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Abstract

Hair cells are specialized mechanoreceptors common to auditory and vestibular sensory organs of mammalian and non-
mammalian species. Different hair cells are believed to share common features related to their mechanosensory function. It has
been shown that hair cells possess various forms of motile properties that enhance their receptor function. Membrane-based
electromotility is a form of hair cell motility observed in isolated outer hair cells (OHCs) of the cochlea. A novel membrane
protein, prestin, recently cloned from gerbil and rat tissues, is presumably responsible for electromotility. We cloned prestin from
mouse organ of Corti and confirmed strong homology of this protein among different rodent species. We explored whether or not
prestin is present in hair cells of the vestibular system. Using reverse transcription-polymerase chain reaction, we demonstrated
that prestin is expressed in mouse and rat auditory and vestibular organs, but not in chicken auditory periphery. In situ
hybridization and immunolocalization studies confirmed the presence of prestin in OHCs as well as in vestibular hair cells (VHCs)
of rodent saccule, utricle and crista ampullaris. However, in the VHCs, staining of varying intensity with anti-prestin antibodies
was observed in the cytoplasm, but not in the lateral plasma membrane or in the stereociliary membrane. Whole-cell patch-clamp
recordings showed that VHCs do not possess the voltage-dependent capacitance associated with membrane-based electromotility.
We conclude that although prestin is expressed in VHCs, it is unlikely that it supports the form of somatic motility observed in
OHCs.
5 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Hair cells, specialized sensory cells that use hair bun-
dles to sense the external mechanical stimulation, are
ubiquitous among vertebrates (Pickles and Corey,
1992). Among di¡erent species and organs, hair cells
share many common features, including an active

force-generating mechanism in the stereociliary bundle
(Manley, 2000). Active movements of the hair bundles
have been observed in the auditory hair cells of the
turtle (Crawford and Fettiplace, 1985), in vestibular
hair cells (VHCs) of the bullfrog (Denk and Webb,
1992; Benser et al., 1996), and in the VHCs of the eel
(Rusch and Thurm, 1990). Evidence for such move-
ments has been reported for auditory hair cells of liz-
ards (Manley et al., 2001) and birds (Manley and
Koppl, 1998). The force-generating mechanism in the
hair bundle activates in a submillisecond time scale
and is closely related to the operation of mechanosen-
sitive transduction channels (Ricci et al., 2000). This
mechanism appears strong enough to amplify sound-
induced vibrations in the auditory periphery (Martin

0378-5955 / 03 / $ ^ see front matter 5 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0378-5955(03)00192-8

* Corresponding author. Tel. : +1 (301) 402-1601;
Fax: +1 (301) 402-1765.

E-mail address: adlerh@nidcd.nih.gov (H.J. Adler).

Abbreviations: OHC, outer hair cell ; VHC, vestibular hair cell ;
RT-PCR, reverse transcription-polymerase chain reaction; ORF,
open reading frame; PBS, phosphate-bu¡ered saline

HEARES 4731 26-9-03 Cyaan Magenta Geel Zwart

Hearing Research 184 (2003) 27^40

R

Available online at www.sciencedirect.com

www.elsevier.com/locate/heares

mailto:adlerh@nidcd.nih.gov
http://www.elsevier.com/locate/heares


and Hudspeth, 1999). The molecular components of
this mechanism have not yet been identi¢ed.

In mammals, slow (Griguer et al., 1993) and fast
(Zenner et al., 1992) active movements of the hair bun-
dle and cuticular plate have been reported in VHCs.
One type of hair cells in the mammalian cochlea, the
outer hair cells (OHCs), have a unique ability to con-
tract and elongate in response to changes in intracellu-
lar potential (Brownell et al., 1985; Kachar et al., 1986;
Ashmore, 1987; for review see Frolenkov et al., 1998).
This unique type of cell motility, known as membrane-
based electromotility, operates at acoustic frequencies
(Dallos and Evans, 1995; Gale and Ashmore, 1997),
does not require ATP hydrolysis (Kachar et al., 1986),
and is driven by voltage-dependent conformational
changes of proteins embedded in the lateral plasma
membrane (Kalinec et al., 1992). Prestin, a recently
cloned protein containing a sulfate transporter motif,
is the likely candidate for the OHC ‘motor’ (Zheng et
al., 2000). The hypothesis that prestin is the OHC ‘mo-
tor’ is supported by the observation that a targeted
deletion of the prestin gene causes a loss of electromo-
tility and elevated auditory sensitivity in mice (Liber-
man et al., 2002). Furthermore, prestin is localized in
the lateral plasma membrane of OHCs (Belyantseva et
al., 2000). Its incorporation in the membrane occurs
concurrently with the appearance of OHC electromotil-
ity during development of the organ of Corti in rat
(Belyantseva et al., 2000). In addition, cultured human
kidney cells transfected with prestin exhibit voltage-in-
duced shape changes and voltage-dependent capaci-
tance (Zheng et al., 2000; Santos-Sacchi et al., 2001;
Ludwig et al., 2001; Meltzer and Santos-Sacchi, 2001;
Santos-Sacchi and Navarrete, 2002; for review, see Dal-
los and Fakler, 2002; Zheng et al., 2002a), which also
are characteristic of electromotility in OHCs (Santos-
Sacchi, 1991).

