mM CsCl, 10 mM HEPES, 3 mM NaATP, 1
mM BAPTA, and 2 mM MgCl2 (pH 7.2). 100 �M 2-aminoethyl-
diphenyl borate was included in the bath solution to block gap
junctions. 2-Aminoethyldiphenyl borate had no effect on the
expressed channels.
Mice and Genotyping—Homozygous deaf-waddler mice

(C3H/HeJ-Atp2b2dfw/J, stock number 001276), CH3/HeJ wild-
type mice (stock number 000659), and heterozygous varitint-
waddler (Va) mice (RSV/LeJ, stock number 000268) were
obtained from The Jackson Laboratory (Bar Harbor, ME).
Genomic DNA was isolated from P3–P5 mouse tails using a
DNeasy blood and tissue kit (Qiagen, Valencia, CA). For PCR
amplification ofMcoln3 and Atp2b2 genomic DNA fragments,
the following primer pairs were used: 5�-TCTCACAAGC-
TATGATGTCTGCAG-3� (sense) and 5�-CTGAAACTGTG-
AGCCAGCCCCAGT-3� (antisense) for Mcoln3 (400-bp
fragment) and 5�-GTAACCGGGTTATACCTTCCTCAG-3�
(sense) and 5�-AAATGTGTGTGTGTAGGAGGCTTA-3�
(antisense) for Atp2b2 (180-bp fragment). The respective PCR
fragments were gel-purified (Qiagen gel extraction kit) and
sequenced using the following primers: 5�-GATACCTGGGT-
TTCTTTGCGAAGT-3� (Mcoln3) and 5�-ACCCATGTGAT-
GGAGGGCTCAGGA-3� (Atp2b2).
Auditory Brainstem Response (ABR) Measurements—For

stimulus generation, presentation, and ABR acquisition, the
Intelligent Hearing System and Smart-EP software (Intelligent
Hearing System,Miami, FL) were used.Micewere anesthetized
intraperitoneally with 100 mg/kg ketamine and 20 mg/kg xyla-
zine. Body temperature was maintained at 37 °C by placing the
mice on an isothermal pad during testing and recovery from
anesthesia. Positive, negative, and ground electrodes (Model

F-E2, Astro-Med,WestWarwick, RI) were inserted subcutane-
ously at the vertex, mastoid, and back, respectively. High fre-
quency transducers were used to generate specific acoustic
stimuli (clicks or tone bursts of different frequencies). Alternat-
ing click stimuli of 0.1-ms duration and tone bursts at 3mswere
presented to both ears of the animals. All measurements were
conducted at a presentation rate of 19.3/s with 1024 sweeps.
ABRswere band pass-filtered below 100Hz and above 3000Hz,
amplified, and averaged. ABR thresholds were obtained for
each animal by reducing the stimulus intensity in 5-db steps to
identify the lowest intensity at which all ABR waves were
detectable.
Whole-mount Immunohistochemistry—Organs of Corti and

utricles were fixed with fresh 4% paraformaldehyde in phos-
phate-buffered saline for 1 h, permeabilized, and blocked for 1 h
in buffer A (0.1% Triton X-100, 1% bovine serum albumin, and
5% heat-inactivated goat serum in phosphate-buffered saline
(pH 7.3)). All steps were performed at room temperature unless
indicated otherwise. After incubation overnight at 4 °C with
diluted antibodies (1:1000 for rabbit anti-parvalbumin 3 poly-
clonal antibody (7) and 1:1000 for rabbit anti-calretinin poly-
clonal antibody (Chemicon, Temecula, CA)), samples were
washed three times with buffer A and once with buffer B (0.1%
Triton X-100 and 0.01% bovine serum albumin (w/v)). TRITC-
conjugated goat anti-rabbit antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA) and fluorescein isothiocya-
nate-conjugated phalloidin (Sigma)were diluted in buffer B and
incubated for 1 h. After washing once with buffer B and three

FIGURE 1. HEK293, NIH3T3, and HeLa cells expressing either wild-type
TRPML3 or the TRPML3(A419P) varitint-waddler mutant isoform. Shown
are representative cells expressing the respective C-terminal yellow fluores-
cent protein fusion constructs of wild-type TRPML3 and mutant TRPML3 15 h
after transfection. Scale bars � 20 �m.
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times with phosphate-buffered saline, the samples were
mounted in DakoCytomation fluorescent mounting medium
(Dako, Carpinteria, CA) and imaged with a confocal micro-
scope (LSM Pascal, Zeiss, Jena, Germany).

