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ABSTRACT

To examine the potential roles of aquaporins 1 and 5
(AQP1 and AQP5, respectively) in inner ear devel-
opment and function, we defined their spatial and
temporal expression patterns in the developing
mouse inner ear and examined the morphologic and
physiologic effects of loss of Aqp5 function. Standard
in situ hybridization (ISH) and immunohistochemical
(IHC) assays were used for expression studies with
routine morphologic, behavioral, and physiologic as-
sessments of hearing and balance in Aqp5 null mutant
mice. AQP1 was first detected at embryonic day 10.5
(E10.5) in the otocyst but eventually localized to
specific nonsensory portions of the inner ear and
connective tissue cells surrounding the membranous
labyrinth. AQP5 displayed specific cochlear expres-
sion, first detectable at E15.5 in the nonsensory epi-
thelium and later restricted to the lateral wall of the
cochlear duct near the spiral prominence. AQP5 ex-
pression continued through postnatal periods with a
change of expression domain to the stria vascularis
between postnatal day 7 (P7) and P14. By in situ hy-
bridization and immunohistochemical techniques,
subtle differences between transcript and protein
expression patterns were noted for both AQP1 and 5.
Although AQP5 is dynamically expressed in the de-

veloping mouse inner ear, adult Aqp5 knockout mice
show normal hearing when tested and normal inner
ear structural development. These results suggest re-
dundant or alternative mechanisms that likely regu-
late water homeostasis in the developing and mature
inner ear.
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INTRODUCTION

Development of the inner ear is a complex process
that ultimately generates an intricate three-dimen-
sional labyrinth that transduces both auditory and
vestibular stimuli by means of a hair cell transduction
mechanism (Corey and Hudspeth 1979; Hudspeth
1985; Morsli et al. 1998). Critical to this hair cell-
mediated process is a unique inner ear fluid envi-
ronment with high potassium ion and low sodium ion
concentrations and a net +80 mV potential relative to
the surrounding compartments (Peake et al. 1969;
Sadanaga and Morimitsu 1995). Data suggest that
gated channels at the stereocilia of the cochlear and
vestibular hair cells allow a flux of ions down this
electrochemical gradient in response to sound or
balance stimuli (Corey and Hudspeth 1979; Hudsp-
eth 1985). Accordingly, mechanisms responsible for
developing and maintaining this very specific fluid
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environment in the inner ear are essential to normal
hearing and balance function.

Clinically, several human deafness and vestibular
disorders (Paparella 1991; Everett et al. 1997; Karet et
al. 1999; Kubisch et al. 1999) point toward a disrup-
tion of normal fluid homeostasis as a pathogenetic
factor and implicate the importance of these fluid
regulatory mechanisms to inner ear function. As an
example, Meniere’s disease is a process in which an
overaccumulation of endolymph (endolymphatic hy-
drops) is thought to produce symptoms of fluctuating
sensorineural hearing loss, episodic vertigo, tinnitus,
and aural fullness (Kimura 1976; Paparella 1991).
This theory on hydrops is in part based upon human
temporal bone studies showing dilation of the endo-
lymphatic compartment in inner ear specimens ob-
tained from patients having been diagnosed with
Meniere’s disease prior to death (Schuknecht 1993).
Further indirect evidence of a perturbation of inner
ear fluid homeostasis comes from the varying success
in alleviating Meniere’s disease symptoms using
medical therapies (e.g., diuretics) or surgical proce-
dures (e.g., endolymphatic sac shunting) aimed at
reducing endolymphatic hydrops and restoring nor-
mal endolymph homeostasis (Arenberg 1982; Welling
et al. 1996; Shah and Kartush 1997; Sajjadi et al. 1998;
Claes and Van de Heyning 2000). Therefore, the
study of endolymph regulatory mechanisms has
direct relevance to better understanding inner ear
biology and potentially toward designing pharmaco-
logic therapies to improve and/or restore normal
endolymph homeostatic mechanisms.

To date, most studies of inner ear fluid (endo-
lymph) homeostasis have focused on major cationic
and anionic transport mechanisms (Naftalin and
Harrison 1958; Juhn et al. 1976; Yamasaki et al. 2000;
Steel and Kros 2001). However, with the identifica-
tion of the aquaporin family of water channel-form-
ing proteins, new lines of investigation have been
opened with which to investigate the potential role of
these water channels in maintaining endolymph ho-
meostasis and normal inner ear function. Recent re-
ports intriguingly show that precise regulation of
endolymph homeostasis is also relevant during de-
velopment, with perturbation of endolymph regula-
tion causing malformation of inner ear structures as
well as deafness and vestibular dysfunction in humans
and mouse models (Everett et al. 2001). These data
indicate the need to examine the developmental ex-
pression and role of potential endolymph-regulating
proteins in the inner ear.