In the organ of Corti, prestin was shown to be ex-
pressed exclusively in the OHCs but not in the inner
hair cells (Belyantseva et al., 2000; Zheng et al., 2000,
2002b). However, if prestin functions as a distinct bio-
logical actuator capable of directly converting voltage
to movement, then this protein may be employed by
any other hair cells that require voltage-to-movement
conversion at acoustic frequencies. In this study we
used reverse transcription-polymerase chain reaction
(RT-PCR), in situ hybridization, and immuno£uores-

cence with prestin-speci¢c probes to explore whether
or not prestin is also present and similarly expressed
in VHCs as in OHCs. We also attempted to determine
whether prestin is expressed in hair cells of chickens, a
well-studied non-mammalian species.

2. Materials and methods

2.1. RT-PCR

Adult mice (Mus musculus, n=10), adult rats (Rattus
norvegicus, n=10), and chickens (Gallus domesticus,
postnatal day 11, n=12) were sacri¢ced via CO2 over-
dose, and decapitated, according to the National In-
stitutes of Health Guidelines for Animal Use. Rodent
organs of Corti and vestibular tissues (saccule, utricle,
and three cristae ampullares) as well as the auditory
portion of the chicken inner ear (i.e., basilar papilla)
were extracted and frozen on dry ice. RNA was iso-
lated from these tissues, using the RNeasy procedure
(Qiagen, Valencia, CA, USA). During the procedure,
the RNA was treated with DNase I (Qiagen). Prior
to reverse transcription, the RNA concentrations of
rat organ of Corti, rat vestibule, mouse organ of
Corti, mouse vestibule, and chicken basilar papilla
were 30, 320, 96, 70, and 56 ng/Wl, respectively. The
RNA was reverse-transcribed into cDNA, using
Superscript II (Life Technologies, Rockville, MD,
USA).

The cDNA was ampli¢ed by PCR, using pairs of
oligonucleotide primers (Table 1) whose design was
based on the gerbil prestin open reading frame (ORF;
GenBank accession number AF230376, Zheng et al.,
2000). PCR products were generated using one-time
activation of AmpliTaq Gold (Applied Biosystems,
Foster City, CA, USA) at 94‡C followed by 35^38
cycles of denaturing at 94‡C for 45 s, annealing at
55‡C for 45 s, and extending at 72‡C for 1 min. PCR
products were electrophoresed and puri¢ed via either
the QIAquick PCR puri¢cation method or the QIA-
quick gel extraction method (Qiagen). Following liga-
tion into the pGEM-T easy vector (Promega, Madison,
WI, USA) and transformation into DH5K competent
cells (Life Technologies), the PCR products were se-
quenced by an automated ABI 377 DNA sequencer
(Applied Biosystems).

Table 1
Prestin oligonucleotide primers

Primer ID Sequence Nucleotide position of mouse prestin ORF

Pres7F 5P-gttgggtggcaaggagttta-3P Nucleotides 816^835
Pres6R 5P-acagggaggacacaaaggtg-3P Reverse complementary to nucleotides 1422^1441
Pres13F 5P-ggatcatgctgaagaaaatg-3P Nucleotides 3^22
Pres13R 5P-cacacctccaatcatcaagc-3P Reverse complementary to nucleotides 422^441
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2.2. Cloning and sequencing of mouse prestin cDNA

Oligonucleotide primers based on the gerbil prestin
DNA sequence (GenBank accession number AF230376,
Zheng et al., 2000) were used to obtain numerous DNA
regions from mouse organ of Corti (the shortest was
186 bp and the longest was 626 bp) via RT-PCR as
described above. EditSeq and SeqMan programs
(DNASTAR, Madison, WI, USA) were used to com-
pile these sequences to form a complete ORF for mouse
prestin.