RESULTS

TRPML3(A419P)-mediated Cell Death Is Reduced by Coex-
pression of PMCA2—Constitutively active TRPML3(A419P)
severely affects cell morphology and survival of LLC-PK1-CL4
cells (2). We confirmed this observation by expressing

TRPML3(A419P) in HEK293, NIH3T3, and HeLa cells, which
rapidly acquired a rounded morphology and displayed a tend-
ency to detach from the substrate (Fig. 1). 10 h after transfec-
tion, 25–35% of TRPML3(A419P)- and TRPML3(I362T/
A419P)-expressing HEK293 cells translocated phosphati-
dylserine from the cytoplasmic leaflet of the plasmamembrane
to the cell surface (Fig. 2, A and B), which is an early diagnostic
sign of apoptotic cell death that can be revealed with annexin
V staining. Within the next 15 h, the number of annexin
V-positive cells increased to 70%. Assuming that Ca2� in-

flux via TRPML3(A419P) and
TRPML3(I362T/A419P) was the
principal cause of apoptosis, we
expected that coexpression of the
plasma membrane calcium pump
PMCA2 would lead to a reduction
of annexin V-positive cells by
directly counteracting the increase
in [Ca2�]i. Indeed, the increase in
annexin V-positive mutant-trans-
fected cells was significantly re-
duced in the presence of PMCA2
over the examined time range of
10–25 h (Fig. 2,A and B).Wild-type
TRPML3-expressing control cells
were not positive for annexin V
staining over the examined time
period in the absence or presence of
PMCA2 (Fig. 2, A and B).

FIGURE 2. Survival of HEK293 cells expressing varitint-waddler mutant isoforms of TRPML3 with or
without PMCA2. A and B, percentage of annexin V-positive cells at various time points (10, 15, 20, and 25 h)
after cotransfection of varitint-waddler mutant isoforms of TRPML3 (C-terminally fused to yellow fluorescent
protein (YFP)) with rat PMCA2 or empty vector (pcDNA3.1). Coexpression of wild-type (Wt) TRPML3 with
PMCA2 or the I362T mutant isoform of TRPML3 with PMCA2 did not show any annexin V-positive staining after
25 h. These experiments were conducted in the context of a previous publication; hence, the control data
shown here (� pcDNA3.1) have been published previously (3). ***, p � 0.0001; **, p � 0.001; *, p � 0. 01
(Student’s t test, unpaired).

FIGURE 3. Calcium imaging of HEK293 cells expressing varitint-waddler mutant isoforms of TRPML3 with or without PMCA2. A and B, Ca2� imaging
results showing relative [Ca2�]i of HEK293 cells coexpressing wild-type (Wt) TRPML3, the I362T mutant isoform, or varitint-waddler isoforms in combination
with PMCA2, the PMCA2 deaf-waddler mutant isoform (G283S), or empty vector (pcDNA3.1). All expression vectors were cotransfected at molar ratios of 1:1.
Values are the means � S.E. (n shown in parentheses). All measurements were performed 15 h after transfection. C, Ca2� imaging experiments as described for
A and B using 1 mM sodium vanadate to block the PMCA2 effect. Cultured cells were preincubated with 1 mM sodium vanadate for 4 h before measuring. ***,
p � 0.0001; **, p � 0.001; *, p � 0. 01 (Student’s t test, unpaired); n.s., not significant. Mean values are the result of n independent measurements with 10 –20
cells each. All mean values were corrected for the values of non-transfected control cells in each measurement.
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Coexpression of PMCA2 Reduces Steady-state [Ca2�]i in
TRPML3(A419P)-expressing Cells—Coexpression of PMCA2
with the varitint-waddler mutant isoforms of TRPML3 signifi-
cantly decreased [Ca2�]i in HEK293 cells compared with cells
that coexpressed TRPML3 mutants with control plasmid (Fig.
3, A and B). The ameliorating effect of PMCA2 on cell death is
therefore likely due to the decrease in [Ca2�]i in cells coexpress-
ing both PMCA2 and TRPML3(A419P) or PMCA2 and
TRPML3(I362T/A419P) compared with controls. In agree-
ment with a highly efficient Ca2� extrusion mediated by
PMCA2, we observed that cells expressing wild-type TRPML3
or the control mutant isoform TRPML3(I362T) showed a sig-
nificant decrease in base-line [Ca2�]i in the presence of PMCA2
compared with cells cotransfected with wild-type TRPML3 or
TRPML3(I362T) and empty vector pcDNA3.1 (Fig. 3,A and B).
Coexpression of either TRPML3(A419P) or TRPML3-
(I362T/A419P) with the less active deaf-waddler isoform
PMCA2(G283S) resulted in significantly diminished effects on
[Ca2�]i compared with coexpression of wild-type PMCA2 (Fig.
3, A and B). Blocking wild-type PMCA2 with 1 mM sodium
vanadate (14) 4 h prior to calcium imaging measurements
caused a significant increase in [Ca2�]i in cells coexpressing