At least ten mammalian aquaporins (AQP) have
been identified (AQP0–9) and studied for their wa-
ter-transporting functions in various organ systems.
AQPs, for example, have been implicated in the
regulation of fluid homeostasis as well as secretory

functions in the kidney, lung, eye, and salivary glands
(Neilsen et al. 1995; King et al. 1996; Knepper et al.
1997; Ma et al. 1999). AQPs are homotetrameric with
each monomer containing six membrane-spanning a-
helical domains that form a distinct water pore.
Highly conserved motifs within these monomers in-
clude two ‘‘NPA’’ sequences that are thought to play
a role in forming the water pore (Borgnia et al. 1999).
Both AQP1 and 5 structures allow for a bidirectional
flow of water depending on osmotic pressure (Verk-
man et al. 2000).

Prior studies have examined the expression of
AQP1 and 5 in different animal models of the adult
inner ear but have not specifically addressed the on-
togeny of these water channels from early otic devel-
opment to postnatal stages. Stankovic et al. (1995)
reported on the expression of AQP1 in mesenchymal
cells and type III fibrocytes surrounding various re-
gions of the guinea pig inner ear. Takumi et al. (1998)
reported similar expression patterns of AQP1 in the
rat while Mhatre et al. (1999) recently demonstrated
the presence of AQP5 in the lateral wall of the cochlea,
specifically in the external sulcus cells and cells of the
spiral prominence of the apical turns of the cochlea.
Beitz et al. (1999) used a reverse transcriptase–po-
lymerase chain reaction (RT–PCR) method to identify
AQP5 transcripts from organ of Corti and Reissner’s
membrane tissues of the rat inner ear. These data
along with our ready access to highly specific, well-
characterized antisera to AQP1 and 5, and, in partic-
ular, the availability of Aqp5 null mutant mice,
prompted this examination of the expression of these
AQPs in the developing mouse inner ear and the ef-
fects of loss of Aqp5 function in a mouse model. Our
AQP1 and AQP5 expression data are generally con-
sistent with the findings in other animal models but
also show substantial differences in cochlear expres-
sion of AQP5 compared to earlier studies (Mhatre et
al. 1999). Functional studies suggest that under nor-
mal (nonstress) conditions, loss of AQP5 function
does not cause obvious hearing or balance dysfunc-
tion in mice nor any gross morphologic abnormalities
of the inner ear in mice. This is notably in line with
recent work by Li and Verkman (2001) who found that
their AQP5 null mutants also demonstrate normal
hearing when tested in a more limited frequency test
range. Our data are discussed with reference to the
current literature and the possible importance of
water transport in inner ear fluid homeostasis.

MATERIALS AND METHODS

Tissue preparation

All animals were handled and maintained according
to an IACUC and institutional approved protocol.
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FVB/N mouse embryos were harvested between E9.5
and E18.5. Matings were set up and the morning on
which a vaginal plug was observed was designated
embryonic day 0.5. Somites were counted at the time
of harvest to more accurately stage embryos. Postnatal
day (P) FVB/N mice were also sacrificed at P2, P7,
P14, P28, as well as 5–8-month-old Aqp5 knockout
mice (Aqp5)/)) and corresponding wild-type litter-
mates (Aqp5+/+). The inner ears with surrounding
tissue were processed for routine hematoxylin and
eosin staining, ISH, and IHC as described below.

Harvested embryos and/or postnatal tissue were
immediately fixed in 4% paraformaldehyde in 1· PBS
pH 7.4. Samples P7 and younger were cryoprotected
using a 30% sucrose solution following overnight fix-
ation at 4�C. After embedding in OCT (IMEB Inc.,
Chicago, IL), sections were cut in the coronal plane at
10–12 lm and collected on Superfrost Plus slides
(Fisher Scientific International, Pittsburgh, PA). Sec-
tions were stored at )80�C until use. For ages P7 and
older, the specimen were decalcified in 0.1 M EDTA
pH 7.6 for 1–2 weeks at room temperature, dehydrat-
ed, and embedded in paraffin. Sections were cut in the
coronal plane at 5–7 lm, collected on Superfrost Plus
slides, and stored at room temperature until use.

In situ hybridization probe preparation

The digoxigenin-labeled riboprobe for AQP1 was
generated from a 431-bp PCR product corresponding
to Mus musculus aquaporin 1 mRNA (GenBank Ac-
cession No. 6680709) nt. 813–1222. The sequence was
amplified from mouse kidney cDNA using primers
courtesy of Dr. Ann Akeson. This PCR product was
then subcloned into a pGEM-T Easy vector (Promega,
Madison, WI) with flanking T7 and Sp6 promotors to
generate sense and antisense probes. The antisense
riboprobe was synthesized using T7 RNA polymerase
after Spel restriction digest, and the sense riboprobe
was synthesized using Sp6 RNA polymerase after Ncol
restriction digest.

Similarly, an 839-bp AQP5 sequence (nt. 484–1322
from Mus musculus aquaporin 5 mRNA, GenBank
NM_009701.1) was used to generate sense and anti-
sense probes for ISH extracted from a 4-1 lung
mAQP5 cDNA clone.