2.3. Immunocytochemistry

Sprague^Dawley adult rats (Taconic, Germantown,
NY, USA), C57Bl/6 adult mice (MST) and gerbils
were euthanized by CO2 and decapitated according to
the NIH Guidelines for Animal Use. The bullae were
removed and the cochleae were perfused through the
round window with 4% paraformaldehyde in phos-
phate-bu¡ered saline (PBS) and incubated in this ¢xa-
tive for 1 h at room temperature. The organ of Corti
and vestibular tissues were dissected from the cochlear
spiral in PBS using a ¢ne needle. Samples were permea-
bilized in 0.5% Triton X-100 (Polysciences, Warrington,
PA, USA) for 30 min and then washed in PBS. Non-
speci¢c binding sites were blocked using 5% normal
goat serum (Gibco-BRL, Gaithersburg, MD, USA)
and 2% bovine serum albumin (ICN Biomedicals,
Aurora, OH, USA) in PBS for 2 h. Samples were incu-
bated for 2 h in the primary antibodies at a concentra-
tion of V5 Wg/ml in blocking solution. After several
rinses in PBS, samples were incubated in a 1:200 dilu-
tion of the £uorescein-conjugated anti-rabbit IgG sec-
ondary antibody (Amersham, Arlington Heights, IL,
USA) for 40 min. In some experiments, rhodamine-
phalloidin was used to visualize F-actin in stereocilia
and hair cell bodies as described previously (Beyer et
al., 2000). Samples were mounted using ProLong Anti-
fade Kit (Molecular Probes, Eugene, OR, USA) and
viewed with an Axiophot microscope (Carl Zeiss, Go«t-
tingen, Germany) or a 510 Laser Scanning Confocal
microscope (Carl Zeiss) with a 63U objective
(N.A. = 1.4).

2.4. Antibodies

To produce antibodies against prestin, rabbits were
immunized with synthetic peptides corresponding to
portions of the C- or N-terminal domain of the gerbil
prestin [PB121, residues 725^744, SAPPPQDDMEP-
NATPTTPEA; PB123, residues 15^30, KYHVER-
PIFSHPVLQE, and PB129, residues 273^288,
GGKEFNERFKEKLPA; GenBank accession number
AF230376, Zheng et al., 2000]. Two rabbits for each

immunogenic peptide provided a high antibody titer.
Antibodies were a⁄nity-puri¢ed against corresponding
peptides.

2.5. In situ hybridization

In situ hybridization of whole mounts of organ of
Corti and vestibular tissues were performed based on
a modi¢cation of the protocol of Braissant and Wahli
(1998a,b) designed for tissue sections. Inner ear tissues
were ¢xed overnight in 4% paraformaldehyde in DEPC-
treated PBS at 4‡C and dissected from the surrounding
bone structures as described earlier (Morsli et al., 1998;
Everett et al., 1999). Tissues were washed twice for 15
min in PBS containing 0.1% active DEPC, equilibrated
in 5USSC (NaCl 0.75 M, Na-citrate 0.075 M) for 15
min, and prehybridized for 2 h at 58‡C in the hybrid-
ization mix (50% formamide, 5USSC, salmon sperm
DNA 40 Wg/ml). Sense and antisense probes speci¢c
to nucleotides 816^1441 (626 bp) and nucleotides
1156^1441 (286 bp) of rat prestin ORF (GenBank ac-
cession number AJ303372, Ludwig et al., 2001) were
denatured for 5 min at 80‡C and added to the hybrid-
ization mix (500 ng/ml) for overnight incubation at
58‡C in a humidi¢ed hybridization chamber. Following
washes of increasing stringencies (30 min in 2USSC at
room temperature, 1 h in 2USSC at 65‡C, 1 h in
0.1USSC at 65‡C) and equilibration in bu¡er I (Tris^
HCl 100 mM and NaCl 150 mM, pH 7.5), the speci-
mens were incubated for 2 h at room temperature in
bu¡er I containing 1:5000 alkaline phosphate-conju-
gated anti-digoxigenin antibody (Roche, Basel, Switzer-
land). After several bu¡er I washes, the specimens were
brie£y equilibrated in bu¡er 2 (Tris^HCl 100 mM,
NaCl 100 mM, MgCl2 50 mM, pH 9.5) and subjected
to overnight color development in bu¡er 2 containing
nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl
phosphate substrates (Roche). The staining reaction
was stopped by a 10-min wash in Tris/EDTA (pH
8.0). After several water washes, the specimens were
mounted between slide and coverslip using water-based
medium (Immu-Mount, Shandon, Pittsburgh, PA,
USA) and examined on an Axiophot microscope
(Carl Zeiss).

2.6. Hair cell isolation

Adult guinea pigs (200^400 g) were sacri¢ced with
CO2 and decapitated according to NIH Guidelines for
Animal Use. Strips of the organ of Corti were dissected
in a modi¢ed Leibowitz cell culture medium (L-15, Life
Technologies) containing (in mM): NaCl (137), KCl
(5.4), CaCl2 (1.3), MgCl2 (1.0), Na2HPO4 (1.0),
KH2PO4 (0.44), MgSO4 (0.81). Cristae ampullares
were dissected in a modi¢ed Hanks’ balanced salt solu-
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tion (HBSS, Life Technologies) with high Mg2þ (10
mM) and low Ca2þ (20 WM) concentrations. The osmo-
larity of all solutions was adjusted to 325Y 2 mOsm
with D-glucose and the pH was adjusted to 7.35 with
NaOH. To isolate hair cells, collagenase type IV (Life
Technologies) was added to modi¢ed HBSS or L-15 to
get a ¢nal concentration of 1 mg/ml. Preparations were
incubated in the respective collagenase-containing solu-
tions for 30 min at room temperature. After incubation,
cells were dissociated by gentle re£ux of the tissue
through the needle of a Hamilton syringe [Model N
(Cemented Needle) 705, 22 gauge] and allowed to settle
on the slide for 5^10 min. Hair cells were placed in a
laminar £ow bath (100 Wl), with exchange of solution
(about 5 ml/h) by a pressurized perfusion system (BPS-
4; ALA Scienti¢c Instruments, Westbury, NY, USA),
and maintained at room temperature (22^24‡C)
throughout the experiments.