either TRPML3(A419P) or TRPML3(I362T/A419P) with
PMCA2 compared with non-treated controls (Fig. 3C). To
exclude a direct effect of PMCA2on the subcellular localization
of TRPML3, we performed surface biotinylation experiments
to detect potential changes in the plasma membrane localiza-
tion of TRPML3. We found that PMCA2 did not alter the
respective amounts and ratios of wild-type or mutant TRPML3
isoforms in the plasma membrane (data not shown). In addi-
tion, confocal microscopy revealed no apparent differences in
the subcellular localization of wild-type or mutant TRPML3
isoforms in the presence or absence of PMCA2 (data not shown).
Whole-cell currents elicited in cells coexpressing varitint-waddler
mutantTRPML3channels andPMCA2were not significantly dif-
ferent from currents elicited in cells cotransfected with mutant
channel isoformsandemptypcDNA3.1vector (Fig. 4,A–F).These
results and control experiments show that PMCA2 does not
directly alterTRPML3(A419P), thereby supporting thehypothesis
that the rescue effect of PMCA2 is caused by counteracting the
Ca2� influx from mutant TRPML3 isoforms through enhanced
Ca2� extrusion. Increased [Ca2�]i is consequently the underlying
basis for rapid apoptosis of HEK293 and other cells expressing
TRPML3(A419P).

FIGURE 4. Constitutively active conductance elicited by varitint-waddler TRPML3 mutants in HEK293 cells in the presence and absence of PMCA2.
A and B, average inward current densities at �80 mV of the murine A419P and I362T/A419P mutants, respectively, in the presence of rat PMCA2 compared with
cotransfections with empty vector cDNA (pcDNA3.1), normalized by cell capacitance (picofarads (pF)). All expression vectors were cotransfected at molar ratios
of 1:1. n is the number of cells analyzed. C and D, steady-state current-voltage plots of whole-cell currents elicited in cells cotransfected with the murine A419P
and I362T/A419P mutants, respectively, and rat PMCA2 or empty vector cDNA in response to 10-ms voltage steps from a holding potential of �10 mV between
�200 and �100 mV in 20-mV incremental steps, normalized by cell capacitance. E and F, same plot but normalized to maximal current elicited at �200 mV to
demonstrate similarity in responses.
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Deaf-waddler PMCA2 Aggravates Degeneration of Varitint-
waddler Cochlear Hair Cells—To investigate the deaf-waddler
mutant PMCA2 effect on varitint-waddler inner ear hair cell

morphology and survival in vivo, we investigated cochlear
whole-mount preparations of P10 and P21mice carrying single
varitint-waddler and deaf-waddler alleles as well as double

