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Calcium oxalate stone formation occurs under pathological
conditions and accounts for more than 80% of all types of kidney
stones. In the current study, we show for the first time that cal-
cium oxalate stones are formed in the mouse inner ear of a
genetic model for hearing loss and vestibular dysfunction in
humans. The vestibular system within the inner ear is depen-
dent on extracellular tiny calcium carbonate minerals for proper
function. Thousands of these biominerals, known as otoconia,
are associated with the utricle and saccule sensory maculae and
are vital for mechanical stimulation of the sensory hair cells. We
show that a missense mutation within the Slc26a4 gene abol-
ishes the transport activity of its encoded protein, pendrin. As a
consequence, dramatic changes in mineral composition, size,
and shape occur within the utricle and saccule in a differential
manner. Although abnormal giant carbonate minerals reside
in the utricle at all ages, in the saccule, a gradual change in
mineral composition leads to a formation of calcium oxalate
in adult mice. By combining imaging and spectroscopy tools,
we determined the profile of mineral composition and mor-
phology at different time points. We propose a novel mecha-
nism for the accumulation and aggregation of oxalate crystals
in the inner ear.

Biomineralization processes in the human body normally
occur in a variety of different tissues, including bones, teeth,
and otoconia within the vestibular system of the inner ear. The
vestibular system is comprised of five sensory organs. Three
cristae connected to semicircular canals are sensitive for angu-
lar movement, and the saccule and utricle are sensitive for lin-
ear acceleration and gravity. Otoconia are small highly dense
calcitic minerals that associate exclusively with the saccule and
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utricle. Thousands of otoconia, partially embedded in a gelati-
nous matrix, are supported on the sensory epithelium and serve
as an inertial mass that is critical for mechanical stimulation (1,
2) Movement of the otoconial layer through action of gravita-
tional or inertial forces activate the underlying mechanosen-
sory hair cells to generate action potentials that are transmitted
to the brain.

The biomineralization process, such as in otoconia forma-
tion, involves organic and inorganic components and results
in biominerals that differ significantly in morphology and
mechanical properties from similar synthetic or geological
minerals (3, 4). Otoconia formation occurs outside the cells and
therefore depends on secretion of the required assembly com-
ponents into the endolymphatic spaces (5). Otoconia seeding in
mice begins as early as embryonic day (E)14.5* and initiates
extensive mineral growth, with the highest rate of calcification
at E15-16 (6). By postnatal day (P)7, otoconia achieve their final
size and are maintained at progressive ages with a low rate of
calcium turnover (7). The main inorganic fraction of otoconia
in birds and mammals is calcite (CaCO,), a polymorph of cal-
cium carbonate (2, 8). The organic fraction of otoconia contains
several matrix proteins that are critical for the nucleation and
mineralization of otoconia. The major core protein is otoco-
nin-90 (Oc90) (also known as otoconin-95; Oc95) (9) and
accounts for more than 90% of the organic phase of otoconia.
0c90 is characterized by a high abundance of negatively
charged amino acid residues and has two regions of homology
with secretory phospholipase A2 (PLA2) (10). The PLA2
domain lacks enzymatic activity but retains calcium binding
function (11). It has been proposed that Oc90 is responsible for
determining the calcium carbonate polymorph type of otoco-
nia, namely calcite (12). The delicate balance between the
organic and inorganic components of otoconia, including their
spatial and temporal distribution, determines the growth rate,
shape, and composition of the mineral.

Otoconia are subjected to morphological and compositional
changes by diverse environmental and genetic factors. Pro-

longed exposure to medications such as streptomycin results in

“The abbreviations used are: E, embryonic day; P, postnatal day; BPPV,
benign paroxysmal positional vertigo; PDS, pendrin; SEM, scanning elec-
tron microscopy; D-PBS, Dulbecco’s phosphate-buffered saline; EYFP,
enhanced yellow fluorescent protein; WT, wild-type; FTIR, Fourier trans-
form infrared.
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formation of abnormal giant otoconia (13, 14). Age-related oto-
‘conia degeneration is highly abundantand increases the risk for
free floating particles (15). Dislocation of otoconia or their bro-
ken particles outside their native position can lead to severe
vestibular dysfunction in humans. Benign paroxysmal posi-
tional vertigo (BPPV) patients suffer from severe dizziness. This
clinical condition affects up to 9% of the population older than
65 years of age (16). The phenotype manifests itself when
otoconia migrate to one of the cristae (cupulolithiasis) or the
semicircular canals (canalithiasis) and hinders its mechanical
sensory properties (17). BPPV is one of the major clinical con-
ditions attributed to dislocated otoconia.

In the current study, we identified and characterized a new
recessive mouse mutant named loop (gene symbol Slc26a4/°°7),
which carries a recessive missense mutation in the Slc26a4 gene
encoding pendrin. Human mutations in SLC26A4 lead to a
non-syndromic (DFNB4) and syndromic form of deafness with
enlargement of the thyroid gland (Pendred syndrome) (18, 19).
Mimicking the human pathology and similar to the knock-out
mouse model (Pds~ /") (31), loop mice are profoundly deaf and
show abnormal vestibular behavior. Here we present the dis-
covery of a new type of giant mineralized bodies with the com-
position of calcium oxalate within the Slc26a4'°°?"*°? saccule.
These mineralized bodies are highly distinct from calcitic wild-
type otoconia and have not been previously described in the
inner ear. Interestingly, these unique pathological oxalate ear
stones are only formed within one out of the two separate com-
partments of otoconia formation, the utricle and saccule. In our
study, we analyzed the wide spectrum of mineral composition
in the Slc26a4'°°P'"*°? inner ear that undergoes dramatic differ-
ential changes and provide insight into an abnormal mineral-
ization mechanism in the presence of a genetic mutation.

EXPERIMENTAL PROCEDURES

Mice—All procedures involving animals met the guidelines
described in the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and have been approved
by the Animal Care and Use Committees of Tel Aviv University
(M-07-061). The gene symbol, loop, was approved by the
Mouse Genome Informatics (MGI) International Committee
on Standardized Genetic Nomenclature for Mice.

Analysis of Mutation in Slc26a4"°°" Mice—A standard chro-
mosomal mapping procedure was conducted as described pre-
viously utilizing polymorphic markers (20). Prediction of the
transmembrane helices in the pendrin protein was conducted
with two web-based algorithms, the TMHMM Server 2.0 (60)
and the SPLIT 4.0 server (61). The ConSeq Server algorithm (62)
was used for calculation of conservation scores for each residue.
Auditory brainstem response test was performed according to
standard protocols for hearing evaluation in mice (21).

Primary Antibodies—For immunohistochemistry and immu-
noblotting, we used previously characterized polyclonal anti-
bodies as follows: pendrin (22), kindly provided by Jergen
Frekieer; otoconin-90 (9) and otogelin (23), kindly provided by
Christine Petit.