2.7. Patch-clamp recordings and capacitance
measurements

Hair cells were visualized under an inverted micro-
scope (Axiovert 200, Carl Zeiss) equipped with di¡er-
ential interference contrast optics. In this study, we used
only the cells without visible damage of the stereocilia
and without visible dislocation of intracellular organ-
elles. Conventional patch-clamp recordings were per-
formed using an Axopatch 1D ampli¢er controlled by
pClamp 7.0 software (Axon Instruments, Foster City,
CA, USA). Patch-clamp pipettes were pulled from 1.0-
mm o.d. borosilicate glass (#30-30-0, FHC, Bowdoin-
ham, ME, USA) using a programmable puller (P87,
Sutter Instruments, Novato, CA, USA). Pipettes were
¢lled with a CsCl-based intracellular solution contain-
ing (in mM): CsCl (140), MgCl2 (2.0), EGTA (5.0),
HEPES (5), adjusted to pH 7.2 with CsOH and brought
to 325 mOsm with D-glucose. The uncompensated pi-
pette resistance was typically 3^5 M6 when measured
in the bath and the access resistance did not exceed 15
M6 under whole-cell patch-clamp conditions. Poten-
tials were corrected o¡-line for the error due to the
access resistance.

Measurements of membrane capacitance were per-
formed using the ‘membrane test’ feature of the
pCLAMP 7.0 acquisition software as described previ-
ously (Frolenkov et al., 2000). The capacitance readings
were obtained continuously at a rate of 25 Hz. To ob-
tain the voltage dependence of the cell capacitance, the
intracellular potential was forced to follow triangular
voltage ramps, from 3100 mV to +160 mV in 6 s.
Measurements of the membrane capacitance during
test ramps were ¢tted with:

CmðVÞ ¼ C0 þ Cnon�linðVÞ ¼

C0 þ 4Cmax
expð3ðV3VpÞ=WÞ

½1þ expð3ðV3VpÞ=WÞ�2

which is the derivative of a Boltzmann function. C0 is
the linear (voltage-independent) capacitance, Cnon�lin is
the non-linear (voltage-dependent) capacitance, Cmax is
the maximum voltage-dependent capacitance, Vp is the
potential at the peak of Cm(V), and W is a constant,
which is a measure of the sensitivity of the non-linear
charge displacement to potential.

3. Results

3.1. Cloning, sequencing, and characterization of mouse
prestin

Prestin has already been cloned from gerbil and rat
organ of Corti cDNA libraries via various means
(Zheng et al., 2000; Ludwig et al., 2001). Gerbil and
rat prestin have been shown to have high amino acid
identity as well as sharing several structural character-
istics such as the number of transmembrane domains.
The purposes of cloning and characterizing mouse
prestin here are to compare it with the gerbil
and rat orthologs at both molecular and structural
levels as well as to compare the expression of prestin
in both rat and mouse organs of Corti and vestibular
organs.

Multiple rounds of RT-PCR with six di¡erent pairs
of oligonucleotides (including Pres7F, 6R, 13F and
13R) on mouse organ of Corti cDNA followed by liga-
tion, transformation, and two-way sequencing yielded
six DNA fragments. These fragments were compiled to
form a 2.235-kb contig. BLAST searches of non-redun-
dant nucleotide databases on this contig yielded 90%
and 92% identities with the gerbil (GenBank accession
number AF230376) and rat (GenBank accession num-
ber AJ303372) ORF encoding prestin, respectively.
Based on these identities, the contig is the mouse prestin
ORF, and was submitted as GenBank accession num-
ber AY024359. Mouse prestin cDNA was translated
into a 744-amino acid protein. Using the CLUSTAL
method, this protein was aligned with gerbil and rat
prestin. This alignment revealed 96^97% amino acid
identity among the three rodent species (Fig. 1).