Antibodies

A rabbit polyclonal antibody (#4835-EXT) was gen-
erated against a synthetic peptide C GQVEEYDLDAD
DINSRVEMKPK–COOH corresponding to the last 22
amino acids of both the rat and the mouse AQP1
peptide sequence and conjugated to keyhole limpet
hemocyanin (Zymed Laboratories, San Francisco,
CA). The antibody was affinity purified using a sul-

folink column from Pierce. A preimmune serum was
IgG purified using an immobilized protein A column
from Pierce Biotech, Rockford, IL. The antibody has
been tested for immunoreactivity by immunoblot us-
ing lung and kidney tissue from both rat and mouse
(Towne et al. 2000).

A rabbit polyclonal antibody (LL639) was gener-
ated against a synthetic peptide C EPEEDWEDHREE
RKKTIELTAH–COOH corresponding to the last 22
amino acids of both the rat and the mouse AQP5
peptide sequence and conjugated to keyhole limpet
hemocyanin (Lofstrand Labs, Ltd, Gaithersburg,
MD). The antibody was affinity purified using a sul-
folink column from Pierce. A preimmune serum was
IgG purified using an immobilized protein A column
from Pierce. The antibody has been tested for im-
munoreactivity by immunoblot using lung tissue from
both rat and mouse (Krane et al. 1999).

In situ hybridization (ISH)

The in situ hybridization experiments were per-
formed using a standard protocol with minor modi-
fications (Choo et al, 1998; Morsli et al. 1998). The
tissue sections were postfixed and permeabilized us-
ing 10 lg/ml proteinase K for 2–4 min. Hybridization
was performed in heat-sealable bags overnight at 70�C
with a probe concentration of 0.6 lg/ml. Detection
with an alkaline phosphatase reaction produced a
blue reaction product as the localization signal. The
appropriate controls were performed using digo-
xigenin-labeled sense probes (generated by tran-
scribing in the reverse orientation to the antisense
probe) as well as no probes.

Immunohistochemistry (IHC)

The immunohistological experiments used a stand-
ard 3,3-diaminobenzidine (DAB) protocol with minor
modifications (Zimmer and Lehman 1994). After
thawing, slides were rehydrated and washed in 0.1 M
phosphate buffer with 0.1% Triton X-100 (PBTX).
Sections were bleached in 0.5% H2O2 in methanol
and then in 0.5% H2O2 in PBTX in order to eliminate
endogenous peroxidase activity. The slides were in-
cubated in ‘‘preblock’’ (5% goat serum in 0.1 M
PBTX) for 0.5–3 h at room temperature. Primary
antibody incubations were performed for approxi-
mately 3 h at 4�C in the primary antibody diluted in
preblock. With PBTX washes in between, the slides
were incubated in 7.5 lg/ml biotinylated antirabbit
antibody (Vector Labs, lnc., Burlingame, CA) diluted
in PBTX and then Vectastain Elite ABC reagent di-
luted in PBTX. Using a DAB solution, slides were
developed colorimetrically resulting in brown stain-
ing. The concentrations of the primary antibody were
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as follows: 0.101 lg/ml anti-AQP1 antibody for the
ages E10.5–E12.5, 0.076 lg/ml anti-AQP1 antibody
for ages E15.5–P2, 0.148 lg/ml anti-AQP5 antibody
for ages E10.5–P2, and 0.296 lg/ml anti-AQP5 anti-
body for ages P7 and older. The appropriate controls
were done using preimmune serum as well as no
primary antibody.

Characterization of AQP5 Knockout mice

The Aqp5)/) mice were generated by blastocyst-me-
diated transgenesis and characterized by Krane et al.
(2001). Routine behavioral, morphologic, and physi-

ologic assessments were done through observation of
appearance, presence or absence of circling-type be-
haviors, presence or absence of a Preyer’s reflex, swim
tests, histological studies, and formal audiologic as-
sessment as described below.

Auditory brainstem responses (ABR)

Fourteen mice aged 5–8 months were tested for
hearing loss using standard ABR techniques. Mice
were anesthetized with avertin (25 mg/kg body
weight IP) and ABR measurements were performed
in a quiet room. The mouse right ear was stimulated

FIG. 1. IHC controls and AQP1 expression at E10.5–E15.5. A. IHC.
AQP1 protein is expressed heterogeneously throughout the
epithelium of the otocyst (E10.5) and particularly intensely in the
forming endolymphatic duct. AQP1 transcripts are not seen until
E12.5. B. ISH. At E12.5, AQP1 transcripts are expressed only in the
lateral wallof the common crus (arrows) and vestibule. C. ISH. By
E15.5, AQP1 mRNA is expressed in the lateral wall of the common
crus, in the nonsensory portion of the saccule (arrows), and in the
connective tissue surrounding the membranous labyrinth of the inner
ear. It is also expressed in the choroid plexus. D. AQP1 protein
expression is similar to AQP1 mRNA at E15.5 and immunostaining

surrounding the lateral ampulla is shown. (E, F). Representative
cochlear sections from an E18.5 embryo. These late embryonic
specimens were chosen because AQP1 is robustly expressed at this
developmental stage in these regions of the inner ear. The absence of
any signal on these sections supports the specificity of the antisera
used in this study. No primary antibody negative control (E) and
AQP1 preimmune control (F). The axes in A apply to D, E, and F, and
axes in B also apply to C. Scale bar in A=50 lm. Scale bar in B=100
lm and applies to C–F. ed = endolymphatic duct; cp = choroid
plexus.
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with a 0.1-ms broadband click or a 3-ms tone burst of
8, 16, and 32 kHz via a high-frequency transducer
(Intelligent Hearing Systems, Inc., Miami, FL). ABRs
were recorded using percutaneous needle electrodes
(mastoid negative, vertex positive). The threshold of
hearing was determined by observing the lowest-level
intensity of sound required to elicit a characteristic
waveform.