FIGURE 5. Genotyping and analysis of cochlear hair cell degeneration in P10 and P21 varitint-waddler, deaf-waddler, and varitint-waddler/deaf-
waddler double mutant mice. A, genotyping results showing genomic DNA sequence traces of wild-type mice, mice heterozygous for Va (Mcoln3Va/�), and
mice hetero- and homozygous for deaf-waddler (Atp2b2dfw/� and Atp2b2dfw/dfw), as well as DNA sequences of double mutant animals (Mcoln3Va/�;Atp2b2dfw/�

and Mcoln3Va/�;Atp2b2dfw/dfw). Respective DNA sequence changes take place at position 1255 (G3C) of Mcoln3 (varitint-waddler) and at position 847 (G3A)
of Atp2b2 (deaf-waddler). B, hair cell bundle degeneration in P10 and P21 mice as genotyped in A. Shown are IHCs and OHCs from apical whole-mount
preparations labeled with phalloidin (F-actin) and anti-parvalbumin 3 antibody (PV3). Scale bars � 10 �m. C, quantification of hair cell (HC) numbers at P10.
D, quantification of hair cell numbers at P21. Shown are the average numbers of IHCs and OHCs in the apical part of the cochlea (hair cells/100 �m, means �
S.E. of at least three independent samples each). ***, p � 0.0001; **, p � 0.001; *, p � 0. 01 (Student’s t test, unpaired).
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mutants. Deaf-waddler mice carry-
ing the G283Smutation for PMCA2
were crossed with heterozygous
varitint-waddlermice (Mcoln3Va/�).
The resulting offspring were geno-
typed by sequence analysis (Fig. 5A).
We analyzed whole-mount prepa-
rations of the organs of Corti of all
viable allelic combinations for over-
all hair cellmorphology and hair cell
numbers at P10 and at P21 (Fig. 5, B
and C). Inner and outer hair cells of
the apical, medial, and basal parts
of the cochlea were examined. At
P10, no significant hair cell loss
was observed in any of the prepa-
rations. However, air bundles ap-
peared to be more severely affected
in Mcoln3Va/�;Atp2b2dfw/� and
Mcoln3Va/�;Atp2b2dfw/dfw mice
than in control mice carrying solely
the varitint-waddler mutant allele
(Mcoln3Va/�;Atp2b2�/�), which
showed a mild hair bundle pheno-
type. Hair bundle morphology, as
well as the number of hair cells/
100-�m organ of Corti segment,
in Mcoln3�/�;Atp2b2dfw/� and
Mcoln3�/�;Atp2b2dfw/dfw mice was
not different from that in wild-type
mice at P10 and at P21 (Fig. 5,
B–D). At P21, the number of inner
(IHCs) and outer (OHCs) hair
cells was significantly reduced in
all mice carrying the varitint-waddler
mutation (Mcoln3Va/�;Atp2b2�/�,
Mcoln3Va/�;Atp2b2dfw/�, and
Mcoln3Va/�;Atp2b2dfw/dfw) com-
pared with Mcoln3�/�;Atp2b2dfw/dfw
mice (Fig. 5, B and D). Overall, hair
bundle and OHC numbers were
increasingly more affected starting
with the mildest phenotype in
Mcoln3Va/�;Atp2b2�/� mice, fol-
lowed by Mcoln3Va/�;Atp2b2dfw/�,
and finallyMcoln3Va/�;Atp2b2dfw/dfw
mice, which displayed the most
severe phenotype. The number of
IHCs was significantly reduced in
all preparations containing the
Mcoln3Va/� allele, but in contrast to
theOHCs, the IHCsdidnot appear to
be significantly affected by the pres-
ence of the deaf-waddler allele. This
IHC result might be explained by the
lower expression of PMCA2 in IHCs
compared with OHCs (8). In general,
our resultsdemonstrate that theaddi-
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tion of deaf-waddler mutant alleles successively enhances the
varitint-waddler phenotype in OHCs of the organ of Corti.
Auditory-evoked Brainstem Response Measurements of

Varitint-waddler/Deaf-waddler Double Mutants—Auditory-
evoked brainstem response measurements were used to evalu-
ate hearing thresholds of P21 mice. Mice homozygous for
PMCA2(G283S) (Mcoln3�/�;Atp2b2dfw/dfw) were all pro-
foundly deaf; no waveformwas observed, even to sound stimuli
of 120 db of sound pressure (Fig. 6B). Similarly, the double
mutantsMcoln3Va/�;Atp2b2dfw/� andMcoln3Va/�;Atp2b2dfw/dfw
were also profoundly deaf (Fig. 6,A andB) (data not shown).On
the other hand, ABRs were measurable in Mcoln3Va/�;
Atp2b2�/� andMcoln3�/�;Atp2b2dfw/� mice (Fig. 6, A and B).
ABR thresholds forMcoln3Va/�;Atp2b2�/� mice were 109 � 3
and 113� 1 db of sound pressure for 8- and 16-kHz tone bursts,