Fig. 2 shows a schematic diagram of prestin. EditSeq
analysis of mouse prestin reported an estimated molec-
ular weight of 81.4 kDa and a theoretical isoelectric
point of 5.8. Statistical analysis of protein sequences
(Brendel et al., 1992) on mouse prestin demonstrated
the presence of a positive charge cluster at amino acid
positions 557^580 and a negatively charged region at
residues 595^614, both of which are located in the car-
boxy-terminus (Fig. 2). PROSITE analysis (Hofmann et
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al., 1999) of mouse prestin suggested two putative
cAMP- and cGMP-dependent protein kinase phosphor-
ylation sites at residues 235^238 (KRYS) and 557^560
(KRKT) as well as one potential tyrosine kinase phos-
phorylation site at amino acids 665^673. Furthermore,
PROSITE analysis revealed four possible N-glycosyla-

tion sites at residues 163, 166, 589, and 603; however,
the sites at positions 163 and 166 were suggested to be
conserved (Zheng et al., 2001). Numerous computer
modeling analyses such as TMHMM (Sonnhammer et
al., 1998), TMPred (Hofmann and Sto¡el, 1993),
TopPred (Claros and von Heijne, 1994), SMART

Fig. 1. Alignment of mouse, gerbil, and rat prestin protein sequences. The CLUSTAL program was used to align the three rodent prestin or-
thologs. This alignment reveals 96^97% identity among the three rodent species. Black and gray regions indicate sequence identity and similar-
ity, respectively. Amino acid positions are denoted by numbers.
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(Schultz et al., 1998, 2000), and HMMTOP (Tusnady
and Simon, 1998) on mouse prestin predicted 9^12
membrane-spanning domains. Since Ludwig et al.
(2001) and Zheng et al. (2001) reported the cytosolic
location of both the carboxy- and amino-termini of
rodent prestin, there should be an even number of
transmembrane domains (10 or 12). To preserve the
conserved sites of N-glycosylation on the extracellular
side of mouse prestin, this molecule is shown with 12
potential membrane-spanning regions (Fig. 2). PSI-
BLAST analysis (Altschul et al., 1997) on mouse prestin
suggested that mouse prestin has high homology to
members of the sulfate transporter family, which in-
cludes pendrin. Moreover, Pfam analysis (Bateman et
al., 1999) indicates that mouse prestin residues 193^503,
covering from the fourth to the 12th transmembrane
domains, have 38% identity and 58% similarity with
the sulfate transport motif. All of the characteristics
reported here are in good agreement with the ¢ndings
of several investigators elsewhere (Zheng et al., 2000,
2001; Ludwig et al., 2001).

3.2. Expression of prestin in the mammalian vestibular
and auditory periphery revealed by RT-PCR

Fig. 3 shows two agarose gel images, using either rat
or mouse tissue, following RT-PCR. In Fig. 3A, a 626-
bp (£anked by oligonucleotides Pres7F and 6R) and a
439-bp (Pres13F and 13R) PCR product appeared in
both rat organ of Corti and vestibule, while no prod-

ucts appeared in the control (water) or with rat liver
cDNA. The two products were sequenced and, follow-
ing BLAST searches, revealed 90^92% identity to sim-
ilar regions of gerbil prestin cDNA. It should be noted
that prior to PCR, the RNA concentration of rat ves-
tibule (320 ng/Wl) was about 11 times greater than that
of rat organ of Corti (30 ng/Wl).

Mouse organ of Corti and vestibule expressed single
bands £anked by Pres7F and 6R at the length of 626
bp, whereas no band was exhibited in either water,
mouse liver, or mouse kidney (Fig. 3B). The 439-bp
band using Pres13F and 13R was observed in both
organ of Corti and vestibule (data not shown). BLAST
searches on these two PCR products yielded 88^92%
identity to similar DNA regions of gerbil prestin. In
addition, the 626-bp (Fig. 3B) and 439-bp bands (data
not shown) appeared more prominent in the organ of
Corti than in vestibule.

Fig. 2. Schematic diagram of prestin. This protein has 744 amino
acids, and depicts 12 membrane-spanning domains, the second of
which is a sulfate transporter motif. Both amino- and carboxy-ter-
mini are located in the cytosol (Ludwig et al., 2001; Zheng et al.,
2001). The carboxy-terminus also exhibits two highly charged re-
gions, one of which is rich in lysine and arginine (aa position 557^
580) and the other in aspartic acid and glutamic acid (aa position
595^614). Two conserved sites of N-glycosylation are identi¢ed by
asterisks at residues 163 and 166. PB121, PB123, and PB129 repre-
sent regions against which di¡erent antibodies were generated for
the purpose of immunolabeling.

Fig. 3. Agarose gel electrophoresis of PCR products ampli¢ed from
rat (A) and mouse (B) organ of Corti, vestibule, liver and/or kidney
with two pairs of primers (a, Pres7F and Pres6R; b, Pres13F and
Pres13R). (A) Rat ^ both organ of Corti and vestibule express two
single bands at 626 bp and 439 bp, while neither water nor rat liver
yields any bands. The two bands were sequenced and were shown
to be 90^92% identical to similar regions of gerbil prestin cDNA
(GenBank accession number AF230376). (B) Mouse ^ both organ
of Corti and vestibule depict a single band at 626 bp (£anked by
Pres7F and Pres6R) whose sequence was 92% identical to a similar
region of gerbil prestin cDNA. Neither mouse kidney, liver, nor
water expresses any bands.
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3.3. Prestin was not detected in chicken basilar papilla

