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1. Introduction
The vestibule of the inner ear senses head motion for spatial orientation and bodily balance. In
vertebrates, the vestibular system consists of three fluid filled semicircular canals, which detect
rotational acceleration, and two gravity receptor organs, the utricle and saccule, which
respond to linear acceleration and gravity (Figure 1). The utricle and saccule are also referred
to as the otolithic organs because they contain bio-crystals called otoconia (otolith in fish).
These crystals are partially embedded in a honeycomb layer atop a fibrous meshwork, which
are the otoconial complex altogether. This complex rests on the stereociliary bundles of hair
cells in the utricular and saccular sensory epithelium (aka macula). When there is head motion,
the otoconial complex is displaced against the macula, leading to deflection of the hair
bundles. This mechanical stimulus is converted into electrical signals by the macular hair cells
and transmitted into the central nervous system (CNS) through the afferent vestibular nerve.
In the CNS, these electrical signals, combined with other proprioceptive inputs, are interpreted
as position and motion data, which then initiate a series of corresponding neuronal responses
to maintain the balance of the body. Electrophysiological and behavioral studies show that the
size and density of these tiny biominerals determine the amount of stimulus input to the CNS
(Anniko et al. 1988; Jones et al. 1999; Jones et al. 2004; Kozel et al. 1998; Simmler et al. 2000a;
Trune and Lim 1983; Zhao et al. 2008b).
Otoconia dislocation, malformation and degeneration can result from congenital and
environmental factors, including genetic mutation, aging, head trauma and ototoxic drugs,
and can lead to various types of vestibular dysfunction such as dizziness/vertigo and
imbalance. In humans, BPPV (benign paroxysmal positional vertigo), the most common
cause of dizziness/vertigo, is believed to be caused by dislocation of otoconia from the
utricle to the ampulla and further in the semicircular canals (Salvinelli et al. 2004;
Schuknecht 1962; Schuknecht 1969; Squires et al. 2004). In animals, otoconial deficiency has
been found to produce head tilting, swimming difficulty, and reduction or failure of the airrighting reflexes (Everett et al. 2001; Hurle et al. 2003; Nakano et al. 2008; Paffenholz et al.
2004; Simmler et al. 2000a; Zhao et al. 2008b).
Despite the importance of these biominerals, otoconial research is lagging far behind that of
other biomineralized structures, such as bone and teeth, partly due to anatomical and
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methodological constraints. The mechanisms underlying otoconia formation and
maintenance are not yet fully understood. In this review, we will summarize the current
state of knowledge about otoconia, focusing on the identified compositions and regulatory
proteins and their roles in bio-crystal formation and maintenance. Homologs and analogs of
these proteins are also found in fish with similar functions but varied relative abundances,
but the review will focus on studies using mice as the latter have similar otoconia and inner
ear properties as humans.

Fig. 1. (A) A schematic diagram of the mammalian inner ear. (B) A Toluidine blue-stained
section of the saccule (P10). (C) A scanning electron micrograph of otoconia in the mouse
utricle (6.5 months old). HC, hair cells; O, otoconia; SC, supporting cells; TE, transitional
epithelium.

2. The roles of otoconial component proteins in crystal formation
Otoconia from higher vertebrates have a barrel-shaped body with triplanar facets at each
end (Figure 1C). The core is predominantly organic with a low Ca2+ level, and is surrounded
by a largely inorganic shell of minute crystallites outlined by the organic matrix (Lim 1984;
Lins et al. 2000; Mann et al. 1983; Steyger and Wiederhold 1995; Zhao et al., 2007). Most
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primitive fishes have apatite otoliths, more advanced fishes have aragonite otoliths, whereas
higher levels of vertebrates have calcite otoconia (Carlstrom D 1963; Ross and Pote 1984).
Otoliths in lower vertebrates display a daily growth pattern, whereas otoconia in mammals
are formed during late embryonic stages, become mature shortly after birth and may
undergo maintenance thereafter (Salamat et al. 1980; Thalmann et al. 2001) (Lundberg,
unpublished data). Because otoconia/otoliths from animals of different evolutionary levels
all have the common CaCO3 component but have various morphologies and crystalline
structures and different protein compositions, otoconins (a collective term for otoconial
component proteins) must be important for otoconia formation. More importantly, as the
mammalian endolymph has an extremely low Ca2+ concentration, otoconins may be
essential for CaCO3 crystal seeding.
Indeed, recent studies have demonstrated that the shape, size and organization of CaCO3
crystallites in otoconia and otoliths are strictly controlled by an organic matrix (Kang et al.
2008; Murayama et al., 2005; Sollner et al. 2003; Zhao et al. 2007). The organic components of
otoconia primarily consist of glycoproteins and proteoglycans (Endo et al. 1991; Ito et al.
1994; Pisam et al. 2002; Pote and Ross 1991; Verpy et al. 1999; Wang et al. 1998; Xu et al.
2010; Zhao et al., 2007). To date, as many as 8 murine otoconins have been identified (Table
1): the predominant otoconial protein, otoconin-90 (Oc90) and other ‘minor’ otoconins
including otolin-1 (aka otolin) (Zhao et al. 2007), fetuin-A (aka countertrypin) (Thalmann et
al. 2006; Zhao et al. 2007), osteopontin (aka Spp1) (Sakagami 2000; Takemura et al. 1994;
Zhao et al. 2008a), Sparc-like protein 1 (Sc1, aka hevin and Ecm2)(Thalmann et al. 2006; Xu
et al. 2010), possibly secreted protein acidic and rich in cysteine (Sparc, aka BM-40 and
osteonectin), and dentin matrix protein 1 (DMP1). Those otoconins are expressed in
different cells and secreted into the utricular and saccular endolymph. Most of them are
highly glycosylated, which confers thermodynamic stability and other properties (see
below) on those proteins. They may interact with each other to form the organic scaffold for
efficient and orientated deposition of calcium carbonate, and thus determine the size, shape,
crystallographic axes and orientation of individual crystallite.
2.1 Otoconin-90 (Oc90) is the essential organizer of the otoconial matrix
Oc90 is the first identified otoconin, and accounts for nearly 90% of the total protein content
of otoconia (Pote and Ross 1991; Verpy et al. 1999; Wang et al. 1998). Subsequent studies
have revealed that Oc90 is the essential organizer of the otoconial organic matrix by
specifically recruiting other matrix components and Ca2+ (Yang et al. 2011; Zhao et al. 2007).
Oc90 is structurally similar to secretory phospholipase A2 (sPLA2). Although it likely does
not have the catalytic activity of the enzyme due to the substitutions of a few essential
residues in the active site (Pote and Ross 1991; Wang et al. 1998), Oc90 possesses the other
features of sPLA2. It is a cysteine-rich secretory protein, and has several glycosylation sites
and calcium binding capability. The enriched cysteine residues are likely involved in the
formation of higher-order protein structures via intra- and inter-molecular disulfide bonds.
The intra-molecular disulfide bonds play an important role in protein folding and the
stabilization of the tertiary structure, while the disulfide bonds formed between subunits
allow dimerization and oligomerization of the protein.
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Type

Osteopontin
Fetuin-A
Otopetrin 1

Otoconia phenotype of
mutant mice
Giant otoconia
(few to many)
----------Large otoconia but reduced
in number
Normal otoconia
Normal otoconia?
No otoconia

Nox3

No otoconia

Noxo1
Noxa1?
p22phox
PMCA2

TRPVs

No otoconia
--No otoconia
No otoconia
Large otoconia but reduced
in number
---

Otogelin

Detached OM

Protein name
Oc90

Constituent
proteins

Otolin-1
Sc1
Sparc?
KSPG
DMP1
-tectorin

Regulatory
proteins

Pendrin

Anchoring
proteins

-tectorin
-tectorin?
Otoancorin?