respectively, and 111 � 1 db of sound pressure for click stimuli
(n � 8) (Fig. 6B), measurements that are in agreement with
those in a previous report (15). The results for Mcoln3�/�;
Atp2b2dfw/� mice are in accordance with previous findings of
no significant differences in comparison with wild-type con-
trols (16). However, the addition of a single deaf-waddler allele
to the varitint-waddler allele exaggerated the phenotype, which
resulted in complete deafness ofMcoln3Va/�;Atp2b2dfw/� mice
at P21 (Fig. 6, A and B).
Deaf-waddler PMCA2 Aggravates Degeneration of Varitint-

waddler Utricle Hair Cells—The clear effects on cochlear hair
bundle morphology and OHC numbers elicited by combining
one or both deaf-waddler alleles with the heterozygous varitint-
waddler mutation raised the question of whether reducing
PMCA2 activity would also affect the vestibular system. We

FIGURE 6. ABR measurements. A, shown are representative ABRs of 3-week-old wild-type (Wt; RSV/LeJ), heterozygous varitint-waddler (TRPML3Va/�), het-
erozygous deaf-waddler (PMCA2dfw/�), and varitint-waddler/deaf-waddler double mutant (TRPML3Va/�;PMCA2dfw/�) mice to a click stimulus. SPL, sound
pressure level. B, shown are ABR thresholds (means � S.E.) to click and 8-, 16-, and 32-kHz stimuli (n � number of animals).

FIGURE 7. Analysis of vestibular hair cell degeneration in varitint-waddler, deaf-waddler, and varitint-waddler/deaf-waddler double mutant mice.
A and B, representative immunofluorescence stainings of P21 murine utricle preparations. The higher magnification examples (B) are from comparable areas
in the striola region, where the phenotype was most noticeable. Preparations were stained with phalloidin (F-actin) and anti-calretinin antibody. Asterisks
indicate hair cells without bundles. Scale bars � 100 �m (A) and 20 �m (B). C, percentage of hair cells (HC) without bundles at P21 in the striola region of the
utricle (hair cells/50 �m2, means � S.E. of at least three independent samples each). ***, p � 0.001; **, p � 0.01; *, p � 0. 05 (Student’s t test, unpaired).
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consequently analyzed P21mouse utricle sensory epithelia, and
althoughwe did not find a striking effect on hair cell numbers at
this age, we noticed effects on hair bundle morphology. At P21,
Mcoln3�/�;Atp2b2dfw/� andMcoln3�/�;Atp2b2dfw/dfw utricles
were not different from the respective wild-type organs (RSV/
LeJ and CH3/HeJ) (Fig. 7) (data not shown). Hair bundles
of Mcoln3Va/�;Atp2b2�/� utricles were disorganized and
splayed, and some hair cells appeared to lack a hair bundle. Hair
bundles of Mcoln3Va/�;Atp2b2dfw/� utricles were more disor-
ganized and degenerated, and more hair cells showed a com-
plete lack of bundles (Fig. 7). The most severe hair bundle phe-
notype was detectable in Mcoln3Va/�;Atp2b2dfw/dfw utricles,
where hair bundles generally appeared to be thinner or were
completely absent, particularly in the striola region (Fig. 7).
Lowering of PMCA2 Efficacy Causes Circling and Coordina-