Fig. 4A depicts RT-PCR results on chicken basilar
papilla cDNA with ¢ve di¡erent pairs of primers, in-
cluding the two pairs used for RT-PCR on rat and
mouse. The other three pairs of primers were used to
clone mouse prestin ORF (together, PCR on rodent
organ of Corti with the ¢ve pairs of primers yielded
2.0 kb or about 90% of prestin ORF). Mouse organ
of Corti with two pairs of prestin oligonucleotides

(Pres7F and 6R or Pres13F and 13R) was used as pos-
itive control. The agarose gel image with chicken basilar
papilla and mouse organ of Corti PCR products dis-
plays only two single bands at 439 bp (sandwiched by
Pres13F and 13R) and 626 bp (Pres7F and 6R) in the
mouse organ of Corti lanes (Fig. 4A). The lengths of
these bands are exactly the same as those of the bands
£anked by the same primers in both rat and mouse
(Fig. 3). The chicken and mouse ear cDNAs were veri-
¢ed by the presence of a 764-bp band following RT-
PCR with L-actin amplimers (Fig. 4B). These data sug-
gest that the chicken basilar papilla PCR products
failed to exhibit any bands that would indicate the pres-
ence of prestin in the chicken inner ear. This ¢nding
con¢rms and extends the preliminary observations of
He et al. (2001).

In a separate set of experiments, we used antibodies
against C- and N-termini of gerbil prestin to stain
whole-mount preparations of the chicken basilar papil-
la. No labeling was observed (data not shown).

3.4. Localization of prestin in the mammalian auditory
and vestibular periphery

In situ hybridization on whole-mount preparations of
mouse and rat organs of Corti with the 626-bp anti-
sense riboprobe resulted in a strong hybridization signal
in the three rows of OHCs (Fig. 5A). The sense ribo-
probe revealed no positive labeling in any whole-mount
preparations of rodent organ of Corti (data not shown).
In situ hybridization with shorter (286 bp) riboprobes
veri¢ed the above observations (data not shown). These
data indicate that within the organ of Corti prestin
mRNA is exclusively expressed in OHCs, and con¢rm
the ¢ndings of Judice et al. (2002).

In situ hybridization with the 626-bp riboprobes was
performed on several portions of the rat, mouse, and
gerbil vestibular periphery (Fig. 5B^E). Results were
similar in these three rodent species. In situ hybridiza-
tion with the antisense probe produced numerous par-
ticulate areas of staining at the sensory epithelium level
of the cristae ampullares (Fig. 5B), whereas a similar
technique with the sense riboprobe exhibited back-
ground only (Fig. 5C). Analogous labeling patterns
were obtained in the in situ hybridization with the
626-bp antisense and sense riboprobes on rodent utricle
whole mounts (Fig. 5D,E). The staining was scattered
and irregular but localized to the area of the sensory
epithelium (Fig. 5B,D). Similar staining with both 626-
bp riboprobes was observed at the sensory epithelium
level of the saccule (data not shown). However, it was
di⁄cult to determine which cells were stained.

Immunocytochemical staining with three di¡erent
antibodies against prestin was performed on mouse,
rat and gerbil organs of Corti as well as on utricle

Fig. 4. (A) Agarose gel electrophoresis of PCR products ampli¢ed
from chicken basilar papilla with ¢ve pairs of prestin primers, in-
cluding Pres13F and 13R (column a) and Pres7F and 6R (e). In ad-
dition to the expected lengths of 439 bp (a) and 626 bp (e), PCR
with three other pairs of oligonucleotides was expected to yield
bands of 414 bp (Pres14F and 14R [b], which £ank nucleotides
422^835 of prestin ORF), 371 bp (Pres15F and 15R [c] ^ nucleo-
tides 1357^1727), and 440 bp (Pres16F and 16R [d] ^ nucleotides
1676^2115). Chicken basilar papilla lanes do not display any band,
while mouse organ of Corti demonstrates a single band £anked by
a di¡erent pair of oligonucleotides (626 bp sandwiched by Pres7F
and 6R; 439 bp £anked by Pres13F and 13R). (B) Agarose gel elec-
trophoresis of PCR products ampli¢ed from chicken basilar papilla
and mouse organ of Corti with a pair of L-actin amplimers (Clon-
tech Laboratories, Palo Alto, CA, USA). Both chicken and mouse
lanes exhibit single bands at 764 bp, the expected length of the
L-actin DNA region £anked by these amplimers. The presence of
these bands con¢rms the integrity of the RNA isolated from either
rodent or avian ear.
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and crista ampullaris tissues. In these species, the label-
ing in the organ of Corti was restricted to the OHC
lateral plasma membrane with all the antibodies (Fig.
6A). In the vestibular periphery, at the focal plane of
hair cell nuclei, each antibody stained perinuclear rings
of the cytoplasm of some, but not all, cells in the sen-
sory epithelium of the crista ampullaris (Fig. 6B) and
the utricle (Fig. 6C). The side view image of VHCs
reveals the cytoplasmic distribution of staining (Fig.
6B, inset). The whole mount of crista ampullaris dou-
ble-stained with rhodamine-phalloidin and N-terminus
anti-prestin antibody revealed the labeling in both type
I and II hair cells (data not shown). However, the vary-
ing levels of the labeling intensity and the scattered
pattern of labeling did not allow us to discriminate
which type of hair cells was labeled the most.