RESULTS

AQP1 and AQP5 expression patterns

Within the developing mouse inner ear, AQP1 pro-
tein was first detected heterogeneously throughout
the epithelium of the otocyst (E10.5), with areas of
more intense signal in the endolymphatic duct (Fig.
1A). AQP1 transcript was first detected at E12.5 in the
lateral wall of the vestibule and common crus (arrows
in Fig. 1B). At E12.5, AQP1 protein is expressed not
only in the lateral wall of the common crus and ves-
tibule, but heterogeneously throughout the epitheli-
um of the membranous labyrinth and surrounding
tissue of the endolymphatic duct and sac (data not
shown). At later stages of development (E15.5–P2),
AQP1 transcript is strongly expressed in the lateral
wall of the common crus, the nonsensory portion of

the saccule (arrows in Fig. 1C), and in the connective
tissue surrounding the membranous labyrinth (Fig.
1C). AQP1 protein showed similar expression do-
mains as the mRNA, but is more intensely expressed
in the connective tissue surrounding the membra-
nous labyrinth of the inner ear (E15.5–P2) (Figs. 1D
and 2). AQP1 is also robustly expressed in the chor-
oid plexus (Nielsen et al. 1993) and was used as an
internal positive control (Fig. 1C). Negative controls
for the in situ hybridization (sense probes) and im-
munohistochemistry (no primary antibody, preim-
mune serum) studies did not show any staining within
the inner ear (Fig. 1E, F). Control data for AQP1
immunohistochemistry (Fig. 1E, F) are from E18.5
cochlear sections. These specimens were chosen since
AQP1 is typically expressed robustly at this develop-
mental timepoint in these tissues. The absence of any
signal in these sections supports the specificity of the
antisera used in this study.

Distinct signal for AQP5 transcript was first de-
tected at E15.5 in the lateral cochlear duct epithelium
in all turns of the cochlear duct (arrows in Figs. 3D
and 4A). Figure 4A and A¢ show adjacent sections of
the proximal E15.5 cochlea with arrows indicating the
lateral epithelium. This pattern persists until E18.5, at
which point signal is then restricted to a subset of
cells on the lateral wall of the cochlea near the spiral
prominence and is particularly intense in the more
basal turns (arrows in Fig. 4B). This expression do-
main of AQP5 is observed through P2. AQP5 protein
has a similar expression pattern as AQP5 mRNA (Fig.
3E and Fig. 4A¢, 4B¢). AQP5 is known to be robustly
expressed in the salivary glands (Ma et al. 1999) and
was used as a positive control for in situ hybridization
experiments (Fig. 3B). Additionally, a very weak patch
of AQP5 signal was noted in the presumptive inter-
dental cell region at E18.5 by IHC but was not noted
on ISH.

At P7, AQP5 protein is then expressed in the type
II fibrocytes (Spicer and Schulte 1996) surrounding
the spiral prominence in all turns of the cochlea (Fig.
5A). Significantly, the AQP5 expression pattern
changed again by P14 (data not shown). Cochlear
sections no longer show signal in the spiral promi-
nence region but now show strong expression in the
stria vascularis (Fig. 5B) that persists through adult-
hood.

The inner ear in aquaporin 5 null mutant mice

Generation and genotypic characterization of the
Aqp5 mutant mouse strain has been described by
Krane et al. (2001). An analysis of Aqp5)/) mice (and
control littermates) demonstrated no evidence of
inner ear phenotype. Loss of AQP5 expression in the
inner ear was confirmed by the absence of immuno-

FIG. 2. Aquaporin 1 protein expression at postnatal day 2. A.
AQP1 is expressed in the connective tissue surrounding the cochlea
including the fibrocytes of the spiral ligament (arrows) and mesen-
chymal cells below the basilar membrane (arrowheads). It is not
detected in the epithelial tissue. B. AQP1 protein is not detected in
the epithelium of the endolymphatic sac but in a discrete layer im-
mediately surrounding the epithelium. C. AQP1 is also expressed in
the connective tissue surrounding the vestibular portion of the inner
ear and robustly in nonsensory portion of the saccule (large arrows in
C) and in the epithelium of the lateral wall of the common crus (not
shown). The small arrow labels the macula of the saccule. D. Lateral
ampulla. Arrow labels the crista. Scale bars in A–D=100 lm. els=
endolymphatic sac; sac mac = saccule macula.

268 MERVES ET AL.: AQP1 and AQP5 in Developing Mouse Inner Ear



staining in our cochlear sections by an antiaquaporin
5 antisera (Fig. 5C).