Large otoconia but reduced
in number
-----

Reference
(Zhao et al. 2007)
----------(Legan et al. 2000)
(Zhao et al. 2008a)
(Xu et al. 2010)
(Hurle et al. 2003)
(Paffenholz et al.
2004)
(Kiss et al. 2006)
--(Nakano et al. 2008)
(Kozel et al. 1998)
(Everett et al. 2001)
--(Simmler et al.
2000a)
(Legan et al. 2000)
-----

Table 1. Identified and validated murine otoconial proteins and their importance in
otoconia formation by genetic mutation studies. Shaded ones have no measurable impact
on bio-crystal formation. ---, no mutant mice available or unknown otoconia/otolith
phenotype.
The Ca2+ concentrations of the mammalian endolymph are extremely low at ~20 µM (Ferrary
et al. 1988; Salt et al. 1989), with a few reporting much higher in the vestibule (Marcus and
Wangemann 2009; Salt et al. 1989). This is much lower than what is necessary for the
spontaneous formation of calcite crystals, therefore, otoconial proteins are speculated to
sequester Ca2+. Indeed, most of the otoconial proteins have structural features for Ca2+
binding. Oc90 has 28 (~6%) Glu and 39 (~8%) Asp out of the total 485 amino acids, endowing
the molecule with a calculated acidic isoelectric point (pI = 4.5). The measured pI of mature
Oc90 is even lower (2.9) due to post-translational modifications such as N-linked glycosylation
(Lu et al. 2010). This extreme acidic feature may help Oc90 recruit Ca2+ and/or interact with
the surface of calcium carbonate crystals to modulate crystal growth. Deletion of Oc90 causes
dramatic reduction of matrix-bound Ca2+ in the macula of the utricle and saccule (Yang et al.
2011). In the absence of Oc90, the efficiency of crystal formation is reduced by at least 50%, and
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the organic matrix is greatly reduced, leading to formation of a few giant otoconia with
abnormal morphology caused by unordered aggregation of inorganic crystallites (Zhao et al.
2007). A subsequent in vitro experiment has also demonstrated that Oc90 can facilitate
nucleation, determine the crystal size and morphology in a concentration-dependent manner
(Lu et al. 2010). Recent evidence suggests that the formation of otoconia at all in Oc90 null mice
may be partially attributed to the compensatory deposition of Sc1 (Xu et al. 2010).
The expression of Oc90 temporally coincides that of otoconia development and growth, also
providing evidence for the critical requirement of Oc90 in this unique biomineralization
process. Oc90 expression is the earliest among all otolith/otoconia proteins in fish and mice
(before embryonic day E9.5 in mice) (Petko et al. 2008; Verpy et al. 1999; Wang et al. 1998),
much earlier than the onset of any activities of ion channels/pumps, or the onset of otoconia
seeding at around E14.5. Oc90 then recruits other components at the time of their expression
to form the organic matrix for calcification (Zhao et al. 2007). When otoconia growth stops at
around P7 (postnatal day 7), the expression level of Oc90 significantly decreases in the
utricle and saccule (Xu and Lundberg 2012). Although Oc90 has a relatively low abundance
in zebrafish otoliths (known as zOtoc1) (Petko et al. 2008), Oc90 morphant fish show more
severe phenotypes than morphants for the main otolith matrix protein OMP1 (Murayama et
al. 2005; Petko et al. 2008), suggesting that zOc90 (zOtoc1) is essential for the early stages of
otolith development (i.e. crystal seeding) whereas OMP regulates crystal growth. Thus, the
structure and function of Oc90 is conserved from bony fish to mice (two model systems
whose otoconia/otolith are the most studied) regardless of the abundance of the protein in
each species.
2.2 Sc1 can partially compensate the function of Oc90
Sc1 was first isolated from a rat brain expression library (Johnston et al. 1990). It is widely
expressed in the brain and can be detected from various types of neurons (Lively et al. 2007;
McKinnon and Margolskee 1996; Mendis and Brown 1994). As a result, studies of Sc1 have
focused on the nervous system. Recently, Thalmann et al. identified Sc1 from mouse
otoconia by mass spectrometry (Thalmann et al. 2006). However, Xu et al. (Xu et al. 2010)
found that Sc1 was hardly detectable in the wild-type otoconia. Instead, the deposition of
Sc1 was drastically increased in otoconia crystals when Oc90 is absent, suggesting a possible
role for Sc1 as an alternative process of biomineralization (Xu et al. 2010). Sc1 knockout mice
did not show any obvious phenotypic abnormalities, including vestibular functions
(McKinnon et al. 2000)(S. Funk and H. Sage, communication through Thalmann et al. 2006).
Although Sc1 and Oc90 have no significant sequence similarity, the two proteins share
analogous structural features. Murine Sc1 is a secreted, acidic and Cys-rich glycoprotein,
and belongs to the Sparc family. Its Sparc-like domain consists of a follistatin-like domain
followed by an -helical domain (EC) containing the collagen-binding domain and 2
calcium-binding EF-hands (Maurer et al. 1995). All of these features likely render Sc1 an
ideal alternative candidate for otoconia formation in the absence of Oc90. The high
abundance of Glu/Asp residues (52 Glu and 87 Asp out of 634 aa) makes the protein highly
acidic (pI = 4.2), which, together with the EF-hand motif, provides Sc1 a high affinity for
calcium and calcium salts (e.g. calcium carbonate and phosphate). The collagen-binding site
in the EC domain can recognize the specific motif of the triple-helical collagen peptide and
form a deep ‘Phe pocket’ upon collagen binding (Hohenester et al. 2008; Sasaki et al. 1998).
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The follistatin domain was reported to modulate the process of collagen-binding even
though it does not interact with collagen directly (Kaufmann et al. 2004). In addition, the
enriched cysteines in the polypeptide backbone of Sc1 may enable the formation of
numerous intra- and inter-molecular disulfide bridges, as well as dimerization or even
oligomerization of the protein, all of which enable the protein to serve as a rigid and stable
framework for inorganic crystal deposition and growth (Chun et al. 2006; Xu et al. 2010).
2.3 Otolin may function similarly to collagen X
Otolin is a secreted glycoprotein present in both otoconial crystals and membranes. The
expression level of otolin mRNA in the utricle and saccule is much higher than that in the
epithelia of non-otolithic inner ear organs (Yang et al. 2011), implicating a potentially critical
role of this molecule in otoconia development. In fish, knockdown of otolin led to formation
of fused and unstable otoliths (Murayama et al. 2005).
Otolin contains three collagen-like domains in the N-terminal region and a highly conserved
globular C1q (gC1q) domain in the C-terminal region, and belongs to the collagen X family
and C1q super-family (Deans et al. 2010; Kishore and Reid 1999; Yang et al. 2011). Like
collagen X, the N-terminal collagen domains of otolin contain tens of characteristic Gly-X-Y
repeats, which can facilitate the formation of collagen triple helix and higher-order
structures. Such structural features in otolin may render the protein extremely stable. The Cterminal gC1q domain is more like a target recognition site which may mediate the
interaction between otolin and other extracellular proteins. Co-immunoprecipitation
experiments demonstrated that Oc90 can interact with both the collagen-like and C1q
domains of otolin to form the otoconial matrix framework and to sequester Ca2+ for efficient
otoconia calcification. Co-expression of Oc90 and otolin in cultured cells leads to
significantly increased extracelluar matrix calcification compared with the empty vector, or
Oc90 or otolin single transfectants (Yang et al. 2011). Analogously, otolith matrix protein-1
(OMP-1), the main protein in fish otoliths, is required for normal otolith growth and
deposition of otolin-1 in the otolith (Murayama et al. 2004; Murayama et al. 2005).
2.4 Keratin sulfate proteoglycan (KSPG) may be critical for otoconia calcification
Proteoglycans are widely distributed at the cell surface and in the extracellular matrix, and are
critical for various processes such as cell adhesion, growth, wound healing and fibrosis (Iozzo
1998). A proteoglycan consists of a ‘core protein’ with covalently attached glycosaminoglycan
(GAG) chains. They can interact with other proteoglycans and fibrous matrix proteins, such as
collagen, to form a large complex. In addition, proteoglycans have strong negative charges due
to the presence of sulfate and uronic acid groups, and can attract positively charged ions, such
as Na+, K+ and Ca2+. All those features make proteoglycans important players in the
extracellular calcification processes. Indeed, both heparan sulfate proteoglycan (HSPG) and
chondroitin sulfate proteoglycan (CSPG) are critical for bone and teeth formation. Deletion of
those proteins results in various calcification deficiencies (Hassell et al. 2002; Viviano et al.
2005; Xu et al. 1998; Young et al. 2002).
In the inner ear, however, KSPG appears to be the predominant proteoglycan (Xu et al.
2010). KSPG has been detected in chicken and chinchilla otoconia, and shows strong
staining in murine otoconia as well (Fermin et al. 1990; Swartz and Santi 1997; Xu et al.
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2010). The role of KSPG in otoconia development has not been elucidated yet. It may
participate in sequestering and retaining Ca2+ for crystal formation because of its strong
negative charges. In vitro immunoprecipitation results demonstrated that it may interact
with Oc90 and otolin to form the matrix framework for the deposition of calcite crystals
(Yang et al. 2011).
2.5 Some low abundance otoconins may be dispensable for otoconia formation
Most of the low abundance otoconial proteins play critical roles in bone and/or tooth
formation. In contrast, studies by us and other investigators using existing mutant mice
have demonstrated that a few of these proteins are dispensable or functionally redundant
for otoconia development.
For example, osteopontin, a multifunctional protein initially identified in osteoblasts, is a
prominent non-collagen component of the mineralized extracellular matrices of bone and
teeth. Osteopontin belongs to the small integrin-binding N-linked glycoprotein (SIBLING)
family. As a SIBLING member, osteopontin has an arginine-glycine-aspartate (RGD) motif,
which plays an essential role in bone resorption by promoting osteoclast attachment to the
bone matrix through cell surface integrins (Oldberg et al. 1986; Rodan and Rodan 1997).
Similar to the role of Oc90 in otoconia development, osteopontin acts as an important
organizer in bone mineralization. It modulates the bone crystal sizes by inhibiting the
hydroxyapatite formation and growth (Boskey et al. 1993; Hunter et al. 1994; Shapses et al.
2003). Osteopontin null mice have altered organization of bone matrix and weakened bone
strength, leading to reduced bone fracture toughness (Duvall et al. 2007; Thurner et al. 2010).
However, despite its presence in otoconia and vestibular sensory epithelia, osteopontin is
dispensable for otoconia formation, and osteopontin knockout mice show normal vestibular
morphology and balance function (Zhao et al. 2008a).
Dentin matrix acidic phosphoprotein 1 (DMP1) is another protein that belongs to the
SIBLING family. DMP1 was first cloned from dentin and then found in bone. It plays a
critical role in apatite crystal seeding and growth in bone and teeth (George et al. 1993; Hirst
et al. 1997; MacDougall et al. 1998). DMP1 null mice show severe defects in bone structure.
Lv et al. (Lv et al. 2010) recently found that DMP1 null mice developed circling and head
shaking behavior resembling vestibular disorders. They attributed these phenotypes to bone
defects in the inner ear. However, it should not be excluded that DMP1 deficiency may
affect otoconia as the protein is also present in mouse otoconia at a low level (Xu et al. 2010).
Sparc, aka BM-40 or osteonectin, is generally present in tissues undergoing remodeling such
as skeletal remodeling and injury repair (Bolander et al. 1988; Hohenester et al. 1997; Sage
and Vernon 1994). The protein is a normal component of osteiod, the newly formed bone
matrix critical for the initiation of mineralization during bone development (Bianco et al.
1985; Termine et al. 1981). Sparc has a high affinity for both Ca2+ and several types of
collagen (Bolander et al. 1988; Hohenester et al. 2008; Maurer et al. 1995). These features
likely account for the importance of Sparc in bone formation, and possibly in otoconia
formation. Indeed, Sparc is also required for otolith formation in fish (Kang et al. 2008). In
the wild-type murine otoconia, however, Sparc is present at an extremely low level (Xu et al.
2010) that it may not play a significant role in crystal formation. Instead, the longer form Sc1
is the preferred scaffold protein when Oc90 is absent (Xu et al. 2010).
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Fetuin-A, also known as 2-HS-glycoprotein or countertrypin, is a hepatic secreted protein
that promotes bone mineralization. It is among the most abundant non-collagen proteins
found in bone (Quelch et al. 1984). Several recent studies demonstrated that fetuin-A can
bind calcium and phosphate to form a calciprotein particle and prevent the precipitation of
these minerals from serum (Heiss et al. 2003; Price et al. 2002), which may explain the role of
fetuin-A in bone calcification and its potent inhibition of ectopic mineralization in soft
tissues (Schafer et al. 2003; Westenfeld et al. 2007; Westenfeld et al. 2009). However, fetuin-A
null mice have normal bone under regular dietary conditions (Jahnen-Dechent et al. 1997).
Fetuin-A is present in otoconia crystals (Zhao et al. 2007), but null mice for the protein do
not show balance deficits (Jahnen-Dechent, communication in Thalmann et al., 2006),
therefore, it is unlikely that the protein has a major impact on otoconia genesis.
Taken together, findings on these low abundance otoconins indicate similarities and
differences between bone and otoconia biomineralization.