3.5. VHCs do not possess voltage-dependent capacitance
characteristic for OHCs

The expression of prestin in the cell plasma mem-
brane can be tested electrophysiologically by recording
the voltage dependence of the cell capacitance. Several
cell types with essentially no voltage-dependent capaci-
tance were found to acquire the characteristic bell-
shaped voltage dependence of their capacitance after
transient transfection with the gene that encodes prestin
(Zheng et al., 2000; Santos-Sacchi et al., 2001; Ludwig
et al., 2001; Meltzer and Santos-Sacchi, 2001; Santos-
Sacchi and Navarrete, 2002). In the whole-cell patch-
clamp conditions, we measured the capacitance of iso-
lated type I (n=3) and type II (n=4) VHCs, sweeping
the intracellular potential in a broad range of voltages.
Fig. 7 shows the comparison of typical capacitance
measurements in VHCs and cochlear OHCs. Type I
and type II VHCs were identi¢ed visually based on
the presence of a constricted neck in type I cells and
close to cylindrical shape of type II cells (Fig. 7, left
insets), as described previously (Wersa«ll, 1956; Correia
et al., 1989). Our measurements showed that the plasma
membrane capacitance of both type I and type II VHCs
does not depend on the intracellular potential (Fig.
7A,B), in the range of voltages where the capacitance
of cochlear OHCs exhibits strong voltage dependence
(Fig. 7C). All VHCs tested failed to demonstrate any
voltage-dependent changes of the cell capacitance with-
in the accuracy of our experimental technique (6 1 pF,
Frolenkov et al., 2000).

4. Discussion

The present paper shows that in the organ of Corti,
prestin mRNA is expressed exclusively in OHCs. This
¢nding con¢rms the localization of prestin in OHCs
(Belyantseva et al., 2000; Judice et al., 2002). Mouse
prestin has been cloned and characterized, and its com-
parison with gerbil and rat prestin indicates that the
protein is highly conserved among the three rodent spe-
cies. An important ¢nding of this paper is the expres-
sion of prestin in the mammalian vestibular periphery,
although such an expression appears to be less prom-
inent than that in the auditory periphery. The observa-
tion that the capacitance of VHCs is not voltage-depen-
dent, along with the limited presence of prestin in the
rodent utricle, crista ampullaris, and saccule, suggests
that the role of prestin in the mammalian vestibular
periphery may di¡er from that in the mammalian audi-
tory periphery. Chicken basilar papilla fails to express
prestin, suggesting that prestin may be a characteristic
molecule of mammalian hair cells.

4.1. The presence of prestin in the mammalian vestibular
periphery

Prestin expression in the mammalian vestibular pe-
riphery is an intriguing observation. Our RT-PCR
data with di¡erent prestin oligonucleotides on mouse
and rat vestibular tissues indicated the presence of pres-
tin in these tissues. In situ hybridization with prestin
riboprobes and immunocytochemistry with three anti-
prestin antibodies in three rodent species revealed
stained cells in the crista ampullaris and utricle. All
these data suggest that prestin is indeed present in the
mammalian vestibular periphery.

The fact that prestin and pendrin have some amino
acid similarity raises the possibility that the 286-bp and
626-bp probes used for in situ hybridization may hy-
bridize with both prestin and pendrin mRNAs. How-
ever, this possibility is ruled out, because studies have
shown that pendrin mRNA is not expressed in the sen-
sory epithelium of vestibular end-organs (Everett et al.,
1999). Even though pendrin knockout mice exhibit ab-
normal vestibular hair cells, this damage may be a sec-
ondary e¡ect of an altered osmotic environment of the
endolymph caused by the absence of the anion-trans-
porting function of pendrin (Everett et al., 2001).

