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Summary

The spontaneous mutant circling mouse (cir/cir) is deaf and displays abnormal behavior, particularly circling
and head tossing. To rescue the circling mouse phenotype, we produced transgenic mice with hair cell-specific
expression of the transmembrane inner ear (tmie) gene, using the Myo7a promoter, and generated cir/cir
homozygous mice carrying the transgene (cir/cir-tgMyo7a) by breeding with circling mice.

The cir/cir-tgMyo7a mice still exhibited circling behavior and were unable to swim in water unlike cir/
cir-tgCMV mice and wild-type mice. An auditory brainstem response (ABR) test demonstrated that the
cir/cir-tgMyo7a mice could not respond to sound. Immunohistochemical analysis showed enhanced green
fluorescent protein, a marker of tmie expression, in the inner and outer hair cells of the cir/cir-tgMyo7a mice.
Hair cells and spiral ganglion neurons in the cir/cir-tgMyo7a mice were recovered, but not completely. This
study demonstrates that tmie transgene expression in hair cells alone could not restore wild-type hearing and

behavior in circling mice.
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At birth, the morphology of the cochlear structure in
mice is immature. Maturation of the inner ear proceeds
along a basal to apical gradient during the early post-
natal days. Stereocilia bundles are rearranged in rows
of increasing height and kinocilia, and many kinds of
links disappear. Other parts of the cochlea, such as spiral
ganglion neurons, the stria vascularis, and the tectorial
membrane, undergo maturation. The onset of hearing
in mice begins at around postnatal day 14 (6-8).

Circling mice are characterized by deafness caused
by degeneration of the inner ear and have a genomic
deletion region in common with the spinner mouse,
which is another deafness mutant. The tmie gene, which
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is part of this common deletion region, is presumed to
be a causative gene for the circling mouse phenotype
(2, 4, 16). To address this hypothesis, we previously
produced transgenic mice in which the tmie transgene
was introduced into circling mice. Under control of
the cytomegalovirus (CMV) promoter, tmie was ex-
pressed in most organs and tissues, including the inner
ear. These transgenic mice recovered the wild-type
phenotype, with normal hearing and balancing. These
data demonstrated that tmie is a main causative gene
among the deleted genes of circling mice and encodes
an important protein in the inner ear (19).

The hair cells of the cochlea consist of three rows
of outer hair cells and one row of inner hair cells.
Stereocilia bundles on the surface of hair cells connect
with neuronal synapses and are responsible for transmit-
ting stimuli. Outer hair cells and inner hair cells have
different functions in response to stimuli. Inner hair
cells are the sensory receptors that are responsible for
the afferent information sent to the brain, while outer
hair cells provide mechanical feedback from neurons
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(9, 10, 15, 18). Since the myo7 promoter is a specific
promoter for the inner ear sensory cells, we used this
promoter in the trial (1).

In the circling mouse, hair cell degeneration pat-
terns of the inner ear and expression patterns of tmie
are similar. Expression of the tmie protein begins in
hair cells and spreads to other parts of the organ of
Corti, such as hair cell bodies and supporting cells; the
expression level increases during the early postnatal
days (20). During the maturation of the organ of Corti
in the circling mouse, stereocilia bundles on hair cells
degenerate first, followed by gradual degeneration of
hair cells and spiral ganglion neurons (3).

The function of tmie is related to that of hair cells, so
we hypothesized that the expression of tmie in hair cells
can restore the wild-type phenotype in circling mice.
In this study, we generated circling mice with hair cell-
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specific expression of tmie. Moreover, gene therapy is
a useful technique for the treatment of deafness caused
by gene mutation or deletion. However, the activity of
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Fig. 1. Construction for overexpression of the fmie transgene.
In order to induce hair cell-specific expression of mouse tmie,
the Myo7A promoter was used in transgene construction.
The construct contained the extending from 2 kb promoter
sequence plus intron 1 to the Myo7a ATG initiation codon
(-2063 to +1776). The ATG initiation codon is located at po-
sition 1777. As a reporter gene, EGFP was cloned next to the
tmie open reading frame (ORF), using an IRES sequence.
A bovine growth hormone polyA tail was added at the end
of the construct.
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Fig. 2. Analysis of tmie expression. Staining of cross-sections from the organ of Corti in normal (+/+), circling (cir/cir), and
circling mice with the transgene directed with two different promoters (cir/cir-tg™°™ and cir/cir-tg™") at P42. The nuclei of
immunostained cells were counterstained with DAPI. (A-C) Tmie signals (red) are detected in the stria vascularis, organ of
Corti, and spiral limbus in +/+ mice. (D-F) No positive staining is observed in the circling mouse. (G-J) The organ of Corti
in cir/cir-tg mice is positive for EGFP (green, as a reporter of fimie). (J) Enlarged image of the inset from panel J. Note that
the transgene is expressed only in inner and outer hair cells in the cir/cir-tg™°™* mouse. SV, stria vascularis; RM, Reissner’s
membrane; OC, organ of Corti; SL, spiral limbus; IHC, inner hair cell; OHC, outer hair cell. Scale bars (A-M): 200 pm.
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the gene has to occur accurately to fit the time and site.
Our study will be the foundation research for therapy.