Inner Ear Dissection—Whole inner ears were dissected from
newborn and adult mice. To assure fast penetration of fixative
into the inner ear labyrinth, the middle ear ossicles were
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FIGURE 1. The S408F mutation resides within a highly conserved region
of the pendrin protein and leads to deafness and vestibular dysfunction.
Aand B, sequencing of Slc26a4 from loop homozygote cDNA revealedaCto T
(c.C1439T) mutation causing a serine to phenylalanine amino acid (aa) sub-
stitution at position 408 (p.S408F) of the pendrin protein. A hypothetical pre-
dicted topology model of pendrin suggests that the pendrin mutation
resides in the ninth transmembrane domain. STAS, sulphate transporter and
anti-sigma factor antagonist. ConSeq analysis shows that the loop mutation
position is within a highly conserved amino acid with the highest value of
nine. mPds, mouse Pds. C, auditory brainstem response test on 8-week-old
mice reveals that Slc26a4'°°P mutants are profoundly deaf according to three
frequencies that were tested, 8, 16, and 32 kHz. Output graphs from the
16-kHz examination are shown. n = 21.

removed to expose the oval window, and a small hole at the top
of the cochlea (near the helicotrema) was made by removing
portion of the cartilage/bone according to age.

Scanning Electron Microscopy (SEM)—Fixation of whole
inner ears was done in 2.5% glutaraldehyde (Electron Micros-
copy Sciences) in 0.1 M sodium phosphate buffer for 4 h on ice.
After three washes with 0.1 m phosphate buffer, further fine
dissections were made to expose the vestibular sensory organs.
The samples were run through the osmium tetroxide/thiocar-
bohydrazide method (24). Briefly, three 1-h incubations in 1%
osmium tetroxide were done, separated by 20-min incubations
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FIGURE 2. The S408F mutation causes a significant reduction of the related anion transport tested for the
mouse pendrin (A), as well as for the human pendrin (B). A, change of the fluorescence signal (expressed as
maximal fluorescence variations, AF,,,,, %) after the CI~ to 1™ or |~ to Cl~ substitutions (for details, see “Exper-
imental Procedures”) in HEK 293 Phoenix cells expressing only the EYFP protein (empty) or the EYFP protein and
mouse wild-type pendrin (mPds WT) or mutated mouse Pds (mPds S408F). The numbers of the experiments are
p < 0.05; paired Student’s t test. Error
bars indicate S.E. B, change of the fluorescence signal (expressed as maximal fluorescence variations, AF,,,,,%)
aftertheCl™ tol™ orl™ toCl™ substitutions (for details, see “Experimental Procedures”) in HEK 293 Phoenix cells
expressing only the EYFP protein (empty) or the EYFP protein and human wild-type PDS (hPDS WT) or mutated
human PDS (hPDS S408F). The numbers of the experiments are given (n). Error bars indicate the S.E. Statis-
tical analysis: ***, = p < 0.001; **, = p < 0.01; n. s. = not significant; paired Student’s t test. Error bars
indicate S.E. The results of the analysis of variance test with Bonferroni’s multiple comparison post-test are

given (n). Error bars indicate the S.E. Statistical analysis: ***, p < 0.001; *, =

reported under “Results.” n represents the number of cells.

in a saturated solution of thiocarbohydrazide. The samples
were dehydrated in gradients of ethanol, critical point-dried,
and coated with gold for 45 s at 20 mA. For mineral analysis, the
mineralized bodies were isolated and dried under a bright light
(100 watts) for 24 h. After mounting on carbon tape, the sam-
ples were coated with gold for 30 s at 20 mA. Images were
acquired with a JEOL JSM-6701F SEM.

Immunohistochemistry (Whole Mount)—Inner ear fixation
was done in 4% paraformaldehyde (Electron Microscopy Sci-
ences) in Dulbecco’s phosphate-buffered saline (D-PBS) over-
night at 4 °C. After three washes in D-PBS, further fine dissec-
tions were conducted for isolation of utricle, saccule, crista, and
spiral ligament. For permeabilization and blocking, tissues were
immersed for 2 h in a D-PBS medium containing 0.2% Triton
X-100 and 10% normal donkey serum. Tissues were incubated
overnight at 4 °C with pendrin antibody diluted in D-PBS
(1:100). Immunolabeling was visualized with an Alexa Fluor
488-conjugated donkey anti-rabbit antibody (diluted 1:200;
Invitrogen) together with rhodamine phalloidin (diluted 1:300;
Invitrogen), an actin fluorescent dye. After three washes in
D-PBS, the samples were mounted on glass slides using Pro-
Long gold antifade reagent (Invitrogen). Confocal laser micros-
copy was carried out with a Leica TCS SP5 laser confocal
microscope.

Immunohistochemistry (Paraffin Sections)—P15 inner ear
fixation was done in 4% paraformaldehyde (Electron Micros-
copy Sciences) in D-PBS for 4 h at 4 °C. Inner ear decalcification
was carried out using 10% EDTA and 4% paraformaldehyde in
D-PBS, pH 7.4, for 3 days at 4 °C. After three washes in D-PBS,
tissues were dehydrated and embedded in paraffin. Sections of

21726 JOURNAL OF BIOLOGICAL CHEMISTRY

hPDS WT and S408F

10 wm were cut using a rotary mic-
rotome (Leica). The sections were
dewaxed in xylene and rehydrated.
Antigen retrieval was accomplished
by submerging the slides in un-
masking solution (Vector Laborato-

n28|—'_"—|ﬁﬁ

ries) and heating in a microwave
oven for 4 min. To block nonspe-

n28 n10n10

ok n.s. cific binding, the slides were trans-
ferred into PBS-D medium con-

taining 0.2% Triton and 0.2%

E G E G gelatin. Slides were incubated
5 f 5 f overnight at 4 °C with otoconin-90
L % z z and otogelin antibodies diluted in
(% g E £ antibody dilution buffer (1:200).
@ @ Immunolabeling was visualized with
T o an Alexa Fluor 568-conugated don-

key anti-rabbit antibody (diluted
1:200; Invitrogen). Staining with 4’-6-
diamidino-2-phenylindole was used
for the visualization of the cell
nucleus. After three washes in D-PBS,
the samples were mounted with a
coverslip using ProLong gold antifade
reagent (Invitrogen). Confocal laser
microscopy was carried out with a
Leica TCS SP5 laser confocal
microscope.

Histology—Paraffin sections were dewaxed in xylene and
rehydrated. A standard hematoxylin and eosin staining proce-
dure was performed to reveal the histology and morphology of
the inner ear.

Protein Extraction and Analysis—Western blot was con-
ducted following a previously described protocol for protein
extraction from otoconia (9). Briefly, inner ears were dissected
out from P15 mice following prompt isolation of utricle for
further processing. The soluble protein extract was assayed for
protein content with the Bradford assay (Sigma). Tissue sam-
ples were homogenized and fractionized into three different
fractions. To expose the organic fraction of the crystals for immu-
noblotting, the mineral pellet was decalcified overnight in 20%
EDTA, pH 7.4. For analysis of proteins in the mineral fraction, gel
loading was based on fixed volumes of samples that contained
proteins extracted from six utricles from each genotype.