Since OHCs and type II VHCs share many common

6

Fig. 5. In situ hybridization on whole-mount preparations of rat inner ear sensory epithelium. (A) Organ of Corti whole mount hybridized with
626-bp antisense probe displays intense staining of the three rows of OHCs. (B,D) Whole mounts hybridized with 626-bp antisense probe yield
scattered staining of varying intensity in the sensory epithelium of crista ampullaris and utricle, respectively. In B, labeled hair cells were viewed
at an angle tangential to the ‘saddle’ portion of the cristae ampullares. (C,E) Corresponding whole mounts of crista ampullaris and utricle hy-
bridized with 626-bp sense probe demonstrate background only.
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Fig. 6. Immunocytochemical localization of prestin in the mouse organ of Corti and vestibular sensory epithelia with di¡erent antibodies
(PB121, PB123, PB129). (A) Whole-mount preparation of the organ of Corti labeled with di¡erent antibodies. (B) Whole-mount preparation of
the crista ampullaris. Inset: Higher resolution image of type I vestibular hair cell. (C) Whole-mount preparation of the utricle.
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Fig. 7. Voltage dependence of the membrane capacitance of isolated hair cells: VHC type I (A), VHC type II (B), cochlear OHC (C). Left insets show the sample images of the cells. Cali-
bration bars: 5 Wm. Right insets show the changes of cell capacitance (lower record) following the application of voltage ramp (upper trace). Open symbols on the graphs represent the ca-
pacitance values derived from the data shown in right insets. Data were ¢tted to the derivative of the Boltzmann function (solid lines). All coe⁄cients of Boltzmann ¢ts for the VHC data
(A,B) were statistically non-signi¢cant except the values of linear voltage-independent capacitance C0 (5.73Y 0.02 pF for VHC type I, 4.82Y 0.03 pF for VHC type II). Parameters of the
¢ts for the OHC capacitance data in C: C0 = 12.7Y 0.3 pF, Cmax = 20.0Y 0.3 pF, Vp =332.5Y 0.5 mV, W=22.6Y 0.6 mV. Note that capacitance values for VHCs and OHCs are scaled dif-
ferently.
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characteristics (Eatock et al., 1998; Rusch et al., 1998),
it would be tempting to propose that prestin probes
and/or antibodies would label type II VHCs. However,
variable levels of prestin expression in the vestibule
did not allow us to identify which type of hair cell
was labeled predominantly, although identi¢cation of
OHCs in the organ of Corti validated our techniques.
Our RT-PCR results also suggest lower levels of prestin
expression in vestibule as compared to those in the
organ of Corti.

4.2. Prestin was not detected in chicken basilar papilla

To determine the presence of prestin in non-mamma-
lian hair cells, several experiments were carried out on
chicken inner ear. Both RT-PCR with prestin oligonu-
cleotides on the chicken basilar papilla and immuno-
cytochemistry with anti-prestin antibodies on the chick-
en basilar papilla yielded negative results. These data
suggest two possible scenarios: either chicken hair cells
lack prestin, or these cells may express a homolog of
prestin that was not detected by our probes.

4.3. The role of prestin in the mammalian vestibular
periphery

As noted in Section 1, prestin has been shown to be
localized to the OHC lateral plasma membrane (Be-
lyantseva et al., 2000; Zheng et al., 2000; Ludwig et
al., 2001). During inner ear development, the OHC lat-
eral plasma membrane acquires prestin at the same time
as electromotility (Belyantseva et al., 2000). When
transfected with prestin, cultured cells displayed vol-
tage-dependent membrane length changes (Zheng et
al., 2000; Ludwig et al., 2001). Finally, Liberman et
al. (2002) demonstrated that prestin knockout mice
had elevated threshold sensitivity and that their isolated
outer hair cells could not elongate or contract in re-
sponse to changes in membrane voltage. All these ob-
servations suggest that prestin may be primarily respon-
sible for OHC electromotility. Here we demonstrate
that prestin is expressed in the cytoplasm of mamma-
lian VHCs, but the function of prestin in the vestibular
system remains to be elucidated. Generally, VHCs do
not elongate or contract in response to intracellular
potential changes, although some active movements of
the hair bundle and cuticular plate were observed in
type I VHCs (Zenner et al., 1992; Griguer et al.,
1993). Here we report that although both type I and
type II VHCs seem to have some level of prestin ex-
pression, neither of these types of VHCs possesses vol-
tage-dependent capacitance, which would be compara-
ble to that in OHCs. Therefore, it is unlikely that
prestin serves the function of ‘membrane motor,’ as it
does in OHCs. However, we cannot exclude the possi-

bility that prestin may be a component of the molecular
machinery responsible for the active movements of the
hair bundles. It is still possible that prestin is expressed
in the plasma membrane of VHCs in very limited
amounts, and as a result, it may not be detected by
our capacitance measurements and immuno£uores-
cence.

Prestin may be involved in processes other than elec-
tromotility. Prestin has high homology to the members
of the SLC26 family of anion transport proteins (Dallos
and Fakler, 2002) including human pendrin, which is
known as a functional chloride-iodide transporter
(Scott et al., 1999). Disruption in pendrin induces hear-
ing loss and balance dysfunction (Everett et al., 2001),
presumably due to impairment of the ionic equilibrium
within the auditory and vestibular periphery (Everett et
al., 1999). Apart from being a ‘motor’ protein in OHCs,
prestin may also serve some yet unknown transport
function. In fact, the voltage sensitivity of prestin was
found to arise from intracellular anions such as chloride
and bicarbonate (Oliver et al., 2001). Moreover, recent
reports showed that prestin may be involved in sugar
transport (Chambard et al., 2003). Our data on the
expression of prestin in the vestibular periphery raise
again the question about secondary non-motor func-
tions of prestin and establish an important molecular
link between auditory and vestibular hair cells.
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