Material and methods

Generation of transgenic mice. To generate transgenic
mice in which tmie is expressed in hair cells, the Myo7a pro-
moter (1) was used for transgene construction, and an IRES
sequence and enhanced green fluorescent protein (EGFP)
were added to the end of the tmie open reading frame (Fig. 1).
Three transgenic mice were produced by microinjection.
The founder transgenic mice were mated with spontaneous
mutant circling (cir/cir) mice (12, 13). Offspring were con-
firmed by polymerase chain reaction. Circling mice in which
tmie was expressed under the control of the CMV promoter
were generated in our previous study (19).

All animal experiments were carried out in accordance
with the guidelines for animal experimentation and under
permission from the Institutional Animal Care and Use
Committee.

Auditory brain stem response tests. Xylazine (4 mg/
kg) and ketamine (4 mg/kg) were used for anesthetization
of mice, which were then tested in an electrically shielded
booth. Mice were connected with needle electrodes (Grass
E2 platinum) subcutaneously implanted below the tested
ear (reference electrode), the vertex (active electrode), and
below the contralateral ear (ground electrode).

They were stimulated by 15-ms tonal bursts (rise-fall time
1 ms) at 4, 8, 16, and 32 kHz. The sound stimuli were gen-
erated by Tucker-Davis hardware and were delivered from
shielded Beyer earphones via a 13-mm tube. The Tucker
Davis data acquisition system was used to generate averages
(1024 epochs) of response waveforms (1,000,000 gain, fil-
tered from 0.3-3.0 kHz). A 0.25-inch ACO Pacific condenser
microphone (Belmont, CA, USA) was used for calibration
of the sound-delivery system in a volume approximating the
mouse external ear canal and expressed as the sound pres-
sure level (dB).

Immunohistochemical analysis of the organ of Corti.
The temporal bones were fixed in 4% paraformaldehyde,
decalcified with 10% ethylenediaminetetraacetic acid,
dehydrated, and embedded in paraffin wax. Sections were
deparaffinized and dehydrated in xylene and serial concen-
trations of ethanol. The immunohistochemical study was
performed with an LSAB-kit Universal K680 kit, according
to the manufacturer’s instructions. Specimens were blocked
with 3% hydrogen peroxide and 1% goat serum followed by
reaction with primary antibodies, anti-tmie (19). Alexa Fluor
568-conjugated goat anti-rabbit IgG (Invitrogen) was used
for detection of the primary antibody. Nuclei were stained
with DAPI.

Surface preparation of the cochlea. The organ of Corti
was prepared for histological analysis by first fixing the
temporal bone in 4% paraformaldehyde. After fixation, the
cochleae were microdissected, washed with 0.25% Triton
X-100, and incubated in NF200 (Sigma) and TRITC-labeled
phalloidin (Sigma). After washing, the specimens were evalu-
ated by fluorescence microscopy.

Results and discussion

Generation of transgenic mice. In our previous
study (17), we generated circling mice in which the tmie
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transgene was controlled by the CMV promoter (cir/
cir-tg™V). In the present study, we produced transgenic
mice with pEGFP-N1/tmie-IRES-Myo7a and mated
these with circling homozygous mice (cir/cir-tg¥°’).
For generation of transgenic mice, we constructed a hair
cell-specific expression vector containing tmie under the
control of the Myo7a (1) (Fig. 1). The Myo7a promoter
has specific activity in hair cells of the inner ear. Before
generating transgenic mice, we confirmed the activity
of the transgene vector in vitro (data not shown).

To analyze the expression of transgenic tmie in the
cochlea, we stained the cochlea from normal (+/4),
circling (cir/cir), cir/cir-tg™V, and cir/cir-tg"°™ mice.
The tmie protein was not detected in cir/cir mice. In the
cir/cir-tg™°’ mice, EGFP, which served as a reporter
protein of tmie expression, was detected only in the hair
cells, unlike in cir/cir-tg®™Y mice, in which tmie was
expressed in cochlea including the organ of Corti, stria
vascularis, and spiral limbus (Fig. 2).

Expression of fmie in hair cells is ineffective in
rescuing circling mouse. Introduction of the tmie trans-
gene in circling mice, restored their normal behavior and
hearing function (19). However, behavioral evaluation
showed that cir/cir-tg"°™ mice could not swim and
exhibited abnormal behavior, such as circling. When
we tested the auditory brainstem response (ABR), the
wild-type phenotype was not rescued in cir/cir-tgMye’
mice in contrast with cir/cir-tg®™" mice (Fig. 3).