Cloning of Human and Mouse Pendrin (PDS) and the Respec-
tive Mutants Used in the Functional Studies—The procedure
used to clone the open reading frame of the human PDS gene
into the bicistronic expression vector pIRES2-EYFP, a modifi-
cation of the pIRES2-EGFP (Clontech), was described in detail
previously (25). A similar approach was used to clone the open
reading frame of the mouse Pds gene into the bicistronic
expression vector pIRES2-EYFP. Both the mouse and the
human PDS, as well as the enhanced yellow fluorescent pro-
tein (EYFP), were translated separately from a single bicis-
tronic mRNA expressed under the control of the cytomega-
lovirus promoter. The mutant human and mouse PDS S408F
were generated by the PCR-based site-directed mutagenesis
method using the QuikChange® Site-Directed Mutagenesis
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Kit (Stratagene), with the following primers: human PDS,
forward, 5'-GGCCACCACTGCTCTTTTCCGCACGGCC-
GTCCAGG-3'; human PDS, reverse, 5'-CCTGGACGGCC-
GTGCGGAAAAGAGCAGTGGTGGCC-3'; mouse PDS,
forward, 5'-CTACCACTGCTCTGTTTCGAACGGCTGT-
CCAGGAG-3'; mouse PDS, reverse, 5'-CTCCTGGACAG-
CCGTTCGAAACAGAGCAGTGGTAG-3'. All constructs
were verified by sequencing of the complete open reading
frame.

Cell Culture and Transient Transfection—HEK 293 Phoenix
cells (a second generation retrovirus-producing cell line for
the generation of helper-free ecotropic and amphotropic retro-
viruses (26)) were grown in Eagle’s minimum essential medium
(Sigma) supplemented with 10% fetal bovine serum (Cambrex
BioScience), 2 mMm L-glutamine, 100 units/ml penicillin, 100
pg/ml streptomycin, and 1 mM pyruvic acid (sodium salt). The
cells were maintained at 37 °C in a 5% CO,, 95% air-humidified
incubator. Subcultures were routinely established every 2nd to
3rd day into Petri dishes (© 10 cm) after trypsin/EDTA treat-
ment. For in vivo functional fluorometric assays, HEK 293
Phoenix cells were transiently transfected with plasmids
expressing EYFP and human or mouse wild-type (WT) PDS,
human or mouse PDS S408F, or only EYFP (control) by calcium-
phosphate precipitation. One day before transfection, cells were
seeded on 6-well plates (@ 35 mm) and grown to 60 —80% con-
fluency. For each well, 3 (for human PDS) or 4.5 ug (for mouse
PDS) of plasmid dissolved in a final volume of 67.5 ul of H,O
were mixed with 7.5 ul of buffer A (2.5 m CaCl,) and 75 ul of
buffer B (140 mm NacCl, 1.5 mm Na,HPO,, 50 mm HEPES, pH
7.05, adjusted with NaOH) and incubated 10-15 min at room
temperature. The transfection mix was added to complete
growing medium and applied to the cells. For the fluorescence
measurements, cells were split on round, poly-L-lysine-coated
coverslips (@ 15 mm) 24 h after transfection. Measurements
were performed 48 —56 h after transfection.

Fluorometric Analyses—The fluorometric method was de-
scribed previously in detail (25, 27-29). Briefly, to evaluate pen-
drin-induced ion transport, HEK 293 Phoenix cells were trans-
fected with plasmids encoding for human or mouse WT PDS
and EYFP, human or mouse PDS S408F and EYFP, or with the
empty plasmid encoding for EYFP only. The cells were contin-
uously perfused in a laminar flow chamber (flux speed 0.8 -1.0
ml/min) with “isotonic high C17” (2 mm KCl, 135 mm NaCl, 1
mMm MgCl,, 1 mm CaCl,, 10 mm p-glucose, 20 mm HEPES, pH
7.4; 308 mosM with mannitol) or “isotonic high I"” (2 mm KCl,
135 mm Nal, 1 mm MgCl,, 1 mm CaCl,, 10 mm p-glucose, 20 mm
HEPES, pH 7.4; 308 mosM with mannitol) solutions. By chang-
ing the isotonic high Cl™ to isotonic high I~ solution, iodide
influx can be measured, whereas the iodide efflux can be esti-
mated by switching back from isotonic high I to isotonic high
Cl™ solution. EYFP fluorescence intensity is able to reveal
changes in the intracellular halide concentration; as iodide is a
much better EYFP quencher than chloride (30), an increase of
intracellular iodide leads to a decrease of EYFP fluorescence. As
a consequence, a fluorescence decrease indicates an iodide
influx, whereas a fluorescence increase indicates an iodide
efflux. The EYFP fluorescence measurements were performed
using a Leica TCS SP5 AOBS confocal microscope (Leica
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FIGURE 3. Gross malformation of the vestibular gravity receptor. A, wild-
type otoconia can be easily detected under a light microscope when looking
atisolated inner ears. Two bright reflected areas represent the otoconia of the
saccule and utricle of newborn mice. SIc26a4'°°P mutant mice lack the bright
reflection, and instead, a dark hole appears when looking through the oval
window (arrowheads). B, SEM of 2-month-old utricle shows thousands of oto-
conia (inset) that cover the sensory epithelium in a wild-type mouse, whereas
a giant stone is appearing at Slc26a4'°°P""°° utricle. C, imaging of the gelati-
nous matrix (otoconial membrane) reveals its normal structure in wild-type
mice, which is characterized by typical pores. In SIc26a4'°°P mutants, the oto-
conial membrane is dissociated and severed. D, high resolution images of the
underlying hair cells show that Slc26a4'°°P/"°°P vestibular hair cells appear to
be normal. Scale bars equal 500 um in panel A, 100 um in B, 5 wm in Cand D.
n=4.

Microsystems), using a 514 nm argon laser line for exciting the
EYFP fluorescence. Fluorescence time courses were obtained
by analyzing regions of interest within single cells. Measure-
ments were started after steady-state conditions were reached.
Maximal fluorescence variations (AF, %) represent the max-
imal observed percentage difference with respect to the fluores-
cence intensity at the moment of the solution substitution
(iodide/chloride). Data were collected from 3 (for mouse PDS)
or 2 (for human PDS) independent experimental days. Experi-
ments were performed at room temperature.

Statistical analysis was assessed by one-way analysis of vari-
ance with the Bonferroni’s multiple comparison post-test or
with the paired Student’s ¢ test. Statistical significant differ-
ences were assumed at p values < 0.05.