In general, AQP5 knockout mice averaged ap-
proximately 90% body weight of their littermates
(Aqp5+/+ and Aqp5+/)) with moderately reduced via-
bility (as indicated by reduced birth rates of ho-
mozygous mutants) (Krane et al. 2001). Behaviorally,
adult Aqp5)/) mice show no circling or waltzing be-
haviors and swim normally, suggesting grossly normal
vestibular function. In addition, Aqp5 mutants at 3
months of age showed normal Preyer’s reflex indi-
cating grossly normal hearing. In order to more
quantitatively assess hearing in these mice, formal
ABR testing was performed on 7 Aqp5+/+ and 7 Aqp5)/

) age- and sex-matched mice at 5–8 months of age.
These data show that under normal conditions, Aqp5
mutant mice show the same hearing sensitivity to 8-,
16-, and 32-kHz tone burst stimuli as their wild-type
littermates. Distinct ABR waveforms were obtainable
in all mice down to a 30 dB stimulus level (Fig. 6),
After undergoing ABR testing, the same Aqp5)/) mice
(and controls) were sacrificed and the inner ears
harvested for routine histologic analysis. Histology of

Aqp5)/) inner ears showed no gross abnormalities
(Fig. 5D). in particular, the endolymphatic and
perilymphatic compartments showed no signs of dil-
atation or collapse, as might be postulated by a defect
in fluid regulation.

DISCUSSION

The ontogenic expression of aquaporins 1 and 5

The examination of the temporal and spatial ex-
pression patterns of AQP1 and AQP5 highlights how
two specific members of this family of water channel-
forming proteins exhibit unique and distinctive pat-
terns of expression throughout development. AQP1,
for example, is expressed significantly earlier than
AQP5 and is initially noted in the epithelium of the
otic vesicle. However, as the inner ear develops, AQP1
expression becomes more restricted to an extra-epi-
thelial domain as well as a perilymph-bordering do-
main. By E15, AQP1 protein and transcripts are
observed diffusely in the loose connective tissue cells
surrounding the endolymphatic compartment and

FIG. 3. Aquaporin 5 controls and early expression patterns. A. No
signal was detected in control experiments with an AQP5 sense
probe performed on E15.5 cochlear sections. B. ISH. AQP5 E18.5
mouse salivary gland. AQP5 has been reported to be expressed in
mouse salivary glands and accordingly was used as a positive control
(Krane et al. 1999). From E10 (15 somites, data not shown) through

E15.0, AQP5 mRNA or protein is not detected. Sample negative in
situ data from an E12.5 embryo is shown in C. Starting at E15.5,
signals for AQP5 transcripts (arrows in D) and protein (arrows in E)
were detected in the lateral wall of all turns of the cochlear duct (in a
region corresponding to the presumptive stria vascularis) and were
particularly intense in the basal turn. Scale bars in A–E=100 lm.
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bordering the perilymphatic spaces (e.g., the scala
tympani, see Fig. 2A). Accordingly, its role may be
related to the transport of water molecules external
to the endolymphatic compartment and perhaps in
regulating the osmotic environment immediately ad-
jacent to the scala media. Also possible is a specific
role for AQP1 in water transport into or out of the
perilymph depending upon osmotic conditions. The
expression of AQP1 in the mesenchymal cells un-
derlying the basilar membrane and in type III and IV
fibrocytes (Spicer and Schulte 1991) that contact the
perilymphatic compartment supports this hypothesis.
Previous studies on adult guinea pigs (Stankovic et al.
1995) and rats (Takumi et al. 1998) have also de-
scribed AQP1 signal in type III fibrocytes of the spiral
ligament and have suggested a possible role in vol-
ume regulation.

An exception to this extra-epithelial expression
pattern is the particularly intense and focal expres-
sion of AQP1 in the nonsensory portion of the sac-
cule. The function of AQP1 in this region of the
inner ear is not clear. It is also not clear why AQP1
expression would be restricted to one otolilthic organ
(the saccule) and not the other (the utricle). This
observation led us to examine the differences be-
tween these two related organs in an attempt to ex-
plain the differential expression patterns we
observed. At a morphological level, the utricle and

saccule are similar in possessing a macula (a sensory
hair cell region) and otoliths that are believed to
provide an inertial mass that helps these organs de-
tect linear acceleration. However, these organs differ
in that the utricle shows a dark cell population
(comparable to the dark cells of the ampullae) that is
believed to be involved in endolymph generation
(Kimura et al. 1963). This suggests that the utricle
may have an endolymph secretory role while the
saccule does not. Consistent with this theory are the
findings by Fina and Ryan (1994) which showed that
utricular dark cells robustly express transcripts for the
a1 and b2 subunits of Na,K–ATPase, an isoform
combination associated with transport of sodium
against high gradients (as in the stria vascularis). The
absence of dark cells and this Na,K–ATPase isoform
expression pattern in the saccule also suggests that
the saccule is not intimately involved in endolymph
generation. Taken together, AQP1 is unlikely to be
involved in an endolmyph secretory role in the sac-
cule (since the saccule does not appear to be involved