tion Problems in Varitint-waddler Mutants—An obvious
change that we observed when combining varitint-waddler and
deaf-waddler alleles was the occurrence of circling behavior in
doublemutants (Fig. 8).Wild-typemice, heterozygous varitint-
waddler mice (Mcoln3Va/�;Atp2b2�/�) or mice carrying one
or both alleles of the deaf-waddler mutation (Mcoln3�/�;
Atp2b2dfw/� and Mcoln3�/�;Atp2b2dfw/dfw) did not show cir-
cling behavior during the investigated time period (up to 6
months postnatal). In contrast, 67 and 71% of theMcoln3Va/�;
Atp2b2dfw/� double mutants at 3 and 6 weeks of age, respec-
tively, and 100% of 3- and 6-week-oldMcoln3Va/�;Atp2b2dfw/dfw
double mutants showed overt circling behavior. Mcoln3Va/�;
Atp2b2dfw/� mice circled with 15.3 � 3.9 rounds/min (rpm;
mean � S.E.) at 3 weeks of age and with 23.9 � 3.4 rpm at 6
weeks of age. Mcoln3Va/�;Atp2b2dfw/dfw mice circled with
11.7 � 2.7 rpm at 3 weeks of age and with 12.8 � 3.8 rpm at
6 weeks of age. The slower circling speed of Mcoln3Va/�;
Atp2b2dfw/dfw animals is likely due to the increased waddling
phenotype, where the mice displayed severe coordination

problems in addition to circling,
which affected their gait (Fig. 8;
see also supplemental Movie S1
(Mcoln3Va/�;Atp2b2�/�, Mcoln3�/�;
Atp2b2dfw/�, and Mcoln3Va/�;
Atp2b2dfw/�) and supplemental
Movie S2 (Mcoln3�/�;Atp2b2dfw/dfw
andMcoln3Va/�;Atp2b2dfw/dfw)).

DISCUSSION

In this study, we investigated the
mechanism by which sensory hair
cells are able to deal with a severe
cationic overload caused by consti-
tutive activity of the TRPML3 chan-
nel in varitint-waddler mice. We
found that HEK293 and other cells
that express TRPML3(A419P)
undergo rapid apoptosis. Although
TRPML3(A419P) is a rather non-
specific cation channel (17), we con-
cluded that it is Ca2� overload that
ultimately leads to apoptosis
because coexpression of PMCA2

significantly alleviated the number of apoptotic HEK293 cells
expressing TRPML3(A419P). This finding sheds light on why
sensory hair cells of varitint-waddler mice that express a
mutant TRPML3 channel already during the first postnatal
week (1, 18) are able to survive for many weeks after birth.
Hair cells are endowed with unusually concentrated mobile

Ca2� buffers (7, 10) and highly efficient Ca2� extrusion mech-
anisms (8, 9) that control local Ca2� homeostasis in the hair
bundle and at synaptic sites. We hypothesized that this ability
to deal with Ca2� loads allows hair cells to adapt, at least tem-
porarily, to the otherwise devastating A419P varitint-waddler
mutation of TRPML3. Varitint-waddler hair cells are clearly
affected by the TRPML3(A419P) mutation, which leads to
depolarization by an inwardly rectifying leak current (3, 18).
Beside Ca2�-buffering and Ca2� extrusion abilities, hair cells
appear to down-regulate expression of the mutant TRPML3
channel (18), potentially via reduced surface expression of the
mutant channel, a result we found in HEK293 cells, where we
estimated a two-third reduction in surface expression of the
mutant channel compared with the wild-type channel (3).
To test our hypothesis, we used the naturally occurring deaf-

waddler mutation, which severely hampers the Ca2�-pumping
ability of PMCA2. We proposed that a slight reduction in the
Ca2� extrusion ability of hair cells would increase the severity
of the varitint-waddler phenotype. Specifically, we expected
double mutants to show more severe hair bundle defects and
more extensive hair cell loss than their respective single
mutants. We selected the deaf-waddler mutation because its
heterozygous phenotype is relatively mild compared with the
phenotype of the heterozygous varitint-waddler mutation. The
observed augmentation of the cellular defects in the organs of
Corti and utricles of Mcoln3Va/�;Atp2b2dfw/� double mutants
supported our hypothesis. These results indicated that a reduc-
tion of PMCA2 efficacy that normally does not lead to any cel-