JOURNAL OF BIOLOGICAL CHEMISTRY 21727



Calcium Oxalate Stone Formation in the Inner Ear

inner ear saccule

utricle

calcium carbonate
(calcite)

1638 1047 M

wild type
PO

calcium carbonate

1419 (calcite)

875

PO

712

highly disordered calcite
1627 1427

/\/ww

Slc26a4/°or
7 months

calcium oxalate
(weddelllte)

A

1400 1200 1000 800 600
Wavenumbers (cm-1)

1324

® utricle

10 months

1800 1600
FIGURE 4. Mineral morphology and composition across different progressive stages. A schematic illustra-
tion of the inner ear summarizing the morphological differences of the ear stones at three time points, PO, 7
months, and 10 months, is shown (left panel). Left and right panel, SEM images of the minerals from the utricle
(left panel) and saccule (right panel). A and B, otoconia from wild-type mice. The image shows the small (~7 pwm)
otoconia with typical morphology (insetin A and B). D and E, minerals extracted from the utricle (D) and saccule
(E) of newborn Slc26a4'°°P mutant mice. The utricle minerals are larger; both types have altered morphology
relative to wild-type otoconia and show smooth surfaces. G and H, minerals extracted from 7-month-old
Slc26a4'°°P mutant mice. Although in the utricle, no changes can be observed as compared with the minerals
of newborn mice, the saccule contained an abnormal giant stone with a variety of morphological characteris-
tics. SEM images showed that parts of this stone resemble the morpholog)/ of weddellite, calcium oxalate
dihydrate (inset in H). J and K, minerals extracted from 10-month-old Slc26a4'°°” mutant mice. The minerals in
the utricle appear similar to the minerals found at earlier stages (J). In the saccule, a new type of mineral can be
found instead of the giant calcitic crystals observed earlier. These minerals have a crystal morphology typical of
calcium oxalate dihydrate (weddellite) crystals. C, F, I, and L, normalized FTIR spectra of minerals extracted from
the saccule and utricle at different developmental stages. The parts of the spectra in the range below 1000
cm ™" are expanded to reveal the details. C, wild-type crystals. The spectrum of wild-type otoconia shows the
typical calcite vibrations at 713,875, and 1422 cm ™ '. The spectrum also shows large contribution from organic
components at 1638 and around 1047 cm ' F, spectrum of the mineral extracted from the saccule and utricle
in newborn SIc26a4'°°° mutant mice. I, spectrum of the mineral extracted from the saccule in Slc26a4'°°?
mutant mice at the age of 7 months. Note broadening of the peak at 713 cm ™. L, spectrum of the mineral
extracted from the saccule in Slc26a4'°°° mutant mice at the age of 10 months. Vibrations at 1324 and 776 cm ™'
are typical of weddellite crystals. Scale bars equal 50 wm in panels A and B; scale bars equal 100 wm in panels D,
E G H,J,andK.n = 15.

Fourier Transform Infrared (FTIR) Spectroscopy—QOtoconia

Raman Spectroscopy—Individual
isolated otoconia were selected for
measurement under a Leica light
microscope. Raman spectra were
acquired using a Renishaw Raman
imaging microscope with a diode
(780 nm) laser beam. X-X spectra of
each stone/stone type were aver-
aged. Five single mineralized bodies
for each type of mineral were
analyzed.

RESULTS

Slc26a4 Mutation Leads to Deaf-
ness and Severe Balance Defects—
The loop mouse originated in an
N-ethyl-N-nitrosourea (ENU) mu-
tagenesis screen for neurosensory
disorders (63). Chromosomal map-
ping revealed that the recessive loop
mutation localized to the region of
chromosome 12 where Slc26a4
resides (supplemental Fig. S1).
Sequencing of this gene from loop
homozygote cDNA revealed a C to
T transition (c.C1223T) causing a
serine (aromatic) to phenylalanine
(polar) amino acid substitution at
position 408 (p.S408F) (Fig. 1A).
Several topology models for pendrin
have been suggested in the litera-
ture, although the number of poten-
tial transmembrane domains remains
ambiguous (28). According to our
prediction, Ser-408 is buried in a
hydrophobic signature of pendrin
within the ninth transmembrane
domain (Fig. 1B). Furthermore,
multiple sequence alignment analy-
sis of 300 homologous sequences
using the ConSeq Server revealed
that Ser-408 resides within a highly
conserved domain of pendrin,
ranked with the highest conserva-
tion score (Fig. 1B).

To evaluate the hearing of Slc26a4'°? mice, a 20-kHz sound

of wild-type mice and giant minerals from Slc26a4'°°? mutant
mice were extracted by finely dissecting the vestibular appara-
tus and isolating the crystals from the saccule and utricle. The
ground crystals were mixed with KBr powder in an agate mor-
tar and pestle. KBr pellets were prepared and analyzed by FTIR
spectrometer (Nicolet 380). Calcite spectra were normalized to
the intensity of the peak at 875 cm ™~ '. Weddellite spectrum was
normalized to the intensity of the peak at 1324 cm ™. For each
time point, pooled harvested minerals (n = 15) were subjected
to FTIR spectroscopy analyses that confirmed its composition.
Three biological and technical repeats were performed for
each type of mineral.
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burst at 100 db, a Preyer reflex test, was introduced to 8-week-
old mice. A typical Preyer reflex was absent in all Slc26a4/°°?
mice tested. To further investigate the hearing of these mice,
auditory brainstem response was performed and demonstrated
that Slc26a4'°° mice are profoundly deaf at all frequencies
tested (32, 16, and 8 kHz) (Fig. 1C). In addition to the auditory
deficiency, the Slc26a4'°? mice exhibited variable vestibular
deficits such as unsteady gait, circling, absence of reaching
response, and tilted body.

Functional Characterization of Mouse and Human Wild-
type PDS and S408F—Pendrin localization in the inner ear is
not affected by the S408F mutation (supplemental Fig. S2). To
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test the functional (ion transport) properties of the mouse WT
pendrin (Pds) and its S408F mutation, we used a fast fluoromet-
ric method for measuring anion transport (27, 29). With this
technique, Pds-mediated anion flux is measured by monitoring
the I - and Cl™ -induced quenching of the enhanced yellow
fluorescent protein (EYFP) fluorescence signal (see “Experi-
mental Procedures”). As iodide is a much better quencher of
EYFP fluorescence than chloride (30), in our experimental
design, a fluorescence decrease indicates an iodide influx,
whereas a fluorescence increase indicates an iodide efflux. HEK
293 Phoenix cells expressing mouse WT Pds show a marked
halide transport activity. The change in fluorescence in cells
transfected with both EYFP and mouse Pds or EYFP alone (the
empty vector, used as control) were measured aftera Cl~ toI™
substitution in the extracellular bathing saline (from isotonic
high CI™ to isotonic high I" solution) followed by an I™ to CI™
substitution (from isotonic high I™ to isotonic high CI™ solu-
tion). The expression of WT mouse Pds leads to a marked
decrease (Cl™ to I™ substitution) or increase (I” to Cl™ substi-
tution) in EYFP fluorescence intensity (Fig. 2A; mPds WT),
indicatinga substantial I~ influxand I efflux, respectively. The
transport values (AF, . %) of mouse WT Pds are: —17.0 * 0.8,
n =34 (Cl" toI substitution) and +9.1 = 1.0, n = 34 (I" to
Cl™ substitution). These values are significantly different from
each other (p < 0.001) and from the control (Cl™ to I™ substi-
tution, AF, .. % = —3.4 £ 0.6,n = 52, p < 0.001 versus WT Pds;
I” to Cl™ substitution, AF, % = —5.8 = 0.5,n = 52, p < 0.001
versus WT PDS).