3. The roles of regulatory proteins in otoconia formation
Otoconia formation depends on both organic and inorganic components that are secreted
into the vestibular endolymph. Non-component regulatory proteins affect otoconia
development and maintenance likely by several ways: (1) by influencing the secretion
(Sollner et al. 2004), structural and functional modification of the component and anchoring
proteins (Lundberg, unpublished data), and (2) by spatially and temporally increasing
chemical gradients of Ca2+, HCO3-, H+ and possibly other ions/anions to establish an
appropriate micro-environmental condition for crystal seeding and growth.
3.1 NADPH oxidase 3 (Nox3) and associated proteins are essential for otoconia
formation
The Noxs are a family of enzymes whose primary function is to produce ROS (reactive
oxygen species). These proteins participate in a wide range of pathological and
physiological processes. To date, seven Nox family members, Nox1-Nox5, Duox1 and
Duox2, have been identified in mammals (Bedard and Krause 2007). Noxs serve as the core
catalytic components, and their activities are regulated by cytosolic partners such as p22phox,
Nox organizers (Noxo1, p47phox and p40phox), and Nox activators (Noxa1 and p67phox).
Among the identified Nox family members, Nox3 is primarily expressed in the inner ear
and is essential for otoconia development (Banfi et al. 2004; Cheng et al. 2001; Paffenholz et
al. 2004). It interacts with p22phox and Noxo1 to form a functional NADPH oxidase complex,
and all three components are required for otoconia development and normal balance in
mice (Kiss et al. 2006; Nakano et al. 2007; Nakano et al. 2008; Paffenholz et al. 2004).
However, the mechanisms underlying the requirement of Nox-related proteins for otoconia
formation are poorly understood. One possible role of Nox3 is to oxidize otoconial proteins,
including Oc90, which then undergo conformational changes to trigger crystal nucleation.
Indeed, our recent unpublished data show that Nox3 modifies the structures of a few
otoconia proteins (Xu et al. 2012).
A novel mechanism proposed by Nakano et al. (Nakano et al. 2008) states that while the Nox3complex passes electrons from intracellular NADPH to extracellular oxygen, the plasma
membrane becomes depolarized. Such depolarization of the apical membrane would elevate
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endolymphatic Ca2+ concentration by preventing cellular Ca2+ uptake from endolymph, and
by increasing paracellular ion permeability to allow Ca2+ influx from perilymph to
endolymph. In addition, Nox3-derived superoxide may react with endolymphatic protons and
thereby elevate the pH so that CaCO3 can form and be maintained.
3.2 Otopetrin 1 may mobilize Ca2+ for CaCO3 formation
Otopetrin (Otop1), a protein with multiple transmembrane domains, is essential for the
formation of otoconia/otolith in the inner ear (Hughes et al. 2004; Hurle et al. 2003; Sollner
et al., 2004). The protein is conserved in all vertebrates, and its biochemical function was
first revealed by studying the phenotypes of two mutants, the tilted (tlt) and mergulhador
(mlh) mice, which carry single-point mutations in the predicted transmembrane (TM)
domains (tlt, Ala151Glu in TM3; mlh, Leu408Gln in TM9) of the Otop1 gene. Both tlt and
mlh homozygous mutant mice show non-syndromic vestibular disorders caused by the
absence of otoconia crystals in the utricle and saccule (Hurle et al. 2003; Zhao et al. 2008b).
Those mutations in Otop1 do not appear to affect other inner ear organs, making tlt and mlh
excellent tools to investigate how Otop1 participates in the development of otoconia and in
what aspects the absence of otoconia impacts balance functions.
In fish, expression of Otop1 is in both hair cells and supporting cells before otolith seeding,
but is restricted in hair cells during otolith growth (Hurle et al. 2003; Sollner et al. 2004). In
mice, Otop1 exhibits complementary mRNA expression pattern with Oc90 in the developing
otocyst, and high Otop1 protein level is visible in the gelatinous membrane overlying the
sensory epithelium, suggesting that it may be integral to the membrane vesicles released
into the gelatinous layer (Hurle et al. 2003). However, a more recent study by Kim and
colleagues using a different antibody (Kim et al. 2010) demonstrated that Otop1 is expressed
in the extrastriolar epithelia of the utricle and saccule, and is specifically localized in the
apical end of the supporting cells and a subset of transitional cells. They also found that the
tlt and mlh mutations of Otop1 change the subcelluar localization of the mutant protein, and
may underlie its function in otoconia development (Kim et al. 2011).
Both in vitro and ex vivo studies demonstrated that one of the functions of Otop1 is to modulate
intra- and extracellular Ca2+ concentrations by specifically inhibiting purinergic receptor P2Y,
depleting of endoplasmic reticulum Ca2+ stores and mediating influx of extracellular Ca2+
(Hughes et al. 2007; Kim et al. 2010). Under normal conditions, the concentration of Ca2+ in the
mammalian endolymph is much lower than that in the perilymph and other extracellular
fluids, and is insufficient to support normal growth of otoconia. Hence, Otop1 may serve as
the indispensible Ca2+ source that supports otoconia mineralization.
Moreover, Otop1 may also regulate the secretion of components required for otoconia
formation. In zebrafish, Otop1 was shown to affect the secretion of starmaker, a protein
essential for otolith formation, in the sensory epithelia (Sollner et al. 2004).
2+