FIG. 5. Postnatal AQP5 expression and histology of aquaporin 5
deficient mice. A. At P7, AQP5 protein was detected in the type II
fibrocytes surrounding the spiral prominence. By P14, the expression
pattern of AQP5 protein again shifted from the spiral prominence
region to the stria vascularis. The more apical turns continued to
show signal in the cells near the spiral prominence (not shown),
while the basal turns demonstrated signal only in the stria vascularis.
At 4 weeks (not shown) and B. 5–8 months, AQP5 protein is ex-
pressed only in the stria vascularis. C. IHC. No anti-AQP5 staining
was demonstrable in AQP5 )/) inner ears at 5–8 months of age. D.
AQP5 )/) hematoxylin and eosin-stained tissue sections. Note the
normal appearance of the cochlear duct with a well-preserved organ
of Corti and normal-appearing Reissner’s membrane. Areas of nor-
mal AQP5 expression (along the lateral cochlear wall) similarly
appear unaffected compared with controls. Scale bar in A=100 lm
and appliesto B, C, and D.

FIG. 4. AQP5 expression between E15.5 and E18.5. Comparison of
the AQP5 signal in the lateral cochlear wall at E15.5 under higher
magnification (arrows in A and adjacentsection A¢) shows the tran-
script and protein signals to overlap without a demonstrable differ-
ence. AQP5 transcripts (B) and protein (B¢) then restricted to a region
inferior to the presumptive stria vascularis by E18.5 (arrows in B and
B¢) and remains in this domain through P2. Scale bars=100 lm. Scale
bar in A also applies to A¢. Scale bar in B applies to B¢.
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in this process in the mouse inner ear). We can only
speculate that the robust expression of AQP1 in the
saccule during development of the mouse inner ear
facilitates rapid fluxes of water either into or out of
the endolymphatic compartment as the inner ear
undergoes a dramatic morphogenesis. Further work
is also continuing in an attempt to identify other
potential AQPs that may be expressed in the utricle
and that might play a role in endolymph production.

AQP5 shows a markedly different developmental
expression pattern in the mouse inner ear. First
noted at E15.5 in the lateral wall of the cochlear duct,
by E18.5 the AQP5 expression domain is further re-
stricted to an epithelial region just inferior to the stria
vascularis and centered around the spiral vessel. This
precise expression pattern is consistent with earlier
reports on the expression of AQP5 protein in the rat
inner ear (although subtle differences are discussed
below). However, the striking features of AQP5 de-
velopmental expression are the highly specific and
variable domains of expression before and after birth.
Initially, AQP5 was detected at E15.5 in an area that is
the presumptive stria vascularis (see Figs. 3D,E and

4A,A¢). This pattern of expression continues until
E18.5 at which point AQP5 transcripts and protein
become restricted to an area just inferior to the stria
vascularis and spiral prominence (see Fig. 4B,B¢). The
expression of AQP5 then shifts to the type II fibro-
cytes surrounding the spiral vessel at P7 (Fig. 5A) and
away from the lumenal epithelium. Several days later
(P14), the expression domain of AQP5 then returns
to the stria vascularis and remains there at least until
8 months of age (oldest specimen examined). Such a
dynamically changing expression pattern suggests
that the water-transporting function of AQP5 is pre-
cisely regulated and, therefore, presumably relevant
to fluid homeostasis in the inner ear. We speculate
that such varying expression domains of AQP5 may
be needed in precise regions to move water as these
specific functional areas of the inner ear mature
during development.

AQP-mediated water transport in the
developing lateral cochlear wall

The lateral wall of the cochlear duct (and the stria
vascularis, specifically) has long been proposed to
play a major role in endolymph secretion and ho-
meostasis (Lawrence 1991; Spicer and Schulte 1996).
However, our AQP data and that from earlier reports
show that the lateral cochlear wall can be further
broken down into discrete cell populations that at a
molecular level appear to have distinct functions (Fig.
7). Interestingly, the expression of AQP5 seemingly
‘‘migrates’’ between functional subdomains of the
lateral cochlear wall at very precise timepoints pre-
and postnatally.

Building upon the work of Everett et al. (2001), we
utilized gene expression patterns as markers for the
stria vascularis (Trp2), the external sulcus cells
(BMP4), as well as chloride–iodide–transporting cells
(Pendrin) in this lateral cochlear wall. With these
markers as reference points, we have shown that at
early postnatal periods (P2), the AQP5-expressing
domain is composed of cells just inferior to the Trp2-
expressing domain yet lateral to the presumptive
Hensen’s and Claudius cells (as defined by their
BMP4 expression) (Morsli et al. 1998). Furthermore,
the AQP5-expressing cells can be defined as a subset
of the cells expressing Pendrin, a putative anion
transporter (Everett and Green 1999), along the lat-
eral wall of the cochlear duct inferior to the stria
vascularis. These data suggest a particularly signifi-
cant water- and anion-transporting role concentrated
in this specific region of the inner ear and, therefore,
a likely significant role in endolymph homeostasis.
However, postnatally, the expression of AQP5 con-
tinues to show marked changes with a shift of ex-
pression domain to the spiral prominence region at