Similarly to WT Pds, the expression of mouse Pds S408F in
HEK 293 Phoenix cells leads to a decrease (Cl™ to I substitu-
tion) in EYFP fluorescence intensity (AF, . % = —11.8 = 1.0,
n = 33), which is statistically different from control (p < 0.001;
Fig. 2A). However, the reduction is statistically lower (p < 0.01)
as compared with that with WT Pds. The I" efflux (I" to CI™
substitution), in contrast, is heavily impaired (AF, % =
—2.7 +1.9,n = 33, p < 0.001) as compared with WT Pds and
not significantly different from the control. Therefore, these
data indicate that the anion exchange activity of mouse Pds
S408F is compromised.

The S408F mutation has not been reported in humans. How-
ever, we were interested to know whether or not the corre-
sponding mutation in human PDS is also able to affect the
transport function. HEK 293 Phoenix cells expressing human
WT PDS also show marked halide transport activity (Fig. 2B),
which is similar to that reported earlier (29). The expression of
human WT PDS leads to a marked decrease (Cl™ to I substi-
tution, AF, . % = —10.0 = 1.3 n = 24) or increase (I” to
Cl™ substitution, AF_, % = +17.0 = 2.1 n = 24) in EYFP
fluorescence intensity, indicating an I™ influx and I™ efflux,
respectively. These values are significantly different from each
other (p < 0.001) and from the control (Cl™ to I substitution,
AF_ % = +11.1 =£1.9,n =10, p <0.001; " to Cl~ substitu-
tion, AE,, % = +3.9 = 2.0, n = 10, p < 0.001).

The expression of human PDS S408F in HEK 293 Phoenix
cells leads to a significant iodide influx (Fig. 2B) (Cl™ to I~
substitution, AF, . % = —4.5 = 1.5, n = 28, p < 0.001 as com-
pared with control). However, the I” efflux (I"” to Cl™ substitu-
tion) is heavily impaired (AF, % = +1.7 £ 13, n =28, p <
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FIGURE 5. Ultrastructural morphology of the surface and core of
Slc26a4'°°P"°°P mineralized bodies. A and B, bisected calcite minerals of PO
utricle. A, the interior facet of bisected mineral shows a smooth surface similar
to the exterior surface of the mineral. B, high magnification of the interior
surface. C-E, surface of different mineralized bodies isolated from Slc26a4/°°P"o°P
saccule presented with high power SEM images. C, calcium carbonate (cal-
cite) minerals of PO mice have a smooth and clean surface. D, highly disor-
dered calcite minerals of 7-month-old saccules revealed a surface that is pit-
ted and fissured (arrows). This stone contained domains that resemble the
morphology of calcium oxalate in the form of weddellite (circled). E, calcium
oxalate (weddellite) mineral of 10-month-old saccules show a smooth and
clean surface. Scale bars equal 25 umin panel A, 5 wm in panel B,and 10 umin
panels C-E.n = 6.

0.001) as compared with WT. This finding is similar to that
obtained with the respective mouse mutant. These data dem-
onstrate that the mouse S408F leads to the same impaired func-
tional phenotype when studied with respect to the human PDS
sequence.

Pendrin S408F Mutation Leads to Gross Morphological Mal-

formation of the Vestibular Sensory Maculae—A detailed phe-
notypic characterization of the vestibular sensory maculae was
performed to reveal the pathology underlying the aberrant
vestibular behavior of the Slc26a4/°” mutants. Comparison
between wild-type and Slc26a4'°°7 PO inner ears under a binoc-
ular shows that the mutant lacks the calcitic otoconia of the
utricle and saccule that are represented by bright reflected areas
in the control (Fig. 34, arrows). Examination of finely dissected
utricles of 2-month-old mice using high resolution SEM shows
thousands of otoconia (~5 pum) in wild-type utricle, whereas in
Slc26a4'°°P'"*°P mice, one giant stone (~300 wm) is apparent
(Fig. 3B). The organic gelatinous matrix (otoconial membrane)
that natively supports the otoconia load is degenerated in
Slc26a4'°°? mutants (Fig. 3C). Despite the severe deformation
of the extracellular components, the hair cells of the sensory
epithelium appear to be normal in Slc26a4/°°7 mutant mice,
presenting the typical hair bundle structure with a staircase
stereocilia organization (Fig. 3D). The normal morphology of
utricular hair cells in 2-month-old Slc26a4'°?'"*°7 mice is a
prominent difference in comparison with the Pds ™/~ mice,
which show severe utricular hair cell degeneration already at
the age of 1 month (31).

Giant Calcium Oxalate Stones Are Formed in Slc26a
Vestibular System—Investigation of the formation of the aber-
rant giant stones across different progressive ages reveals dif-
ferential mineralization changes between utricles and saccules.
By combining an SEM imaging technique with Raman and

4loop/loop

JOURNAL OF BIOLOGICAL CHEMISTRY 21729



Calcium Oxalate Stone Formation in the Inner Ear

otogelin and

otoconia

otoconial Z
membrane otoconial

membrane .-

Slc26a4/°or

C mineral fraction

WT  Slc26a4r

250 kDa '

150 kDa

100K02 . 0c90 (90-95 kDa)
75 kDa
50 kDa

non-mineral fraction

WT Slc26a4"or
70kDa s WS | SC70 (70 kDa)