3.3 PMCA2 is a critical source of Ca

for CaCO3 formation

Calmodulin-sensitive plasma membrane Ca2+-ATPases (PMCAs) are vital regulators of
otoconia formation by extruding Ca2+ from hair cells and thereby maintaining the
appropriate Ca2+ concentration near the plasma membrane. There are four isoforms of
mammalian PMCA (PMCA1-4) encoded by four distinct genes and each of them undergoes
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alternative exon splicing in two regions (Keeton et al. 1993). All four PMCAs are expressed
in the mammalian cochlea and extrude Ca2+ from hair cell stereocilia, whereas PMCA2a, a
protein encoded by Atp2b2 gene, is the only PMCA isoform present in vestibular hair
bundles (Crouch and Schulte 1996; Dumont et al. 2001; Furuta et al. 1998; Yamoah et al.
1998). Null mutation in Atp2b2 results in the absence of otoconia and subsequent balance
deficits (Kozel et al. 1998), underpinning the importance of PMCA2 in otoconial genesis.
3.4 Pendrin regulates endolymph pH, composition and volume
Pendrin, encoded by Slc26a4, is an anion transporter which mediates the exchange of Cl-, I-,
OH-, HCO3-, or formate, across a variety of epithelia (Scott et al. 1999; Scott and Karniski
2000). In the inner ear, pendrin is primarily expressed in the endolymphatic duct and sac,
the transitional epithelia adjacent to the macula of the utricle and saccule, and the external
sulcus of the cochlea (Everett et al. 1999). Pendrin is critical for maintaining the appropriate
anionic and ionic composition and volume of the endolymphatic fluid, presumably due to
HCO3- secretion. Mutations in human SLC26A4 are responsible for Pendred syndrome, a
genetic disorder which causes early hearing loss in children (Dai et al. 2009; Luxon et al.
2003). Studies using an Slc26a4 knockout mouse model have revealed that pendrin
dysfunction can cause an enlargement and acidification of inner ear membrane labyrinth
and thyroid at embryonic stages, leading to deafness, balance disorders and goiter similar to
the symptoms of human Pendred syndrome (Everett et al. 2001; Kim and Wangemann 2010;
Kim and Wangemann 2011). The mice have much lower endolymphatic pH, resulting in the
formation of giant crystals with reduced numbers in both the utricle and saccule (Everett et
al. 2001; Nakaya et al. 2007). Recently, Dror et al. have also demonstrated that a recessive
missense mutation within the highly conserved region of slc26a4 results in a mutant pendrin
protein with impaired transport activity. This mutant mouse has severely abnormal mineral
composition, size and shape of otoconia, i.e., giant CaCO3 crystals in the utricle at all ages,
giant CaOx crystals in the saccule of older adults, and ectopic giant stones in the crista (Dror
et al. 2010). Therefore, pendrin participates in otoconia formation through providing HCO3-,
which is essential for forming CaCO3 crystals and for buffering the endolymphatic pH.
Pendrin can also buffer pH through other anions such as formate.
3.5 Carbonic anhydrase (CA) provides HCO3 and maintains appropriate pH for
otoconia formation and maintenance

CA catalyzes the hydration of CO2 to yield HCO3- and related species, and is thus thought to
be important for otoconia formation by producing HCO3- and keeping appropriate
endolymph pH. CA is widely present in the sensory and non-sensory epithelia of the inner
ear (Lim et al. 1983; Pedrozo et al. 1997), especially the developing endolymphatic sac of
mammalian embryos contain high levels of CA. Administration of acetazolamide, a CA
inhibitor, in the latter tissue can decrease the luminal pH and HCO3- concentration (Kido et
al. 1991; Tsujikawa et al. 1993). Injection of acetazolamide into the yolk sac of developing
chick embryos alters and inhibits normal otoconial morphogenesis (Kido et al. 1991).
Activation/deactivation of macular CA under different gravity is associated with changes in
otolith sizes in fish (Anken et al. 2004). Immunohistochemstry shows that CAII is coexpressed with pendrin in the same cells in the endolymphatic sac, suggesting that those
two proteins may cooperate in maintaining the normal function of the endolymphatic sac
(Dou et al. 2004), which is an important tissue for endolymph production.
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In addition to CA, HCO3--ATPase and Cl-/HCO3--exchangers are involved in the
transepithelial transport of bicarbonate ions to the endolymph, and affect carbon
incorporation into otoliths (Tohse and Mugiya 2001).
3.6 Transient receptor potential vanilloids (TRPVs) may also regulate endolymph
homeostasis
Studies suggest that TRPVs may also play an important part in fluid homeostasis of the
inner ear. All TRPVs (TRPV1-6) are expressed in vestibular and cochlear sensory epithelia
(Ishibashi et al. 2008; Takumida et al. 2009). In addition, TRPV4 is also present in the
endolymphatic sac and presumably acts as an osmoreceptor in cell and fluid volume
regulation (Kumagami et al. 2009). Both TRPV5 and TRPV6 are found in vestibular semicircular canal ducts (Yamauchi et al. 2010). In pendrin-deficient mice, the acidic vestibular
endolymphatic pH is thought to inhibit the acid-sensitive TRPV5/6 calcium channels and
lead to a significantly higher Ca2+ concentration in the endolymph, which may be another
factor causing the formation of abnormal otoconia crystals (Nakaya et al. 2007). However,
direct evidence has yet to be presented on whether TRPV-deficiency will lead to otoconia
abnormalities.

4. The roles of anchoring proteins in the pathogenesis of otoconia-related
imbalance and dizziness/vertigo
The inner ear acellular membranes, namely the otoconial membranes in the utricule and
saccule, the cupula in the ampulla, and the tectorial membrane in the cochlea, cover their
corresponding sensory epithelia, have contact with the stereocilia of hair cells and thus play
crutial role in mechanotransduction. In the utricle and saccule, otoconia crystals are attached to
and partially embedded in a honeycomb layer above a fibrous meshwork, which are
collectively called otoconial membranes, and are responsible for the site-specific anchoring of
otoconia. Disruption of the otoconial membrane structure may cause the detachment and
dislocation of otoconia and thus vestibular disorders.
The acellular structures of the inner ear consist of collagenous and non-collagenous
glycoproteins and proteoglycans. Several types of collagen, including type II, IV, V and IX,
have been identified in the mammalian tectorial membrane (Richardson et al. 1987; Slepecky
et al. 1992). In the otoconial membranes, however, otolin is likely the main collagenous
component. As to the noncollagenous constituents, three glycoproteins, otogelin, -tectorin
and -tectorin, have been identified in the inner ear acellular membranes in mice to date
(Cohen-Salmon et al. 1997; Legan et al. 1997). The proteoglycan in mouse otoconia is keratin
sulfate proteoglycan (KSPG) (Xu et al. 2010).
Otogelin is a glycoprotein that is present and restricted to all acellular membranes of the
inner ear (Cohen-Salmon et al. 1997). At early embryonic stages, otogelin is produced by the
supporting cells of the sensory epithelia of the developing vestibule and cochlea, and
presents a complementary distribution pattern with Myosin VIIA, a marker of hair cells and
precursors (El-Amraoui et al. 2001). At adult stages, otogelin is still expressed in the
vestibular supporting cells, but become undetectable in the cochlear cells. Otogelin may be
required for the attachment of the otoconial membranes and consequently site-specific
anchoring of otoconia crystals. Dysfunction of otogelin in either the Otog knockout mice or
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the twister mutant mice leads to severe vestibular deficits, which is postulated to be caused
by displaced otoconial membranes in the utricle and saccule (Simmler et al. 2000a; Simmler
et al. 2000b).
-tectorin and -tectorin, named with reference to their localization, are major noncollagenous glycoproteins of the mammalian tectorial membrane (Legan et al. 1997). In
addition, these two proteins are abundant constituents of the otoconial membranes, but are
not present in the cupula (Goodyear and Richardson 2002; Xu et al. 2010). In the mouse
vestibule, -tectorin is mainly expressed between E12.5 and P15 in the transitional zone, as
well as in a region that is producing the accessory membranes of the utricle and saccule, but
absent in the ampullae of semicircular canals (Rau et al. 1999). Mice with targeted deletion
of -tectorin display reduced otoconial membranes and a few scattered giant otoconia
(Legan et al. 2000).
-tectorin has a spatial and temporal expression pattern distinct from that of -tectorin in
the vestibule. It is expressed in the striolar region of the utricule and saccule from E14.5 until
at least P150 (Legan et al. 1997; Rau et al. 1999), suggesting that the striolar and extrastriolar
region of the otoconial membranes may have different composition. Tectb null mice show
structural disruption of the tectorial membrane and hearing loss at low frequencies (Russell
et al. 2007). However, no vestibular defects have been reported.
Interestingly, both otogelin and -tectorin possess several von Willebrand factor type D
(VWFD) domains containing the multimerization consensus site CGLC (Mayadas and
Wagner 1992). This structural feature is probably essential for the multimer assembly of
those proteins to form filament and higher order structures.
Otoancorin is a glycosylphosphatidylinositol (GPI)-anchored protein specific to the interface
between the sensory epithelia and their overlying acellular membranes of the inner ear
(Zwaenepoel et al. 2002). In the vestibule, otoancorin is expressed on the apical surface of
the supporting cells in the utricle, saccule and crista. Although the function of otoancorin
has not been elucidated, the C-terminal GPI anchor motif of this protein likely facilitates the
otoancorin-cell surface adhesion. It is proposed that otoancorin may interact with the other
components of the otoconial membranes, such as otogelin and tectorins, and with the
epithelial surface, thus mediating the attachment of otoconial membranes to the underlying
sensory epithelia (Zwaenepoel et al. 2002).

