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Dizziness and hearing loss are among the most common
disabilities. Many forms of hereditary balance and hearing dis-
orders are caused by abnormal development of stereocilia,
mechanosensory organelles on the apical surface of hair cells
in the inner ear. The deaf whirler mouse, a model of human
Usher syndrome (manifested by hearing loss, dizziness, and
blindness), has a recessive mutation in the whirlin gene, which
renders hair cell stereocilia short and dysfunctional. In this
study, wild-type whirlin cDNA was delivered to the inner ears
of neonatal whirler mice using adeno-associated virus serotype
2/8 (AAV8-whirlin) by injection into the posterior semicircular
canal. Unilateral whirlin gene therapy injection was able to
restore balance function as well as improve hearing in whirler
mice for at least 4 months. Our data indicate that gene therapy
is likely to become a treatment option for hereditary disorders
of balance and hearing.
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INTRODUCTION
The vestibular system is important for maintaining spatial orientation
and balance of the human body.1 Dysfunction in the vestibular system
is a commonmedical condition that can be severe and debilitating. Ac-
cording to the National Health and Nutrition Examination Survey,
35.4% of US adults aged 40 years and older have some degree of bal-
ance dysfunction.1 Loss of balance is amajor etiology for falls in elderly
persons, which can lead to additional morbidities and mortalities.1–3

The mechanosensory hair cells in the inner ear are critical for medi-
ating vestibular and auditory functions. Hair cells have stereocilia bun-
dles on their apical surfaces, which detect incoming auditory and
vestibular stimuli that include gravity, rotationalmovement, and linear
acceleration. Therefore, disease processes that affect hair cell stereocilia
bundles can significantly impair balance and auditory functions.

Many of the genes associated with Usher syndrome have important
roles in hair cell stereocilia development and maintenance. Usher syn-
drome is the most common cause of the combination of deafness
and blindness worldwide, with an estimated prevalence of �5 in
100,000.4–6 Many patients with Usher syndrome also have vestibular
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dysfunction. To date,WHRN and 10 other genes have been associated
with different types of Usher syndrome.4,7 WHRN encodes a scaf-
folding protein called whirlin, which is required for normal hair cell
stereocilia elongation.8 Mutations in theWHRN gene can cause Usher
syndrome type 2D (OMIM 611383),9 as well as the non-syndromic
autosomal recessive hearing loss DFNB31 (OMIM 607084).10 The
whirler mouse (Whrnwi/wi) does not produce functional whirlin pro-
teins in the inner ear,11 resulting in abnormally short stereocilia in
cochlear and vestibular hair cells.8 Whirler mice are deaf and have sig-
nificant balance dysfunction observable as nearly constant circling
movements and head bobbing.12,13 In a previous study, we showed
that when adeno-associated virus serotype 2/8 (AAV8-whirlin) gene
therapy was injected into the roundwindow of the cochlea, the infected
whirler inner hair cells had elongated stereocilia.14 However, the inner
hair cell infection rate was low (11%–16%) and there was no hearing
recovery in the treated whirler mice. In the present study, we demon-
strate that whirlin gene therapy delivered through the posterior semi-
circular canal results in a significantly higher number of hair cells
with whirlin expression both in the vestibular system and in the co-
chlea, which leads to the restoration of balance function as well as
improvement in hearing in whirler mice (Figure 1A). Thus, the current
study is, to our knowledge, the first to report rescue of balance and
hearing functions using gene therapy in this model of Usher syndrome.

RESULTS
Gene Therapy Restores Whirlin Expression in Whirler Vestibular

End-Organs

In phenotypically normal control mice (Whrn+/+ and Whrn+/wi),
whirlin is localized at the tips of auditory and vestibular hair cell
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Figure 1. AAV8-Whirlin Gene Therapy Restores Whirlin Expression in

Infected Utricular Hair Cells

(A) Schematic of the study. The inner ear is important for balance function.

Vestibular hair cells detect rotational inputs as well as linear and gravitational

acceleration by the deflection of their stereocilia bundles. This information is

transmitted by the superior and inferior vestibular nerves to the central vestibular

system for processing. In this study, we examined whether AAV8-whirlin gene

therapy delivered through the posterior semicircular canal can restore vestibular

hair cell stereocilia morphology and balance function in whirler mice. The pre-

dominant long isoform of whirlin used in this study encodes a scaffolding protein

with three PDZ domains and one proline-rich domain. The region recognized by

the anti-whirlin antibody is indicated by the purple line. ab, antibody. (B) Utricular

hair cells in a phenotypically normal control mouse (whrn+/wi, P30) show im-

munolocalization of whirlin (green) at the tips of the stereocilia (red). Examples of

whirlin expression are shown with white arrows. (C) Utricular hair cells in a whirler