FIGURE 6. 0c90 conglomerates assemble the core of the calcitic giant minerals. A and B, Oc90 immuno-
staining on P15 paraffin sections of decalcified inner ears. A, wild-type otoconia are labeled with Oc90 (red) and
highlight the boundaries of each otoconium. The unlabeled gap between the sensory epithelium (nuclei) and
the otoconia represents the gelatinous matrix (otoconial membrane) that supports the otoconia load. B,a Oc90
(red) conglomerate is present in the giant calcitic mineral. Unlike the smooth expression of Oc90 in a single
otoconium (inset in A), in the giant mineral, Oc90 expression has different levels of intensity along the mineral
body. Furthermore, the giant mineral resides directly on the sensory epithelium, and the gap that corresponds
to the otoconial membrane is absent. C, Western blot analysis of Oc90 in the mineral fraction shows a dramatic
increase of protein contentin the giant minerals. As a control, the non-mineral fraction was loaded on a gel and
labeled with HSC70, confirming the equal amount of pooled utricles that were analyzed in each sample. D and
E, otogelin immunostaining on P15 paraffin sections of decalcified inner ears. D, in wild-type mice, otogelin
(green) is expressed by the supporting cells of the sensory epithelium. The secreted otogelin participates in the
otoconial membrane assembly and maintenance. E, in S/c26a4'°°” mutant mice, otogelin is expressed by sup-
porting cells; however, the otoconial membrane is severed, disorganized and displaced (arrow in D). Scale bars
equal 75 um in panels A-D.n = 5.
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infrared spectroscopy analyses, we
were able to determine the mor-
phology and the composition of the
different minerals at the examined
stages. A schematic illustration of
the inner ear summarizing the mor-
phological differences of the ear
stones at three time points (PO, 7
months, and 10 months) is shown
(Fig. 4, left panel). The wild-type
otoconia within the utricle (Fig.
4A) and saccule (Fig. 4B) have sim-
ilar morphologies, namely a barrel
shape with three terminal rhombo-
hedral faces (Fig. 4, A and B, insets)
and the composition of calcium car-
bonate (CaCO,;) (Fig. 4C). In the
utricle of Slc26a4"°” mutants,
between one and several giant
stones were found at all ages exam-
ined from PO to 10 months old (Fig.
4, D, G, and ]). These mineralized
stones share similar morphological
properties and the same composi-
tion of calcium carbonate (CaCOs)
(Fig. 4F). In the saccule, at PO, calcite
minerals were also detected (Fig.
4E), but only in some of the cases.
When a calcitic mineral was found,
its size was smaller than that of
utricular giant minerals. At the age
of 7 months, Slc26a4°?"*°F sac-
cules contained an abnormal giant
stone with a variety of morphologi-
cal characteristics. SEM images
showed that parts of this stone
resemble the morphology of wedd-
ellite, calcium oxalate dihydrate
(Fig. 4H, inset). By FTIR spectros-
copy analysis, the calcite peak at 713
cm™ ' is broadened relative to the
same peak in wild type or in PO-P10
Slc26a4'°°? mutants. This broaden-
ing reflects disorder in the calcite
lattice (32); thus, at this stage, sac-
cule loop minerals are mainly com-
posed of highly disordered calcite
(Fig. 41). At the age of 10 months,
the highly disordered calcite no lon-
ger appears and instead, a different
type of giant stone with a symmetri-
cal envelope shape, typical of wed-
dellite crystals, is observed (Fig.
4K). FTIR confirmed that this
mineral is composed of calcium
oxalate dihydrate (CaC,0,2H,0)
in a form of weddellite (Fig. 4L).
Micro-Raman spectroscopy ap-
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FIGURE 7. Giant minerals are dislocated in SIc26a4'°°P"°°P yestibular system. A schematic representation
of the inner ear (left panels) illustrates the possible positions of the ectopic mineralized bodies as found in a
group of Slc26a4'°°P mutant mice. A-F, histological paraffin sections from the vestibular system of PO mice
stained with hematoxylin and eosin. A and B, in wild-type mice, otoconia are restricted to the utricle and
saccule, seen as a dense layer of tiny particles over the sensory epithelium. C, other endolymphatic compart-
ments lack any otoconia, as demonstrated with a representative image of a semicircular canal. D and E, in
Slc26a4'°°P mutant mice, a giant mineral resides on top of the gravity receptors, utricle, and saccule. F, a
frequent dislocation of the giant mineralized bodies to the semicircular canals and their cristae is observed.

Scale bars equal 75 um in panels A-F. n = 4.

plied to individually extracted minerals also confirmed these
results (supplemental Fig. S3).

Ultrastructural Morphology of the Core and Surface of
Slc26a4'°°P""*°P Mineralized Bodies—Analysis of bisected cal-
citic mineralized bodies of the utricle revealed a smooth facet of
the interior part, suggesting that the giant mineral develops
from a single nucleation core rather than multiple otoconia
assembly and joining (Fig. 5, A and B). Mineral properties are
known to be affected by different environmental changes
including physiological environment, temperature, and pH.
Furthermore, kinetics of mineral dissolution is dependent on
pH levels, which affects its surface hardness and microstructure
(33). Thus, using SEM imaging, we analyzed the ultrastructural
morphology of the mineralized surface of the giant stones iso-
lated from the saccule of Slc26a4'°?'**°? at different ages (Fig. 5,
C--E). At PO, the calcitic mineralized bodies showed a clean and
smooth surface (Fig. 5C). However, at 7 months, the highly
disordered calcite revealed a surface that is pitted and fissured
(Fig. 5D). At 10 months, the calcium oxalate minerals had a
smooth and planar surface (Fig. 5E).

Conglomerate of Otoconin-90 Assembles the Core Structure of
the Giant Calcite Stones—QOc90 begins to be expressed 2 days
prior to otoconia nucleation in the mouse, around E12.5, and
has a critical role as the major core protein in otoconia devel-
opment (9). To gain insight into the aberrant mineralization
process observed in Slc26a4'°° mice, the Oc90 expression pat-
tern in the mutant giant calcite minerals after otoconia matu-
ration was analyzed. At P15, Oc90 is no longer expressed by the
cells surrounding the macula. These cells extensively secrete
this protein into the endolymph during early otoconia develop-
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ment (9). Later, the expression of
0c90 is trapped inside the wild-type
otoconia, highlighting each otoco-
nium boundary (Fig. 6A4). The gap
between the otoconia layer and the
hair cell level (nuclei) in wild-type

canal

47 \0) 7 ) .
ST 47 . mice represents the gelatinous
q "“\ \“:”‘ *" ./ matrix (otoconial membrane) that
REAY h 43  supports the otoconiaload (Fig. 6A).
2 i%"i& < ;{m In Slc26a4'°°P""*°P mice, Oc90 is ex-
P pressed inside the giant mineral,
' F -,/ ! seen as conglomerates, whereas the
e --/’ ‘/ expression intensity is different

along the body of the mineral (Fig.
6B). Moreover, the gap between the
hair cells and the mineral no longer
exists, and the giant stone lies
directly on the sensory epithelium
(Fig. 6B). Western blot analysis of
the mineral fraction shows a dra-
matic increase in the levels of Oc90
in the giant calcitic minerals (Fig.
6C). To evaluate the integrity of the
otoconial membrane, otogelin ex-
pression as a representative mem-
ber of the gelatinous matrix pro-
teins was examined. In wild-type
mice, otogelin is expressed along
the supporting cells within the sensory epithelium and in the
otoconial membrane that carries the load of the otoconia (Fig.
6D). In Slc26a4'°°?'"°P mice, otogelin expression appears to be
normal in the supporting cells, but the otoconial membrane is
severed and disorganized. Portions of the otoconia membrane
are frequently detached from the maculae and displaced inside
the gravity receptors (Fig. 6E, arrow).

Ectopic Distribution of Giant Minerals in Slc26a4'°°P"'*°r
Vestibular System—In wild-type mice, otoconia scattered
above the sensory epithelium of the saccule and the utricle
(Fig. 7, A and B) are secured by a filamentous matrix (34) that
prevents its dislocation. Hence, under normal conditions, oto-
conia are absent in other endolymphatic spaces (Fig. 7C). In
Slc26a4'°°P mutant mice, abnormal giant minerals are no lon-
ger restricted to their native position and are often observed in
ectopic regions including the semicircular canals and their cris-
tae (Fig. 7, D-F).