FIG. 6. Auditory brainstem responses (ABR). A. Representative ABR
recordings from Aqp5+/+ (left) and Aqp5)/) (right) mice exposed to a
broadband click in the 40–70 dB SPL range. Both Aqp5+/+ and
Aqp5)/) mice showed observable responses to click sounds of 40 dB.
B. Summary of ABR thresholds for Aqp5+/+ (open bars, n = 6) and
Aqp5)/) (hatched bars, n = 6) mice in response to the clicks and the
three pure tones at 8, 16, and 32 kHz. The difference in mean ABR
thresholds between Aqp5+/+ and Aqp5)/) mice was not statistically
significant. Values shown are mean ± standard deviation.
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P7 and then to the stria vascularis by P14. Notewor-
thy, this is also an important functional maturation
period for the mouse inner ear during which mouse
auditory function is felt to reach near mature levels
(Kikuchi and Hilding 1965; Mikaelian 1979; Sadana-
ga and Morimitsu 1995). The expression of genes
such as NKCC1 (a sodium, potassium, chloride co-
transporter) have also been noted to change signifi-
cantly in the gerbil inner ear during this early
postnatal timeframe (Sakaguchi et al. 1998). Inter-
estingly, studies of monovalent ion concentrations
and the endocochlear potential (EP) in the mouse
cochlea at early postnatal timepoints (P1, 3, 5, 7, 10,
and 14) show that K+, Na+, and Cl) gradients are al-
ready established by P1, although not at fully mature

levels until P14 (Yamasaki et al. 2000). Taking these
observations together, we postulate that these
changes in AQP5 expression domain accompany in-
creased activity in these regions with respect to gen-
eration of the cochlea’s electrochemical gradient and
endocochlear potential. It seems reasonable to spec-
ulate that if these regions of the developing cochlea
activate more vigorous ion transport mechanisms and
establish steeper electrochemical gradients, water
fluxes need to be managed more rapidly as well. As a
result, it is reasonable to consider that carefully reg-
ulated water transport (by AQP5 and others) in the
developing mouse inner ear plays a role in the de-
velopmental maturation of endolymph, and subse-
quently, in normal audition.

FIG. 7. Postnatal functional differentiation of the lateral cochlear
wall. A. HE cochlea. Building upon the work of Everett et al. (1999)
and data reproduced in ourstudies, (B) P2 AQP5 expression localizes
to a subset of cells expressing (C) Pendrin (Pds) immediately inferior to
the stria vascularis. D. Tyrosinase-related protein 2 (TRP-2) marks the
melanocytes in the stria vascularis while (E) bone morphogenetic
protein 4 (BMP4) was used to mark the presumptive Hensen and
Claudius cells of the external sulcus. F. Schematic drawing of
molecular markers. Hatchings along the epithelium of the cochlear
duct indicatethe expression domain of each gene. Black cross-
hatchings along the SV, Trp2; red cross-hatchings along the SV, AQP5
at P14; orange cross-hatchings, AQP5 at P7; yellow cross-hatchings,

PDS; blue cross-hatchings, AQP5 at P2; red cross-hatchings at the
external sulcus, BMP4; black cross-hatchings along the inferior edge
of the basilar membrane area and along the spiral ligament, AQP1.
Although data from adjacent sections stained with AQP1 are not
included in this diagram, the hatchings along the inferior margin of
the basilar membrane and along the fibrocytes of the spiral ligament
are labeled to show the relative domains of AQP1 expression. PDS,
pendrin; Trp2, tyrosinase-related protein 2; BMP4, bone
morphogenetic protein 4. (Probe for PDS kindly provided by L.
Everett; Trp2 probe provided by K. Steel; BMP4 probe courtesy of D.
Wu). OC = organ of Corti; RM = Reissner’s membrane; SP = spiral
prominence; SV = stria vascularis.
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The AQP1 expression data can be interpreted as
AQP1 providing the extra-epithelial water channels
involved in key endolymph homeostatic processes
such as potassium recycling. This is based upon re-
ports suggesting a recycling pathway for K+ ions (after
transduction of auditory stimuli) that carries K+ ions
back to the interstitial fibrocytes of the spiral liga-
ment which then ultimately pump K+ back into the
endolymph at the strial marginal cells (Steel 2002).
The expression domain of AQP1 at late embryonic
and postnatal periods places it in precisely those re-
gions believed to be involved in such potassium re-
cycling. Further work is now needed to determine
what interaction or facilitation water channel ex-
pression has with regard to potassium recycling.
However, since rapid replenishment of K+ ions into
the endolymph are essential for maintaining an
endocochlear potential and normal inner ear func-
tion, it seems plausible to hypothesize that rapid wa-
ter transfer (via water channels) would be a
concomitant consideration in rapid K+ recycling.

The expression domains of AQP1 are also ob-
served in cells surrounding the perilymphatic com-
partments. As such, AQP1 may be involved in moving
water into or out of this fluid space rather than
playing a specific endolymph homeostatic function.