Morphological analysis of the structure of the inner
ear showed that in cir/cir-tg®™" mice it was restored
to an extent equivalent to that of wild-type mice. In
cir/cir-tg™°’ mice, the structure of the inner ear was
restored, but not sufficiently for the normal function of
the inner ear (Fig. 4). Taken together, these data show
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Fig. 3. Auditory brainstem responses. Mean ABR thresholds
induced by tone-burst stimulation of four different groups:
wild-type (+/+), circling (cir/cir), and circling mice carrying
the transgene directed by Myo7a and CMV promoter (cir/
cir-tg™°™ and cir/cir-tg™", respectively). Average ABR thre-
sholds in decibels referenced to sound pressure level (dB
SPL) are plotted against frequency. Frequencies tested were
4, 8, 16, and 32 kHz. Hearing threshold with no responses to
given stimuli was referred to 100 dB SPL. Standard errors
of the mean range are plotted for each data point. Group
differences that were statistically significant are indicated by
asterisks (P < 0.05).
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Fig. 4. Comparison of inner ear recovery. Surface preparation of the wild-type (A-C), cir/cir (D-F), cir/cir-tg"™¥°™ (G-I), and
cir/cir-tg®™v (J-L). Tissues were obtained from the middle turn of the cochlea. The nuclei of immunostained cells were coun-
terstained with DAPI (left panels). Spiral ganglion neurons were immunostained with anti-neurofilament 200 (NF200) anti-
bodies (green, central panels). Phalloidin-TRITC was used to detect F-actin in V-shaped stereocilia bundles (red, right panels).
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that expression of tmie in hair cells could not induce
a sufficient recovery of the inner ear.

Expression of tmie and degeneration of the inner ear
of circling mice starts in hair cells (3, 20). The hair cells
of circling mice do not take up gentamicin or FM1-43
(17). Accordingly, we hypothesized that circling mice
have impaired mechanotransduction and that tmie is
important in hair cells. We therefore produced trans-
genic circling mice that expressed tmie in hair cells. Our
data show that expression of tmie in the hair cells could
not rescue the wild-type phenotype in circling mice,
in contrast with mice expressing tmie ubiquitously. In
circling mice, degeneration of hair cells and spiral gan-
glion neurons occurs during maturation of the inner ear,
whereas cir/cir-tg"°™ mice have normal hair cells and
spiral ganglion neurons. These results demonstrate that
the tmie gene is required for body balance and hearing,
and it should be expressed in various parts of the inner
ear, including hair cells.

We verified the effectiveness of fmie as a target of
gene therapy. In our previous study (17), we produced
transgenic tmie under the control of the CMV promoter
and expressed it in circling mice, and these mice ex-
hibited normal behavior and hearing. Furthermore, the
expression of transgenic tmie induced the recovery of
the inner ear structure. The wild-type phenotype was
not rescued in cir/cir-tg™°’ mice. In cir/cir-tg®™Y mice,
the level of recovery in hearing and behavior varied
depending on the tmie protein level, and the recovery
of hair cells and spiral ganglion neurons depended on
the transgene expression level (19). Expression of the
transgene is influenced by the copy number of the inte-
grated transgene (5), which we could not control when
we used microinjection for generating transgenic mice.
We suggest that the expression level of tmie in cir/cir-
-tg"¥°™» mice was insufficient for a detectable rescue of
the wild-type phenotype.

An alternative explanation is that tmie expression is
required in other parts of the inner ear, including hair
cells. Recently, protein that interacts with tmie has
been discovered. Tmie interacts with postcadherinl5
(PCDHI15) and Lipoma HMGIC fusion partner-like 5
(LHFPLS). PCDHI15 is an essential component of
tip-link, which is part of the mechanotransduction
machinery structure. LHFPLS is a binding partner of
PCDHI15. This study suggests that tmie is an important
protein in hair cells (21). However, the expression of
tmie has also been found in other parts of the inner ear
as well as in various tissues, such as the brain, liver,
spleen, and lungs (3, 20). Degeneration in circling mice
progresses faster than it does in other deaf mutant mice
(11, 14). And degeneration of hair cells could not induce
degeneration of spiral ganglion neurons rapidly (22), but
it was followed by the loss of spiral ganglion neurons
in circling mice (3).

It is possible that tmie is a necessary protein in other
parts of the inner ear, including hair cells, and could
have additional functions in other parts of the inner
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ear for normal function of the inner ear. Future studies
on the function of tmie in hair cells may provide clues
on the mechanotransduction mechanisms. Moreover,
studies of tmie may help understand the mechanism of
hearing loss in the other parts of the inner ear.
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