DISCUSSION

The small size of normal otoconia, together with their distri-
bution pattern over the saccule and utricle, is crucial for gener-
ating an optimal mass over each individual hair cell, which is
essential for their stimulation. Thus, the formation of giant
minerals in Slc26a4°°?"°°? mutants leads to a differential mass
over the sensory cells. Although some hair cells lack any otoco-
nia load, other hair cells are overloaded with giant stones.
Hence, both populations of hair cells are missing their native
stimulation source and cannot serve their vital role in vestibular
function and perception. Furthermore, the giant minerals in
Slc26a4'°°? mice are no longer restricted to the saccule or utri-
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cle, as compared with normal otoconia. Ectopic giant stones different ions, including CI~, I", HCO;, and formate (42— 44).
were found in other components of the vestibular system such  In the inner ear, pH measurements of the endolymph within the
as the semicircular canals and their cristae. The variability of utricle of Pds™/~ mice show acidification of the fluid (45, 46).
the defective vestibular behavior in Slc2644°°” mutant mice, ~Following these studies, pendrin was proposed to function as a
ranging from very mild to severe, can be partially explained by ~ CI~/HCOj; transporter in the inner ear that actively secretes
the variable position of dislocated
mineralized bodies. It would be

interesting to test this hypothesis
and learn about pOSSible correla- WT and circqla_tion of endolymph fr_om high b
tions between the position of the Slc26a4o semicircular canals and cristae

stone and a specific vestibular TERHSNEREENSEE +

defect. Displacement of otoconia in Slc26a40% PH A A
humans is associated with BPPV [Ca24]

and leads to severe dizziness,
imbalance, and nausea (35). The (& Vestibular
severe vertigo episodes are usually dark cell
of a short duration and elicited by WT
the position of the patient. A com- utricle
mon way to treat BPPV is by
maneuvering the free floating
otoconia outside the semicircular
canal and crista, providing the
patient with relief (36 —38). Hence,
Slc26a4"°? mice can be tested as a
platform for validating pioneering
therapeutic approaches with re-
spect to vestibular dysfunction as a
result of otoconia dislocation.

endolymphatic  [ca?*] ~250 uMm
fluid @ pH742

— .
Otoconia formation depends on transitional cells hair cell

organic and inorganic components pendrin

that are secreted into an extracellu- Slc26a4'oor S408F

lar fluid and assembled to create a utricle
myriad of otoconia. The orches-
trated expression of the genes
involved in otoconia formation,
together with the spatial and tem-
poral abundance of the chemical
elements, is crucial for proper oto-
conia assembly. Hence, depletion of
components from the organic and
inorganic parts of this equation can
lead to otoconia defects. For exam-
ple, deletion of the PMCA2 Ca*™"
channel, a key player in establishing Slc26a4/oor (o X e ™ C
endolymph calcium homeostasis,
results in a lack of otoconia forma-
tion (39). Alternatively, deletion of
otoconin-90, the mammalian oto-
conial matrix protein, leads to for-
mation of giant calcite minerals that
lack the major organic fraction of
otoconia (9, 40).

Pendrin is known to be expressed
in the transitional cell layer sur-
rounding the sensory epithelium of
the saccule and utricle (41). Pendrin

is a member in the SLC family of Alkaline

transporters and transports several

o] sl

Ca2+

‘Caz* @

endolymphatic
fluid

highly disordered calcite
(calcium carbonate)

calcite
(calcium carbonate)
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bicarbonate into the endolymph, which neutralizes H* and
participates in buffering the normal physiological pH. Hence,
control of appropriate pH levels is crucial for mineral assembly
and stabilization. Pendrin may also be involved in otoconia for-
mation by supplying HCO; that is essential to form the calcite
(CaCQO,) crystals of otoconia. However, the extensive mineral
growths observed in the utricle of Slc26a4/°°” mutants early in
development suggests that the reservoir of bicarbonate for oto-
conia assembly was not reduced drastically. A putative com-
pensation for loss of bicarbonate is achieved by the activity of
carbonic anhydrase due to its production of HCO; and H™
from CO, and H,O. This enzyme is known to be widely
expressed in sensory and non-sensory epithelia of the utricle
and saccule (47, 48).

This work has demonstrated how a missense mutation
(S408F) within a highly conserved region of the pendrin protein
leads to impaired transport activity. We also report that this
defective mutation leads to differential defects in otoconia for-
mation between the utricle and saccule of Slc26a4'°°” mutants.
Although abnormal giant calcite minerals always reside in
Slc26a4'°°P'"*°P utricles, a gradual change in mineral composi-
tion is observed in the saccule, with formation of calcium oxa-
late stones in adult mice. These giant minerals, irrespective of
shape and composition, can no longer serve their vital and ele-
mentary role in proper hair cell stimulation and vestibular func-
tion. Interestingly, these differential mineralization defects
occur despite the similar pattern of pendrin expression in the
saccule and utricle. Our findings also suggest that the minerals
in the utricle and saccule are exposed to different endolym-
phatic environments. We predict that abolished activity of pen-
drin in Slc26a4'°° mutants leads to different levels of acidifica-
tion in each of the these two compartments. Hence, anatomical
and histological differences between utricle and saccule,
together with pH-sensitive proteins that are differentially
expressed in these maculae, may be the key for understanding
the mechanism underlying this complex pathology.

Initial Formation of Giant Calcium Carbonate Stones in
Slc26a4'°°P"*°P Vestibule—The similarity between the utricle
and saccule is striking. Both are sensitive for linear acceleration,
have otoconia as an inertial mass for stimulation initiation, and
contain the same type of sensory hair cells. However, several
distinct anatomical and histological characteristics are unique
to each of these maculae. The differences between utricle and
saccule are illustrated (Fig. 8, top panel) and include two main

Calcium Oxalate Stone Formation in the Inner Ear

aspects pertaining to the current discussion. First, the
endolymph of the utricle is connected to the semicircular
canals and the crista ampullaris and share fluid circulation with
these vestibular components, as opposed to the saccule, which
lacks this direct connection. Second, a pronounced difference is
the large abundance of the pigmented vestibular dark cells in
the utricle but absent in the saccule.

Previous studies on the Pds~’~ mice show that the acidifica-
tion of the vestibular endolymph inhibits the pH-sensitive cal-
cium channels, TRPV5 and TRPV6 (46, 49). Both TRPV5 and
TRPV6 were shown to be expressed in the vestibular dark cells
and in the epithelial cells of the semicircular canal duct epithe-
lium (50, 51). The abolished calcium reabsorbance of these
channels leads to elevation in calcium levels in the endolymph
to which the utricle is exposed. Under normal conditions, the
calcium concentration in the endolymph is very low as com-
pared with other physiological fluids. The low calcium level is
essential for the mechanotransduction machinery of the sen-
sory hair cells (52). One way to maintain this environment is
achieved by calcium absorbance of the surrounding epithelial
cells. Another way to control calcium levels is by recruiting
calcium for otoconia formation, which was proposed to be a
method for providing a calcium reservoir (53). A key player in
this respect is Oc90, which sequesters calcium ions. In wild-
type mice, Oc90 is secreted into the endolymph prior to otoco-
nia nucleation and participates in the growth of these tiny min-
erals (1, 9). Under normal conditions, the secreted amount of
0Oc90 competes with a normally low level of calcium ions and is
thus essential for the initial nucleation of otoconia. The level of
Oc90 expression and secretion into the endolymph of
Slc26a4'°°? mutants is most likely not affected by the pendrin
S408F mutation. However, there is a dramatic increase in the
amount of Oc90 that is observed in the giant mineral of
Slc26a4'°°P""*°P mice as compared with the wild-type otoconia.
This discrepancy can be explained by the presumed higher cal-
cium levels in the endolymph of Slc26a4*°P mutants, which
leads to rapid trapping of any residual Oc90 into a giant crystal.