5. Summary and future direction
Like other biominerals such as bone and teeth, otoconia primarily differ from their nonbiological counterparts by their protein-mediated nucleation, growth and maintenance
processes. With only CaCO3 crystallites and less than a dozen glycoprotein/proteoglycan
components, otoconia are seemingly simple biological structures compared to other tissues.
Yet, the processes governing otoconia formation are multiple and involve many more
molecules and much complicated cellular and extracellular events including matrix assembly,
endolymph homeostasis and proper function of ion channels/pumps. Expression of the
involved genes is well orchestrated temporally and spatially, and the functions of their
proteins are finely coordinated for optimal crystal formation. Some of these proteins also play
vital roles in normal cellular activities (e.g. hair cell stimulation) and other vestibular function.
Some other proteins (e.g. otolin, tectorins and otoancorin) still need to be further investigated
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of their functions. Animal models with targeted disruption of otolin and otoancorin are not yet
available, and animal models with double mutant genes (e.g. Oc90 and Sc1) have not been
studied but can yield more information on the precise role of the organic matrix in CaCO3
nucleation and growth. Additional studies are needed to further uncover the mechanisms
underlying the spatial specific formation of otoconia. The high prevalence and debilitating
nature of otoconia-related dizziness/vertigo and balance disorders necessitate these types of
studies as they are the foundation required to uncover the molecular etiology.
6. Acknowledgements
The work was supported by grants from the National Institute on Deafness and Other
Communication Disorders (R01 DC008603 and DC008603-S1 to Y.W.L.).

7. References
Anken RH, Beier M, Rahmann H. Hypergravity decreases carbonic anhydrase-reactivity in
inner ear maculae of fish. J.Exp.Zoolog.A Comp Exp.Biol. 301:815-819, 2004.
Anniko M, Wenngren BI, Wroblewski R. Aberrant elemental composition of otoconia in the
dancer mouse mutant with a semidominant gene causing a morphogenetic type of
inner ear defect. Acta Otolaryngol. 106:208-212, 1988.
Banfi B, Malgrange B, Knisz J, Steger K, Dubois-Dauphin M, Krause KH. NOX3, a
superoxide-generating NADPH oxidase of the inner ear. J.Biol.Chem. 279:4606546072, 2004.
Bedard K and Krause KH. The NOX family of ROS-generating NADPH oxidases:
physiology and pathophysiology. Physiol Rev. 87:245-313, 2007.
Bianco P, Hayashi Y, Silvestrini G, Termine JD, Bonucci E. Osteonectin and Gla-protein in
calf bone: ultrastructural immunohistochemical localization using the Protein Agold method. Calcif.Tissue Int. 37:684-686, 1985.
Bolander ME, Young MF, Fisher LW, Yamada Y, Termine JD. Osteonectin cDNA sequence
reveals potential binding regions for calcium and hydroxyapatite and shows
homologies with both a basement membrane protein (SPARC) and a serine
proteinase inhibitor (ovomucoid). Proc.Natl.Acad.Sci.U.S.A 85:2919-2923, 1988.
Boskey AL, Maresca M, Ullrich W, Doty SB, Butler WT, Prince CW. Osteopontinhydroxyapatite interactions in vitro: inhibition of hydroxyapatite formation and
growth in a gelatin-gel. Bone Miner. 22:147-159, 1993.
Carlstrom D. Crystallographic study of vertebrate otoliths. Biological Bulletin 125:441-463, 1963.
Cheng G, Cao Z, Xu X, van Meir EG, Lambeth JD. Homologs of gp91phox: cloning and
tissue expression of Nox3, Nox4, and Nox5. Gene 269:131-140, 2001.
Chun YH, Yamakoshi Y, Kim JW, Iwata T, Hu JC, Simmer JP. Porcine SPARC: isolation from
dentin, cDNA sequence, and computer model. Eur.J.Oral Sci. 114 Suppl 1:78-85, 2006.
Cohen-Salmon M, El-Amraoui A, Leibovici M, Petit C. Otogelin: a glycoprotein specific to the
acellular membranes of the inner ear. Proc.Natl.Acad.Sci.U.S.A 94:14450-14455, 1997.
Crouch JJ and Schulte BA. Identification and cloning of site C splice variants of plasma
membrane Ca-ATPase in the gerbil cochlea. Hear.Res. 101:55-61, 1996.
Dai P, Stewart AK, Chebib F, Hsu A, Rozenfeld J, Huang D, Kang D, Lip V, Fang H, Shao H,
Liu X, Yu F, Yuan H, Kenna M, Miller DT, Shen Y, Yang W, Zelikovic I, Platt OS,
Han D, Alper SL, Wu BL. Distinct and novel SLC26A4/Pendrin mutations in
Chinese and U.S. patients with nonsyndromic hearing loss. Physiol Genomics
38:281-290, 2009.

www.intechopen.com

16

Otolaryngology

Deans MR, Peterson JM, Wong GW. Mammalian Otolin: a multimeric glycoprotein specific
to the inner ear that interacts with otoconial matrix protein Otoconin-90 and
Cerebellin-1. PLoS.ONE. 5:e12765-2010.
Dou H, Xu J, Wang Z, Smith AN, Soleimani M, Karet FE, Greinwald JH, Jr., Choo D. Coexpression of pendrin, vacuolar H+-ATPase alpha4-subunit and carbonic
anhydrase II in epithelial cells of the murine endolymphatic sac.
J.Histochem.Cytochem. 52:1377-1384, 2004.
Dror AA, Politi Y, Shahin H, Lenz DR, Dossena S, Nofziger C, Fuchs H, Hrabe de AM,
Paulmichl M, Weiner S, Avraham KB. Calcium oxalate stone formation in the inner
ear as a result of an Slc26a4 mutation. J.Biol.Chem. 285:21724-21735, 2010.
Dumont RA, Lins U, Filoteo AG, Penniston JT, Kachar B, Gillespie PG. Plasma membrane
Ca2+-ATPase isoform 2a is the PMCA of hair bundles. J.Neurosci. 21:5066-5078, 2001.
Duvall CL, Taylor WR, Weiss D, Wojtowicz AM, Guldberg RE. Impaired angiogenesis, early
callus formation, and late stage remodeling in fracture healing of osteopontindeficient mice. J.Bone Miner.Res. 22:286-297, 2007.
El-Amraoui A, Cohen-Salmon M, Petit C, Simmler MC. Spatiotemporal expression of
otogelin in the developing and adult mouse inner ear. Hear.Res. 158:151-159, 2001.
Endo S, Sekitani T, Yamashita H, Kido T, Masumitsu Y, Ogata M, Miura M. Glycoconjugates
in the otolithic organ of the developing chick embryo. Acta Otolaryngol.Suppl
481:116-120, 1991.
Everett LA, Belyantseva IA, Noben-Trauth K, Cantos R, Chen A, Thakkar SI, HoogstratenMiller SL, Kachar B, Wu DK, Green ED. Targeted disruption of mouse Pds
provides insight about the inner-ear defects encountered in Pendred syndrome.
Hum.Mol.Genet. 10:153-161, 2001.
Everett LA, Morsli H, Wu DK, Green ED. Expression pattern of the mouse ortholog of the
Pendred's syndrome gene (Pds) suggests a key role for pendrin in the inner ear.
Proc.Natl.Acad.Sci.U.S.A 96:9727-9732, 1999.
Fermin CD, Lovett AE, Igarashi M, Dunner K, Jr. Immunohistochemistry and histochemistry
of the inner ear gelatinous membranes and statoconia of the chick (Gallus
domesticus). Acta Anat.(Basel) 138:75-83, 1990.
Ferrary E, Tran Ba HP, Roinel N, Bernard C, Amiel C. Calcium and the inner ear fluids. Acta
Otolaryngol.Suppl 460:13-17, 1988.
Furuta H, Luo L, Hepler K, Ryan AF. Evidence for differential regulation of calcium by
outer versus inner hair cells: plasma membrane Ca-ATPase gene expression.
Hear.Res. 123:10-26, 1998.
George A, Sabsay B, Simonian PA, Veis A. Characterization of a novel dentin matrix acidic
phosphoprotein. Implications for induction of biomineralization. J.Biol.Chem.
268:12624-12630, 1993.
Goodyear RJ and Richardson GP. Extracellular matrices associated with the apical surfaces
of sensory epithelia in the inner ear: molecular and structural diversity.
J.Neurobiol. 53:212-227, 2002.
Hassell J, Yamada Y, rikawa-Hirasawa E. Role of perlecan in skeletal development and
diseases. Glycoconj.J. 19:263-267, 2002.
Heiss A, DuChesne A, Denecke B, Grotzinger J, Yamamoto K, Renne T, Jahnen-Dechent W.
Structural basis of calcification inhibition by alpha 2-HS glycoprotein/fetuin-A.
Formation of colloidal calciprotein particles. J.Biol.Chem. 278:13333-13341, 2003.
Hirst KL, Ibaraki-O'Connor K, Young MF, Dixon MJ. Cloning and expression analysis of the
bovine dentin matrix acidic phosphoprotein gene. J.Dent.Res. 76:754-760, 1997.