untreated control mouse (whrnwi/wi, no gene therapy, P30) lack whirlin expression

at the stereocilia tips. In addition, whirler utricular hair cells have aberrantly short

stereocilia bundles. (D) AAV8-whirlin gene therapy delivered via the posterior
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stereocilia (Figure 1B). In contrast, homozygous whirler mutant mice
(Whrnwi/wi, referred to as the “whirler untreated control”) do not ex-
press whirlin (Figure 1C). The mouse Whrn gene expresses multiple
transcript splice variants.11,15,16 The predominant longest isoform of
wild-type whirlin encodes three PDZ domains and one proline-rich
domain (Figure 1A). The cDNA of this isoform was used in the pre-
sent study because it restores whirler stereocilia length in vitro.17 We
used adeno-associated virus serotype 2/8 as the viral vector to deliver
whirlin cDNA (AAV8-whirlin) to the whirler inner ear. AAV 2/8 can
infect both cochlear and vestibular hair cells with high efficiency.18,19

In this study, AAV8-whirlin was delivered to the mouse inner ear via
the posterior semicircular canal approach, which has been shown to
be a safe and effective route for inner ear gene delivery.20 When
AAV8-whirlin was injected into whirler inner ears through the pos-
terior semicircular canal, robust whirlin expression was observed at
the stereocilia tips in many vestibular hair cells (Figure 1D). We did
not observe whirlin protein expression in the microvilli. Whirlin
expression was detected in all five vestibular end-organs in AAV8-
whirlin-injected whirler mice (Figure S1).

Detailed analyses of the effects of AAV8-whirlin on the vestibular sys-
tem focused primarily on the utricle. Hair cell infection was defined
by the expression of whirlin at the stereocilia tips. Quantification of
the efficiency of AAV8-whirlin infection in whirler utricular hair cells
revealed a bimodal distribution among the specimens (Figure 1E):
those with a high infection efficiency (>40%, n = 18) and those
with a low infection efficiency (<30%, n = 10). The overall mean utric-
ular hair cell infection efficiency was 53.1% (SD = 38.1%).
Gene Therapy Restores Stereocilia Morphology in Whirler

Utricular Hair Cells

Utricular hair cell stereocilia bundles help to detect changes in head
positioning. The average utricular stereocilia length in the phenotyp-
ically normal control littermates (Whrn+/+ andWhrn+/wi) was 6.61 ±
0.07 mm, as measured using confocal microscopy images with
3-dimensional (3D) rendering (Figure 2A). In contrast, untreated
whirler (Whrnwi /wi) utricular hair cells have aberrantly short stereo-
cilia measuring 3.14 ± 0.19 mm, due to the absence of whirlin expres-
sion (Figures 1C, 2A, and 2B). In whirler ears that received AAV8-
whirlin gene therapy, the utricular hair cells had significantly
increased mean stereocilia length (5.35 ± 2.11 mm, p = 0.027)
compared to whirler untreated controls that did not receive gene ther-
apy (Figures 2A and 2B). Mean stereocilia length in the AAV8-whir-
lin-infected whirler utricles was also longer than the contralateral
non-infected ears of the same animals (3.20 ± 0.34 mm, p <
0.00001). Injection of AAV8-GFP to the whirler inner ears was per-
formed as a sham surgery control, and there was no increase in
mean stereocilia length in utricular hair cells in these control animals
semicircular canal at P4 restored whirlin expression at the stereocilia tips and

initiated elongation of stereocilia in infected utricular hair cells in a P30 whirler

mouse. Examples of whirlin expression are indicated with white arrows. (E) Dis-

tribution of utricular hair cell infection efficiency in all whirler ears that received

AAV8-whirlin gene therapy.
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Figure 2. AAV8-Whirlin Gene Therapy Restores

Stereocilia Length in Whirler Utricles

(A) Stereocilia length measurements of utricular hair cells.

The “normal control” group includes data from wild-type

and heterozygous littermates (whrn+/+ and whrn+/wi, n =

4). The “whirler untreated control” group includes data

from whirler mice (whrnwi/wi) that did not receive AAV8-

whirlin gene therapy (n = 5). The “whirler w/ AAV8-whirlin”

group includes data from all whirler ears (whrnwi/wi) that

received AAV8-whirlin gene therapy, including ones with

low or no infection (n = 28). The “AAV8-whirlin contralat-

eral” group includes data from the contralateral whirler

ears (whrnwi/wi) that did not receive AAV8-whirlin gene

therapy (n = 28). The “>40% infection” group includes

data from whirlers with >40% AAV8-whirlin infection in

utricular hair cells (n = 18). The “>40% contralateral”