Taken together, elevation of calcium levels in the endolymph
fluid, within the common compartment of the utricle, cristae,
and semicircular canals, leads to a differential calcium concen-
tration between utricle and saccule, with higher calcium levels
in the utricle. The formation of giant calcitic stones in the utri-
cle and significantly smaller stones in the saccule can be attrib-
uted to differences in calcium concentration. Furthermore, this

FIGURE 8. Proposed working model for calcium oxalate stone formation in the inner ear. The anatomical differences (top panels) between the utricle
(green) and saccule (red) are illustrated and summarized in a table. A, under normal conditions, otoconia nucleation begins around E16.5 and reaches its
maturation at P7. To support the biomineralization events, otoconia proteins such as Oc90 are secreted to the endolymph prior to and during otoconia
nucleation and maturation. B, in S/c26a4'°°P mice, the organic fraction of otoconia, including Oc90, is secreted normally to the extracellular space, but the
homeostasis of the endolymph is impaired. Pendrin activity is depleted due to the S408F mutation, and the lack of HCO5 supply leads to acidification of the
endolymphatic fluids. This acidification abolishes the reabsorption of calcium by the pH-sensitive calcium channels, TRPV5 and TRPV6 (46). The localization of
TRPV5 and TRPV6 in the semicircular canal duct epithelium and in the vestibular dark cells, which share fluid circulation with the utricle, leads to a higher
calcium concentration in the utricle as compared with the saccule. The excess calcium ions in the endolymph of the utricle are sequestered by large amounts
of Oc90 and deposited into oversized calcite minerals, whereas in the saccule, significantly smaller minerals are formed. C, at progressive ages, wild-type
otoconia are maintained with low calcium turnover, whereas in Slc26a4'°°? mice, a differential process between saccule and utricle occurs. In the utricle, giant
calcitic minerals reside all along the lifespan of the mouse. In the saccule, a gradual change in mineral morphology and composition from calcite into highly
disordered calcite at the age of 7 months is observed. The ultrastructural morphology of the highly disordered mineral, a pitted and fissured surface, resembles
the morphology of calcite mineral after treatment with an acidic solution. Moreover, this stone contained domains that resembled the morphology of calcium
oxalate in the form of weddellite. Between the age of 7 and 10 months, the highly disordered calcite dissolved, and giant calcium oxalate minerals in the form
of weddellite were generated. The symmetrical morphology of the weddellite resembles the classical calcium oxalate geological mineral, which is more stable
atlower pH as compared with the calcium carbonate. In summary, constant acidification of the saccule leads to dissolution of the calcite mineral that is tied with
favorable conditions for calcium oxalate stone formation in the inner ear.
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postulated difference in the level of calcium may be connected
to the observation that one giant mineralized body forms in the
mutants, instead of many small uniformly sized and shaped
otoconia in the wild-type mice. It is conceivable that because
of the high calcium concentrations in the Slc26a4'°°r'*°r
endolymph, the first nucleated otoconia continues to grow rap-
idly and sequesters most of the calcium. Any other small crys-
tals that may subsequently form would redissolve because of
the lack of calcium in their microenvironment.

The data presented in this study are confined to postnatal
stages. Several models have been proposed in the literature for
early otoconia seeding and maturation (5, 54). Although one
model suggests secretion of vesicles with otoconia substances
as a seeding platform (55, 56), a second model excludes involve-
ment of vesicles as otoconia precursors and proposes that
perimacular seeding occurs following temporal and spatial
secretion of individual otoconia components (54). The core
structure of the giant calcitic mineralized bodies in Slc26a4'°°?
mutants suggests that these giant stones are developing from a
single nucleation core with continued growth rather than mul-
tiple assembly of thousands of mature otoconia particles.
Observation of E15.5 utricles reveals that the aberrant giant
mineral already exists at this stage (data not shown) and sup-
ports our assumption. Further characterization of the early
developmental steps that initiate the growth of these giant min-
erals can provide important clues with respect to the proposed
models of otoconia development.

Drastic Changes in Mineral Morphology and Composition in
Slc26a4'°°P""°P Saccule—Mineral properties are affected by dif-
ferent environmental changes, including temperature and pH.
Kinetics of mineral dissolution is dependent on pH levels,
which affects its surface hardness and microstructure (33). As a
consequence of endolymph circulation in the utricle, the vol-
ume of endolymph to which the utricle is exposed to is larger
than that of the saccule. Therefore, the reduction in endolym-
phatic pH, following abnormal activity of pendrin, is presumed
to be mild in the utricle where the endolymph is circulated
frequently. However, in the saccule of Slc26a4'°°? mutants,
which lacks this pronounced circulation, a lower pH level is
expected to develop. We revealed a progressive gradual change
in mineral morphology and composition in the saccule of
Slc26a4°°? mutants. Furthermore, the structure of these min-
erals suggests that a gradual reduction in pH of the saccule
endolymph develops with age. In newborns, small calcium car-
bonate minerals in the form of calcite rarely developed. How-
ever, at the age of 7 months, a giant, highly disordered calcium
carbonate mineral in the form of calcite was apparent. An ultra-
structural analysis of this mineral revealed a pitted and fissured
surface, resembling the pattern of calcite mineral after expo-
sure to an acidic solution. Significantly, this stone contained
weddellite. At the age of 10 months, the highly disordered cal-
cite was no longer found, and instead, giant calcium oxalate
stones in the form of weddellite were detected. Biosynthesis of
oxalate from carbonate is not known in vitro. Hence, we suggest
that the highly disordered calcite is unstable due to the constant
acidification of the environment, and this results in mineral
dissolution. Consequently, the endolymphatic environment is
enriched with calcium ions, which now bind to oxalate ions and
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subsequently precipitate as calcium oxalate crystals in the form
of weddellite. The symmetrical morphology of the weddellite
resembles the classical calcium oxalate geological mineral,
which is more stable at lower pH as compared with the calcium
carbonate. Thus, acidification of the saccule fluids is in favor of
calcium oxalate mineral formation (summarized in Fig. 8). Pen-
drin is capable of transporting formate but not oxalate (42). We
hypothesize that the S408F mutation might alter the affinity of
pendrin transport to oxalate, which is chemically closely related
to formate. Additional experiments we performed with the fast
fluorometric approach to test this hypothesis suggest that the
S408F mutation does not impose a new function of oxalate
transport by the pendrin protein in vitro (data not shown). For-
mation of calcium oxalate minerals is also known in kidney
pathology and accounts for more than 80% of kidney stones
(57). Thus, because pendrin is widely expressed in the cortical
collecting duct of the kidney (58), we investigated the possibility
of kidney stone formation using Pizzolato’s staining for oxalate
deposits (59). Histological analysis of Slc26a4/°°?"*°F kidney up
to the age of 10 months did not reveal oxalate stone accumula-
tion (data not shown). In healthy individuals, most of the crys-
tals that are formed in the renal tubules are discharged in the
urine. However, the inner ear is a closed fluid-filled compart-
ment that lacks fluid circulation with other systems in the body.
Thus, when oxalate crystals are precipitated in the inner ear,
they are trapped within the endolymph, and their accumulation
and aggregation are inevitable. This aberrant genetic-depen-
dent mineralization process that leads to calcium oxalate stones
formation is described in the mammalian ear for the first time.
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