www.intechopen.com

Proteins Involved in Otoconia Formation and Maintenance

17

Hohenester E, Maurer P, Timpl R. Crystal structure of a pair of follistatin-like and EF-hand
calcium-binding domains in BM-40. EMBO J. 16:3778-3786, 1997.
Hohenester E, Sasaki T, Giudici C, Farndale RW, Bachinger HP. Structural basis of
sequence-specific collagen recognition by SPARC. Proc.Natl.Acad.Sci.U.S.A
105:18273-18277, 2008.
Hughes I, Blasiole B, Huss D, Warchol ME, Rath NP, Hurle B, Ignatova E, Dickman JD,
Thalmann R, Levenson R, Ornitz DM. Otopetrin 1 is required for otolith formation
in the zebrafish Danio rerio. Dev.Biol. 276:391-402, 2004.
Hughes I, Saito M, Schlesinger PH, Ornitz DM. Otopetrin 1 activation by purinergic nucleotides
regulates intracellular calcium. Proc.Natl.Acad.Sci.U.S.A 104:12023-12028, 2007.
Hunter GK, Kyle CL, Goldberg HA. Modulation of crystal formation by bone
phosphoproteins: structural specificity of the osteopontin-mediated inhibition of
hydroxyapatite formation. Biochem.J. 300 ( Pt 3):723-728, 1994.
Hurle B, Ignatova E, Massironi SM, Mashimo T, Rios X, Thalmann I, Thalmann R, Ornitz DM.
Non-syndromic vestibular disorder with otoconial agenesis in tilted/mergulhador mice
caused by mutations in otopetrin 1. Hum.Mol.Genet. 12:777-789, 2003.
Iozzo RV. Matrix proteoglycans: from molecular design to cellular function.
Annu.Rev.Biochem. 67:609-652, 1998.
Ishibashi T, Takumida M, Akagi N, Hirakawa K, Anniko M. Expression of transient receptor
potential vanilloid (TRPV) 1, 2, 3, and 4 in mouse inner ear. Acta Otolaryngol.
128:1286-1293, 2008.
Ito M, Spicer SS, Schulte BA. Histochemical detection of glycogen and glycoconjugates in the
inner ear with modified concanavalin A-horseradish peroxidase procedures.
Histochem.J. 26:437-446, 1994.
Jahnen-Dechent W, Schinke T, Trindl A, Muller-Esterl W, Sablitzky F, Kaiser S, Blessing M.
Cloning and targeted deletion of the mouse fetuin gene. J.Biol.Chem. 272:3149631503, 1997.
Johnston IG, Paladino T, Gurd JW, Brown IR. Molecular cloning of SC1: a putative brain
extracellular matrix glycoprotein showing partial similarity to osteonectin/BM40/
SPARC. Neuron 4:165-176, 1990.
Jones SM, Erway LC, Bergstrom RA, Schimenti JC, Jones TA. Vestibular responses to linear
acceleration are absent in otoconia-deficient C57BL/6JEi-het mice. Hear.Res.
135:56-60, 1999.
Jones SM, Erway LC, Johnson KR, Yu H, Jones TA. Gravity receptor function in mice with
graded otoconial deficiencies. Hear.Res. 191:34-40, 2004.
Kang YJ, Stevenson AK, Yau PM, Kollmar R. Sparc protein is required for normal growth of
zebrafish otoliths. J.Assoc.Res.Otolaryngol. 9:436-451, 2008.
Kaufmann B, Muller S, Hanisch FG, Hartmann U, Paulsson M, Maurer P, Zaucke F.
Structural variability of BM-40/SPARC/osteonectin glycosylation: implications for
collagen affinity. Glycobiology 14:609-619, 2004.
Keeton TP, Burk SE, Shull GE. Alternative splicing of exons encoding the calmodulinbinding domains and C termini of plasma membrane Ca(2+)-ATPase isoforms 1, 2,
3, and 4. J.Biol.Chem. 268:2740-2748, 1993.
Kido T, Sekitani T, Yamashita H, Endo S, Masumitsu Y, Shimogori H. Effects of carbonic
anhydrase inhibitor on the otolithic organs of developing chick embryos.
Am.J.Otolaryngol. 12:191-195, 1991.
Kim E, Hyrc KL, Speck J, Lundberg YW, Salles FT, Kachar B, Goldberg MP, Warchol ME,
Ornitz DM. Regulation of cellular calcium in vestibular supporting cells by
Otopetrin 1. J.Neurophysiol.2010.

www.intechopen.com

18

Otolaryngology

Kim E, Hyrc KL, Speck J, Salles FT, Lundberg YW, Goldberg MP, Kachar B, Warchol ME,
Ornitz DM. Missense mutations in Otopetrin 1 affect subcellular localization and
inhibition of purinergic signaling in vestibular supporting cells. Mol.Cell Neurosci.
46:655-661, 2011.
Kim HM and Wangemann P. Failure of fluid absorption in the endolymphatic sac initiates
cochlear enlargement that leads to deafness in mice lacking pendrin expression.
PLoS.ONE. 5:e14041-2010.
Kim HM and Wangemann P. Epithelial cell stretching and luminal acidification lead to a
retarded development of stria vascularis and deafness in mice lacking pendrin.
PLoS.ONE. 6:e17949-2011.
Kishore U and Reid KB. Modular organization of proteins containing C1q-like globular
domain. Immunopharmacology 42:15-21, 1999.
Kiss PJ, Knisz J, Zhang Y, Baltrusaitis J, Sigmund CD, Thalmann R, Smith RJ, Verpy E, Banfi
B. Inactivation of NADPH oxidase organizer 1 Results in Severe Imbalance.
Curr.Biol. 16:208-213, 2006.
Kozel PJ, Friedman RA, Erway LC, Yamoah EN, Liu LH, Riddle T, Duffy JJ, Doetschman T,
Miller ML, Cardell EL, Shull GE. Balance and hearing deficits in mice with a null
mutation in the gene encoding plasma membrane Ca2+-ATPase isoform 2.
J.Biol.Chem. 273:18693-18696, 1998.
Kumagami H, Terakado M, Sainoo Y, Baba A, Fujiyama D, Fukuda T, Takasaki K, Takahashi
H. Expression of the osmotically responsive cationic channel TRPV4 in the
endolymphatic sac. Audiol.Neurootol. 14:190-197, 2009.
Legan PK, Lukashkina VA, Goodyear RJ, Kossi M, Russell IJ, Richardson GP. A targeted
deletion in alpha-tectorin reveals that the tectorial membrane is required for the
gain and timing of cochlear feedback. Neuron 28:273-285, 2000.
Legan PK, Rau A, Keen JN, Richardson GP. The mouse tectorins. Modular matrix proteins of
the inner ear homologous to components of the sperm-egg adhesion system.
J.Biol.Chem. 272:8791-8801, 1997.
Lim DJ. Otoconia in health and disease. A review. Ann.Otol.Rhinol.Laryngol.Suppl 112:1724, 1984.
Lim DJ, Karabinas C, Trune DR. Histochemical localization of carbonic anhydrase in the
inner ear. Am.J.Otolaryngol. 4:33-42, 1983.
Lins U, Farina M, Kurc M, Riordan G, Thalmann R, Thalmann I, Kachar B. The otoconia of
the guinea pig utricle: internal structure, surface exposure, and interactions with
the filament matrix. J.Struct.Biol. 131:67-78, 2000.
Lively S, Ringuette MJ, Brown IR. Localization of the extracellular matrix protein SC1 to
synapses in the adult rat brain. Neurochem.Res. 32:65-71, 2007.
Lu W, Zhou D, Freeman JJ, Thalmann I, Ornitz DM, Thalmann R. In vitro effects of
recombinant otoconin 90 upon calcite crystal growth. Significance of tertiary
structure. Hear.Res. 268:172-183, 2010.
Luxon LM, Cohen M, Coffey RA, Phelps PD, Britton KE, Jan H, Trembath RC, Reardon W.
Neuro-otological findings in Pendred syndrome. Int.J.Audiol. 42:82-88, 2003.
Lv K, Huang H, Lu Y, Qin C, Li Z, Feng JQ. Circling behavior developed in Dmp1 null mice
is due to bone defects in the vestibular apparatus. Int.J.Biol.Sci. 6:537-545, 2010.
MacDougall M, Gu TT, Luan X, Simmons D, Chen J. Identification of a novel isoform of
mouse dentin matrix protein 1: spatial expression in mineralized tissues. J.Bone
Miner.Res. 13:422-431, 1998.