group includes data from the contralateral whirler ears

that did not receive AAV8-whirlin gene therapy in the

>40% infection group (n = 18). The “whirler w/ AAV8-

GFP” group includes data from whirlers that received

AAV8-GFP as a sham surgery control. All stereocilia

length measurements were made using confocal images

with 3D rendering. Error bars represent SEs. *p < 0.05,

***p < 0.001. (B) Scanning electron microscopy images

showing whirler untreated control (whrnwi/wi, no gene

therapy) vestibular hair cells that have aberrantly short

stereocilia bundles (top panel), and whirler vestibular hair

cells with elongated stereocilia bundles after AAV8-whirlin

gene therapy (bottom panel). Examples of stereocilia

length are shown with red brackets. (C) There was a

strong positive correlation (R2 = 0.67) between utricular

hair cell infection efficiency and stereocilia length.
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(3.27 ± 0.08 mm) (Figures 2A and S2). In the high-infection group
(>40%), average stereocilia length was similar to that of the normal
control littermates (6.52 ± 1.72 mm, p = 0.92) (Figure 2A). Linear
regression analysis (Figure 2C) revealed a strong positive correlation
(R2 = 0.67, p < 0.0001) between stereocilia length and utricular hair
cell infection efficiency, indicating that AAV8-whirlin gene therapy
restored stereocilia morphology in whirler vestibular end-organs
when sufficient numbers of hair cells were infected.

Gene Therapy Improves Balance Function in Whirler Mice

Whirler mice have significant balance dysfunction, as evidenced by
their circling behavior. We quantified circling behavior by calculating
the number of rotations the animals made in a given amount of time
in the testing apparatus. On average, phenotypically normal control
littermates (Whrn+/+ andWhrn+/wi) made 6.27 ± 1.09 rotations every
2 min, whereas whirler untreated control mice (Whrnwi/wi, no gene
therapy) made 24.9 ± 9.41 rotations in the 2-min time frame (p =
0.004) (Figures 3A and 3B). In whirler mice that received AAV8-
whirlin, there was a significant reduction in the number of rotations
(14.8 ± 10.9 rotations/2 min, p = 0.004) compared to whirler un-
treated control mice (Figures 3A and 3B). When the circling behavior
was quantified in the high-infection group (>40% hair cells infected)
of whirler mice that received AAV8-whirlin, the average number of
rotations was not statistically different from phenotypically normal
control littermates (9.74 ± 6.61, p = 0.26) (Figure 3B). Injection of
782 Molecular Therapy Vol. 25 No 3 March 2017
the negative control virus AAV8-GFP to whirler inner ears did not
improve circling behavior (30.8 ± 7.47 rotations/2 min). Linear
regression analysis revealed a strong negative correlation (R2 =
0.44, p = 0.0001) between circling behavior and utricular hair cell
infection efficiency (Figure 3C), indicating that when hair cell infec-
tion was high enough, AAV8-whirlin gene therapy normalized the
circling behavior in whirler mice.

Mice with inner ear vestibular dysfunction also have difficulty with
swimming and often demonstrate diminished balance on the rotarod
test.21,22 In the swim test, a well-established 0–3 scoring system was
used to measure swim performance, with 0 indicating normal swim-
ming ability, and an increasing score indicating increased swimming
difficulty as described in the Materials and Methods.23 All phenotyp-
ically normal control mice (Whrn+/+ andWhrn+/wi) had swim scores
of 0. Whirler untreated control mice (Whrnwi/wi, no gene therapy)
had difficulty swimming, with the average swim score of 2.0 (SD =
0.89) (Figure 4A). When whirler mice received AAV8-whirlin, on
average their swim scores improved to 1.0 (SD = 0.89) (Figure 4A).
Of note, 3 of 11 whirler mice (27%) had normal swim scores (0) after
AAV8-whirlin gene therapy. The only whirler mouse that had a swim
score of 3 after AAV8-whirlin gene therapy had low AAV8-whirlin
infection efficiency in the utricle (11.7%). The improvement in
swim scores in whirler mice that received AAV8-whirlin gene therapy
was statistically significant compared to the whirler untreated
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Figure 3. AAV8-Whirlin Gene Therapy Reduces

Circling Behavior in Whirler Mice

(A) Representative track plots from a phenotypically

normal control (whrn+/wi), a whirler untreated control

(whrnwi/wi, no gene therapy), and a whirler mouse that

received AAV8-whirlin gene therapy, demonstrating that

AAV8-whirlin gene therapy significantly reduced circling

behavior in whirler mice. (B) Quantification of circling

behavior testing was performed at �P30. Error bars

represent SEs. **p < 0.01, ***p < 0.001. (C) Linear

regression analysis revealed a strong negative correlation

(R2 = 0.44) between utricular hair cell infection efficiency

and circling behavior, indicating the greater the infection

efficiency, the less the circling behavior.
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controls (p = 0.018, Wilcoxon rank-sum test). Injection of AAV8-
GFP to the whirler inner ears did not improve swim scores (1.83 ±

0.41) (Figure 4A).