FIGURE 8. Circling behavior of varitint-waddler/deaf-waddler double mutant mice. The quantification was
conducted at 3 and 6 weeks postnatal (P21 and P42, respectively). Wild-type littermates (RSV/LeJ), heterozy-
gous varitint-waddler mice (Mcoln3Va/�;Atp2b2�/�), and PMCA2(G283S) mutant mice (Mcoln3�/�;Atp2b2dfw/�

and Mcoln3�/�;Atp2b2dfw/dfw) did not display circling behavior at P21 and P42 (n � number of mice tested).
67% (n � 6/9, P21) and 71% (n � 12/17, P42) of the heterozygous double mutants (Mcoln3Va/�;Atp2b2dfw/�)
and 100% (n � 9/9, P21; n � 6/6, P42) of the Mcoln3Va/�;Atp2b2dfw/dfw double mutants showed severe circling
behavior. Non-circling mice were excluded from rpm calculations. For each mouse, we quantified circling of
three tests that were performed at consistent time points on different days.
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lular or phenotypical defects in heterozygous animals has a
severe augmenting effect on TRPML3(A419P)-expressing hair
cells. As a result,Mcoln3Va/�;Atp2b2dfw/� double mutants lack
ABRs, even when stimulated with 120 db of sound pressure,
which is a more severe phenotype than that detected in the
corresponding single mutant littermates. Likewise, we
observed a behavioral phenotype in Mcoln3Va/�;Atp2b2dfw/�
double mutant animals indicative of a severe vestibular dys-
function; this circling phenotype was not detectable in single
mutants.
In the cochlea, the observed effect of reducing PMCA2 effi-

cacy was significant only in OHCs, whereas IHC degeneration
appeared not to be further enhanced by adding deaf-waddler
alleles. A likely explanation for this is that PMCA2 is found
mainly in OHCs and vestibular hair cells, but to a lesser extent
in IHCs, where other PMCA isoforms are present (8).
The function of wild-type TRPML3 in hair cells is unclear.

The channel protein is detectable in P2–P6 IHC and OHC ste-
reocilia, where it localizes toward the stereociliary base (18). At
P10, TRPML3 immunoreactivity appears to diminish in coch-
lear hair cell stereocilia (18). TRPML3 is regulated by changes
in the extracellular Na� composition, and it is conceivable that
nativeTRPML3 is a constitutively active channel that is blocked
by Na� (5, 17). The composition of the endolymph, the fluid in
which the hair bundles protrude, drastically changes during the
first neonatal week, and the consequential decrease in [Na�],
accompanied by an increase in [K�], could lead to activation of
TRPML3 during a time that is critical for hair bundle, hair cell,
and organ of Corti development.
Pathological changes in TRPML3 such as theA419P varitint-

waddlermutation are useful because they potentially reveal cer-
tain aspects of hair cell pathology that could provide insight
into mechanisms of hearing loss. We and others have reported
that TRPML3(A419P) is constitutively active. This channel
pathology was initially thought to be due to a simple change in
the topology of TM5, which was proposed to affect the chan-
nel’s pore (3, 5). Recently, it was suggested that, in addition to
structural changes in the pore region due to the A419P muta-
tion, structural features of the extracellular loop between TM1
and TM2 might be functionally involved in the constitutive
activity of TRPML3(A419P) and that disruption of this regula-
tion by protons could lock the mutant channel in an open state
(17). In any case, the result of the A419P mutation is constitu-
tive TRPML3 activity. Here, we have shown that sensory hair
cells are able to deal with such a defective TRPML3 channel,
which, when overexpressed in HEK293 and other cells, results
in rapid cell death.Wehave demonstrated that this durability to
withstand sustained Ca2� loads is likely due to the inherent
ability of hair cells to buffer and extrude Ca2�, which normally
enters hair cells via active mechanoelectrical transduction
channels and synaptic Ca2� channels. It is surprising that these
buffering and extrusion mechanisms, which are normally used
to terminate and locally confine Ca2� influx, are able to delay

imminent cell death for several weeks. One consequential con-
clusion is that Ca2� influx due to sustained mechanical stimu-
lation of wild-type hair cells is not necessarily causative for
hearing loss as suggested previously (19). As an alternative to
sustained Ca2� influx, mechanical damage of stereocilia and
their rootlets (20) could play a much more pronounced role in
hair cell loss, among other factors. This conclusion reveals an
interesting aspect of the potential causes of hair cell andhearing
loss. Our results show that even prolonged and massive Ca2�

loading is not immediately toxic for hair cells, which highlights
that hair cell death in response to overstimulation potentially
involves other, more subtle mechanisms.
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