www.intechopen.com

Proteins Involved in Otoconia Formation and Maintenance

19

Mann S, Parker SB, Ross MD, Skarnulis AJ, Williams RJ. The ultrastructure of the calcium
carbonate balance organs of the inner ear: an ultra-high resolution electron
microscopy study. Proc.R.Soc.Lond B Biol.Sci. 218:415-424, 1983.
Marcus DC and Wangemann P. Cochlear and Vestibular Function and Dysfunction. In
Physiology and Pathology of Chloride Transporters and Channels in the Nervous System-From molecules to diseases. Edited by Alvarez-Leefmans FJ, Delpire E. Elsevier;
2009:421-433.
Maurer P, Hohenadl C, Hohenester E, Gohring W, Timpl R, Engel J. The C-terminal portion
of BM-40 (SPARC/osteonectin) is an autonomously folding and crystallisable
domain that binds calcium and collagen IV. J.Mol.Biol. 253:347-357, 1995.
Mayadas TN and Wagner DD. Vicinal cysteines in the prosequence play a role in von
Willebrand factor multimer assembly. Proc.Natl.Acad.Sci.U.S.A 89:3531-3535, 1992.
McKinnon PJ and Margolskee RF. SC1: a marker for astrocytes in the adult rodent brain is
upregulated during reactive astrocytosis. Brain Res. 709:27-36, 1996.
McKinnon PJ, McLaughlin SK, Kapsetaki M, Margolskee RF. Extracellular matrix-associated
protein Sc1 is not essential for mouse development. Mol.Cell Biol. 20:656-660, 2000.
Mendis DB and Brown IR. Expression of the gene encoding the extracellular matrix
glycoprotein SPARC in the developing and adult mouse brain. Brain Res.Mol.Brain
Res. 24:11-19, 1994.
Murayama E, Herbomel P, Kawakami A, Takeda H, Nagasawa H. Otolith matrix proteins
OMP-1 and Otolin-1 are necessary for normal otolith growth and their correct
anchoring onto the sensory maculae. Mech.Dev. 122:791-803, 2005.
Murayama E, Takagi Y, Nagasawa H. Immunohistochemical localization of two otolith
matrix proteins in the otolith and inner ear of the rainbow trout, Oncorhynchus
mykiss: comparative aspects between the adult inner ear and embryonic otocysts.
Histochem.Cell Biol. 121:155-166, 2004.
Nakano Y, Banfi B, Jesaitis AJ, Dinauer MC, Allen LA, Nauseef WM. Critical roles for
p22phox in the structural maturation and subcellular targeting of Nox3. Biochem.J.
403:97-108, 2007.
Nakano Y, Longo-Guess CM, Bergstrom DE, Nauseef WM, Jones SM, Banfi B. Mutation of
the Cyba gene encoding p22phox causes vestibular and immune defects in mice.
J.Clin.Invest 118:1176-1185, 2008.
Nakaya K, Harbidge DG, Wangemann P, Schultz BD, Green ED, Wall SM, Marcus DC. Lack
of pendrin HCO3- transport elevates vestibular endolymphatic [Ca2+] by
inhibition of acid-sensitive TRPV5 and TRPV6 channels. Am.J.Physiol Renal
Physiol 292:F1314-F1321, 2007.
Oldberg A, Franzen A, Heinegard D. Cloning and sequence analysis of rat bone sialoprotein
(osteopontin) cDNA reveals an Arg-Gly-Asp cell-binding sequence.
Proc.Natl.Acad.Sci.U.S.A 83:8819-8823, 1986.
Paffenholz R, Bergstrom RA, Pasutto F, Wabnitz P, Munroe RJ, Jagla W, Heinzmann U,
Marquardt A, Bareiss A, Laufs J, Russ A, Stumm G, Schimenti JC, Bergstrom DE.
Vestibular defects in head-tilt mice result from mutations in Nox3, encoding an
NADPH oxidase. Genes Dev. 18:486-491, 2004.
Pedrozo HA, Schwartz Z, Dean DD, Harrison JL, Campbell JW, Wiederhold ML, Boyan BD.
Evidence for the involvement of carbonic anhydrase and urease in calcium
carbonate formation in the gravity-sensing organ of Aplysia californica.
Calcif.Tissue Int. 61:247-255, 1997.

www.intechopen.com

20

Otolaryngology

Petko JA, Millimaki BB, Canfield VA, Riley BB, Levenson R. Otoc1: a novel otoconin-90
ortholog required for otolith mineralization in zebrafish. Dev.Neurobiol. 68:209222, 2008.
Pisam M, Jammet C, Laurent D. First steps of otolith formation of the zebrafish: role of
glycogen? Cell Tissue Res. 310:163-168, 2002.
Pote KG and Ross MD. Each otoconia polymorph has a protein unique to that polymorph.
Comp Biochem.Physiol B 98:287-295, 1991.
Price PA, Thomas GR, Pardini AW, Figueira WF, Caputo JM, Williamson MK. Discovery of
a high molecular weight complex of calcium, phosphate, fetuin, and matrix
gamma-carboxyglutamic acid protein in the serum of etidronate-treated rats.
J.Biol.Chem. 277:3926-3934, 2002.
Quelch KJ, Cole WG, Melick RA. Noncollagenous proteins in normal and pathological
human bone. Calcif.Tissue Int. 36:545-549, 1984.
Rau A, Legan PK, Richardson GP. Tectorin mRNA expression is spatially and temporally
restricted during mouse inner ear development. J.Comp Neurol. 405:271-280, 1999.
Richardson GP, Russell IJ, Duance VC, Bailey AJ. Polypeptide composition of the
mammalian tectorial membrane. Hear.Res. 25:45-60, 1987.
Rodan SB and Rodan GA. Integrin function in osteoclasts. J.Endocrinol. 154 Suppl:S47-S56,
1997.
Ross MD and Pote KG. Some properties of otoconia. Philos.Trans.R.Soc.Lond B Biol.Sci.
304:445-452, 1984.
Russell IJ, Legan PK, Lukashkina VA, Lukashkin AN, Goodyear RJ, Richardson GP.
Sharpened cochlear tuning in a mouse with a genetically modified tectorial
membrane. Nat.Neurosci. 10:215-223, 2007.
Sage EH and Vernon RB. Regulation of angiogenesis by extracellular matrix: the growth and
the glue. J.Hypertens.Suppl 12:S145-S152, 1994.
Sakagami M. Role of osteopontin in the rodent inner ear as revealed by in situ hybridization.
Med.Electron Microsc. 33:3-10, 2000.
Salamat MS, Ross MD, Peacor DR. Otoconial formation in the fetal rat.
Ann.Otol.Rhinol.Laryngol. 89:229-238, 1980.
Salt AN, Inamura N, Thalmann R, Vora A. Calcium gradients in inner ear endolymph.
Am.J.Otolaryngol. 10:371-375, 1989.
Salvinelli F, Firrisi L, Casale M, Trivelli M, D'Ascanio L, Lamanna F, Greco F, Costantino S.
Benign paroxysmal positional vertigo: diagnosis and treatment. Clin.Ter. 155:395400, 2004.
Sasaki T, Hohenester E, Gohring W, Timpl R. Crystal structure and mapping by sitedirected mutagenesis of the collagen-binding epitope of an activated form of BM40/SPARC/osteonectin. EMBO J. 17:1625-1634, 1998.
Schafer C, Heiss A, Schwarz A, Westenfeld R, Ketteler M, Floege J, Muller-Esterl W, Schinke
T, Jahnen-Dechent W. The serum protein alpha 2-Heremans-Schmid
glycoprotein/fetuin-A is a systemically acting inhibitor of ectopic calcification.
J.Clin.Invest 112:357-366, 2003.
Schuknecht HF. Cupulolithiasis. Arch.Otolaryngol. 90:765-778, 1969.
Schuknecht HF. Positional vertigo: clinical and experimental observations.
Trans.Am.Acad.Ophthalmol.Otolaryngol. 66:319-332, 1962.
Scott DA and Karniski LP. Human pendrin expressed in Xenopus laevis oocytes mediates
chloride/formate exchange. Am.J.Physiol Cell Physiol 278:C207-C211, 2000.
Scott DA, Wang R, Kreman TM, Sheffield VC, Karniski LP. The Pendred syndrome gene
encodes a chloride-iodide transport protein. Nat.Genet. 21:440-443, 1999.