Another plausible role that aquaporins might play
in inner ear development is moving water into the
inner ear compartments as they undergo growth and
elongation. AQP1, for example, is noted in the early
endolymphatic duct projection (E10.5) at a time
when that anlagen is rapidly expanding dorsally (and
the rest of the otocyst is also growing markedly).
Presumably, a concomitant effect of elongation and
growth would be an increase in fluid volume of the
otocyst compartment. Aquaporin water channels
would provide a means for rapidly moving water into
the developing inner ear as this morphogenesis oc-
curs. A failure to normally regulate the developing
inner ear fluids (via anion transport) has been shown
to result in dysmorphogenesis of the inner ear [e.g.,
Pendrin null mutant, (Everett et al. 2001)]. There-
fore, it seems reasonable to suggest that water fluxes
also need to be handled correctly during inner ear
development.

Aquaporin 5 function in the inner ear

Based upon their observation that AQP5 was ex-
pressed specifically in the apical turns of the adult rat
cochlea as opposed to the basal turn, Mhatre et al.
(1999) hypothesized that AQP5 was relevant to lower-
frequency hearing in accordance with the tonotopic
organization of the cochlea. Our data in the devel-
oping and early postnatal mouse inner ear contrast-
ingly show AQP5 transcripts and protein in all turns

of the cochlea. Therefore, we could not postulate any
frequency-specific role for AQP5 in the mouse inner
ear. Consistent with this conclusion is our assessment
of adult Aqp5-deficient (Aqp5)/)) mice demonstrating
that, under normal conditions, hearing sensitivity is
normal at 8, 16, and 32 kHz (representing the hear-
ing spectrum of mice). Histologic examination of the
inner ears of Aqp5)/) mice also shows normal mor-
phology compared with controls. As a result, it ap-
pears that normal AQP5 function is not required for
normal otic development or auditory function. Other
compensatory/redundant mechanisms are likely in-
volved in maintaining proper water homeostasis in
Aqp5)/) inner ears.

Pertinent to this discussion, Li and Verkman
(2001) recently performed ABR tests on mice carry-
ing a targeted deletion (individually) of the Aqp1,
Aqp3, Aqp4, and Aqp5 genes. Based on their data, only
Aqp4 null mutant mice showed a significant loss of
hearing. These data provided the first indication that
aquaporin water channels can play a role in hearing.
However, it is relevant to note that testing was per-
formed between 4 and 20 kHz in these studies. Mice
typically display a broader frequency sensitivity range
extending up to 32 kHz (compared with 20 kHz in
humans). Accordingly, it would be interesting to ex-
amine the higher-frequency hearing in other AQP
null mutant mice in order to determine if a high-
frequency deficit can be demonstrated in other AQP-
deficient mice.

Other lines of investigation into the regulation of
AQP5 expression and/or activity point towards po-
tential inner ear functions of AQP5. Reports on sali-
vary secretion in response to cholinomimetic agents
(e.g., pilocarpine) in Aqp5)/) mice show a marked
difference (reduction) compared with controls (Kra-
ne et al. 2001). AQP5 has been shown to be expressed
robustly in salivary gland tissue (see positive control
data in Fig. 3B). Taken together, it is plausible that
cholinergic effects on salivary gland secretion are
mediated (at least in part) by AQP5 activity. Extrap-
olating that data to the inner ear, it then raises the
possibility that AQP5 in the inner ear could be acted
upon by analogous cholinergic agonists. Intriguingly,
a report by Rubio et al. (1994) suggests that systemic
pilocarpine in guinea pigs alters endolymph secretion
in the inner ear and glycoprotein deposition in the
tectorial membrane. Future studies will be designed
to test the hypothesis that AQP5 in the inner ear may
function as a mediator of cholinergically mediated
regulation of inner ear fluid environment.

Other studies have recently shown that AQP5
mRNA and protein expression is downregulated by
TNF-a by means of a TNFR1 and NF-KB pathway
(Towne et al. 2001). The implications of this regula-
tion through an inflammatory cytokine pathway cre-
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ate a potential link between inflammation and edema
in the inner ear. Such data lead us to consider a po-
tential relevance of AQP5 physiology to inner ear
inflammation as well as clinical processes such as in-
flammatory or allergic endolymphatic hydrops.

The absence of specific AQP1 or AQP5 expression
in developing or mature sensory cells (i.e., hair cells)
suggests that their functional roles do not include an
immediate or direct role in hair cell transduction of
stimuli. However, Belyantseva et al. (2000) have
demonstrated that guinea pig and rat outer hair cells
display a water volume flow (Jv) across the plasma
membrane that is inhibited by HgCl2 (a reported
inhibitor of aquaporin-mediated water transport)
(Schnitzer and Oh 1996; Belyantseva et al. 2000). In
addition, Belyantseva et al. (2000) reported that a
pan-aquaporin antipeptide antibody labeled the lat-
eral plasma membrane of outer hair cells, a region in
which electromotility of these hair cells is believed to
be generated. Accordingly, these intriguing data by
Belyantseva et al. (2000) (on aquaporins in general)
and our data specifically on AQP1 and 5 suggest that
further investigations of AQP function in the inner
ear are indicated in order to better determine the
functional roles of these water channels in normal
hearing and balance function, as well as to gain fur-
ther insight into the complex processes maintaining
inner ear endolymph homeostasis.
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