www.intechopen.com

Proteins Involved in Otoconia Formation and Maintenance

21

Shapses SA, Cifuentes M, Spevak L, Chowdhury H, Brittingham J, Boskey AL, Denhardt
DT. Osteopontin facilitates bone resorption, decreasing bone mineral crystallinity
and content during calcium deficiency. Calcif.Tissue Int. 73:86-92, 2003.
Simmler MC, Cohen-Salmon M, El-Amraoui A, Guillaud L, Benichou JC, Petit C, Panthier JJ.
Targeted disruption of otog results in deafness and severe imbalance. Nat.Genet.
24:139-143, 2000a.
Simmler MC, Zwaenepoel I, Verpy E, Guillaud L, Elbaz C, Petit C, Panthier JJ. Twister
mutant mice are defective for otogelin, a component specific to inner ear acellular
membranes. Mamm.Genome 11:960-966, 2000b.
Slepecky NB, Savage JE, Yoo TJ. Localization of type II, IX and V collagen in the inner ear.
Acta Otolaryngol. 112:611-617, 1992.
Sollner C, Burghammer M, Busch-Nentwich E, Berger J, Schwarz H, Riekel C, Nicolson T.
Control of crystal size and lattice formation by starmaker in otolith
biomineralization. Science 302:282-286, 2003.
Sollner C, Schwarz H, Geisler R, Nicolson T. Mutated otopetrin 1 affects the genesis of
otoliths and the localization of Starmaker in zebrafish. Dev.Genes Evol. 214:582590, 2004.
Squires TM, Weidman MS, Hain TC, Stone HA. A mathematical model for top-shelf vertigo:
the role of sedimenting otoconia in BPPV. J.Biomech. 37:1137-1146, 2004.
Steyger PS and Wiederhold ML. Visualization of newt aragonitic otoconial matrices using
transmission electron microscopy. Hear.Res. 92:184-191, 1995.
Swartz DJ and Santi PA. Immunohistochemical localization of keratan sulfate in the
chinchilla inner ear. Hear.Res. 109:92-101, 1997.
Takemura T, Sakagami M, Nakase T, Kubo T, Kitamura Y, Nomura S. Localization of
osteopontin in the otoconial organs of adult rats. Hear.Res. 79:99-104, 1994.
Takumida M, Ishibashi T, Hamamoto T, Hirakawa K, Anniko M. Age-dependent changes in
the expression of klotho protein, TRPV5 and TRPV6 in mouse inner ear. Acta
Otolaryngol. 129:1340-1350, 2009.
Termine JD, Kleinman HK, Whitson SW, Conn KM, McGarvey ML, Martin GR. Osteonectin,
a bone-specific protein linking mineral to collagen. Cell 26:99-105, 1981.
Thalmann I, Hughes I, Tong BD, Ornitz DM, Thalmann R. Microscale analysis of proteins in
inner ear tissues and fluids with emphasis on endolymphatic sac, otoconia, and
organ of Corti. Electrophoresis 27:1598-1608, 2006.
Thalmann R, Ignatova E, Kachar B, Ornitz DM, Thalmann I. Development and maintenance
of otoconia: biochemical considerations. Ann.N.Y.Acad.Sci. 942:162-178, 2001.
Thurner PJ, Chen CG, Ionova-Martin S, Sun L, Harman A, Porter A, Ager JW, III, Ritchie
RO, Alliston T. Osteopontin deficiency increases bone fragility but preserves bone
mass. Bone 46:1564-1573, 2010.
Tohse H and Mugiya Y. Effects of enzyme and anion transport inhibitors on in vitro
incorporation of inorganic carbon and calcium into endolymph and otoliths in
salmon Oncorhynchus masou. Comp Biochem.Physiol A Mol.Integr.Physiol
128:177-184, 2001.
Trune DR and Lim DJ. The behavior and vestibular nuclear morphology of otoconiadeficient pallid mutant mice. J.Neurogenet. 1:53-69, 1983.
Tsujikawa S, Yamashita T, Tomoda K, Iwai H, Kumazawa H, Cho H, Kumazawa T. Effects
of acetazolamide on acid-base balance in the endolymphatic sac of the guinea pig.
Acta Otolaryngol.Suppl 500:50-53, 1993.

www.intechopen.com

22

Otolaryngology

Verpy E, Leibovici M, Petit C. Characterization of otoconin-95, the major protein of murine
otoconia, provides insights into the formation of these inner ear biominerals.
Proc.Natl.Acad.Sci.U.S.A 96:529-534, 1999.
Viviano BL, Silverstein L, Pflederer C, Paine-Saunders S, Mills K, Saunders S. Altered
hematopoiesis in glypican-3-deficient mice results in decreased osteoclast
differentiation and a delay in endochondral ossification. Dev.Biol. 282:152-162, 2005.
Wang Y, Kowalski PE, Thalmann I, Ornitz DM, Mager DL, Thalmann R. Otoconin-90, the
mammalian otoconial matrix protein, contains two domains of homology to
secretory phospholipase A2. Proc.Natl.Acad.Sci.U.S.A 95:15345-15350, 1998.
Westenfeld R, Schafer C, Kruger T, Haarmann C, Schurgers LJ, Reutelingsperger C, Ivanovski
O, Drueke T, Massy ZA, Ketteler M, Floege J, Jahnen-Dechent W. Fetuin-A protects
against atherosclerotic calcification in CKD. J.Am.Soc.Nephrol. 20:1264-1274, 2009.
Westenfeld R, Schafer C, Smeets R, Brandenburg VM, Floege J, Ketteler M, Jahnen-Dechent
W. Fetuin-A (AHSG) prevents extraosseous calcification induced by uraemia and
phosphate challenge in mice. Nephrol.Dial.Transplant. 22:1537-1546, 2007.
Xu T, Bianco P, Fisher LW, Longenecker G, Smith E, Goldstein S, Bonadio J, Boskey A,
Heegaard AM, Sommer B, Satomura K, Dominguez P, Zhao C, Kulkarni AB, Robey
PG, Young MF. Targeted disruption of the biglycan gene leads to an osteoporosislike phenotype in mice. Nat.Genet. 20:78-82, 1998.
Xu Y, Zhang H, Yang H, Zhao X., Lovas S, Lundberg YW. Expression, functional and
structural analysis of proteins critical for otoconia development. Dev.Dyn.
239:2659-2673, 2010.
Xu Y and Lundberg Y.W. Temporally and spatially regulated expression of otoconial genes.
35th Association for Research in Otolaryngology MidWinter Meeting #282,2012.
Xu Y, Yang L, Jones S.M., Zhao X., Zhang Y, Lundberg Y.W. Functional cooperation of two
otoconial proteins Oc90 and Nox3. 35th Association for Research in Otolaryngology
MidWinter Meeting #281:2012.
Yamauchi D, Nakaya K, Raveendran NN, Harbidge DG, Singh R, Wangemann P, Marcus
DC. Expression of epithelial calcium transport system in rat cochlea and vestibular
labyrinth. BMC.Physiol 10:1-2010.
Yamoah EN, Lumpkin EA, Dumont RA, Smith PJ, Hudspeth AJ, Gillespie PG. Plasma
membrane Ca2+-ATPase extrudes Ca2+ from hair cell stereocilia. J.Neurosci.
18:610-624, 1998.
Yang H, Zhao X, Xu Y, Wang L, He Q, Lundberg YW. Matrix recruitment and calcium
sequestration for spatial specific otoconia development. PLoS.ONE. 6:e20498-2011.
Young MF, Bi Y, Ameye L, Chen XD. Biglycan knockout mice: new models for
musculoskeletal diseases. Glycoconj.J. 19:257-262, 2002.
Zhao X, Jones SM, Thoreson WB, Lundberg YW. Osteopontin is not critical for otoconia
formation or balance function. J.Assoc.Res.Otolaryngol. 9:191-201, 2008a.
Zhao X, Jones SM, Yamoah EN, Lundberg YW. Otoconin-90 deletion leads to imbalance but
normal hearing: a comparison with other otoconia mutants. Neuroscience 153:289299, 2008b.
Zhao X, Yang H, Yamoah EN, Lundberg YW. Gene targeting reveals the role of Oc90 as the
essential organizer of the otoconial organic matrix. Dev.Biol. 304:508-524, 2007.
Zwaenepoel I, Mustapha M, Leibovici M, Verpy E, Goodyear R, Liu XZ, Nouaille S, Nance
WE, Kanaan M, Avraham KB, Tekaia F, Loiselet J, Lathrop M, Richardson G, Petit C.
Otoancorin, an inner ear protein restricted to the interface between the apical surface
of sensory epithelia and their overlying acellular gels, is defective in autosomal
recessive deafness DFNB22. Proc.Natl.Acad.Sci.U.S.A 99:6240-6245, 2002.

www.intechopen.com

Otolaryngology

Edited by Prof. Balwant Singh Gendeh

ISBN 978-953-51-0624-1
Hard cover, 198 pages
Publisher InTech

Published online 23, May, 2012

Published in print edition May, 2012
This book emphasizes on different aspects of otolaryngology - the medical sciences of diagnosis and
treatment of ENT disorders. "Otolaryngology" is divided into various clinical sub-specialities, namely otology,
rhinology, laryngology, and head and neck. This book incorporates new developments, as well as future
perspectives in otolaryngology. I would like to dedicate this book to those of you who will pick up the torch and
by continued research, close clinical observation and the highest quality of clinical care, as well as by
publication and selfless teaching, further advance knowledge in otolaryngology from this point forward. It is
intended to be a guide to other books to follow. Otolaryngologists, researches, specialists, trainees, and
general practitioners with interest in otolaryngology will find this book interesting and useful.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:
Yunxia Wang Lundberg and Yinfang Xu (2012). Proteins Involved in Otoconia Formation and Maintenance,
Otolaryngology, Prof. Balwant Singh Gendeh (Ed.), ISBN: 978-953-51-0624-1, InTech, Available from:
http://www.intechopen.com/books/otolaryngology/proteins-involved-in-otoconia-formation-and-maintenance

InTech Europe

University Campus STeP Ri
Slavka Krautzeka 83/A
51000 Rijeka, Croatia
Phone: +385 (51) 770 447
Fax: +385 (51) 686 166
www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai
No.65, Yan An Road (West), Shanghai, 200040, China
Phone: +86-21-62489820
Fax: +86-21-62489821

© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