The rotarod test is a measure of balance function in which mice are
placed on a rod that rotates with increasing velocity, and the length
of time the mouse can remain balanced on the rotating rod is re-
corded.24 In phenotypically normal control littermates (Whrn+/+

and Whrn+/wi), the average duration on the rotarod was 155 ±

20.0 s, whereas whirler untreated control mice (Whrnwi/wi, no gene
therapy) remained on the rotarod for only 87.8 ± 42.6 s (p = 0.006)
(Figure 4B). Injection of AAV8-whirlin resulted in significantly
improved rotarod performance in whirler mice, with the average ro-
tarod time increased to 125 ± 35.4 s (p = 0.04) (Figure 4B). Although
the whirler mice that received AAV8-whirlin had shorter rotarod
times compared to phenotypically normal control littermates, this
difference was not statistically significant (p = 0.10). Injection of
AAV8-GFP to the whirler inner ears did not significantly improve ro-
tarod performance (113 ± 38.0 s, p = 0.25) (Figure 4B).

Although the three balance tests reported above are informative for
assessing balance function in mice, they do not specifically assess
the function of the inner ear vestibular system. To directly examine
the effects of whirlin gene therapy on the vestibular periphery, vestib-
ular evoked potentials (VsEPs) were recorded (Figure S3). It has been
reported that �50% of whirler mice do not have measurable VsEP
M

thresholds.21 However, eight of nine whirler
control mice that did not receive AAV8-whirlin
had measurable but elevated VsEP thresholds
(�3.56 ± 5.66 dB, Figure S3A). This was not sta-
tistically different from the VsEP thresholds of
normal control littermates (�9.30 ± 1.64 dB,
p = 0.05) or whirlers that received unilateral
AAV8-whirlin gene therapy (�5.25 ± 6.65 dB,
p = 0.64). The VsEP waveforms in the whirler
mice that received unilateral AAV8-whirlin in-
jection were abnormal in both P1-N1 amplitude
and P1 latency compared to normal control lit-
termates (Figures S3B and S3C). Since VsEPs
measure bilateral vestibular function, we postulated that the
abnormal VsEP waveforms seen in whirler mice that received unilat-
eral AAV8-whirlin injection may be explained by the fact that the
contralateral non-injected ear remains abnormal. Therefore, VsEP
measurements were recorded fromwhirler mice that underwent bilat-
eral AAV8-whirlin injections. All whirler mice that underwent bilat-
eral AAV8-whirlin injections had normalized circling behavior
(7.44 ± 1.46 rotations/2 min, n = 4). All of these mice also had
measurable VsEP thresholds (�1.5 ± 0.0 dB). The VsEP P1-N1
amplitude showed a stimulus-level-dependent increase in whirlers
that received bilateral AAV8-whirlin injections, whereas the ampli-
tudes remained unchanged with increasing stimulus levels in the
whirler controls that did not receive AAV8-whrilin (Figure S3B). In
addition, there was a statistically significant improvement in P1 la-
tency in bilaterally treated whirler mice compared to whirler controls
that did not receive AAV8-whirlin gene therapy (p = 0.0009, p =
0.006, and p = 0.01 at the 6-dB, 3-dB, and 0-dB stimulus levels, respec-
tively; Figure S3C). Our results indicate that AAV8-whirlin gene
therapy was able to improve VsEP P1-N1 amplitude and shorten
P1 latency in whirlers when injected into both ears. Taken together,
these data indicate that AAV8-whirlin gene therapy significantly
improved balance function in whirler mice.

Gene Therapy Improves Auditory Function in Whirler Mice

Gene delivery into the mouse posterior semicircular canal can also
reach the cochlea.25 In whirler mice that underwent AAV8-GFP
olecular Therapy Vol. 25 No 3 March 2017 783
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Figure 4. AAV8-Whirlin Gene Therapy Improves

Swimming and Rotarod Performance in Whirler

Mice

(A) A well-established swim scoring system was used to

measure swim performance, with 0 representing normal

swimming and 3 representing underwater tumbling

requiring immediate rescue.23 Testing was performed

between P90 and P120. (B) The duration of time each

animal remained balanced on the rotarod apparatus was

recorded. Testing was performed between P90 and

P120. Error bars in both figures represent SEs. *p < 0.05,

**p < 0.01.
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injections into the posterior semicircular canal, the average cochlear
inner hair cell infection efficiency was 36.1% ± 23.6% (n = 4; Fig-
ure S4). Therefore, we examined hearing function in the whirler
mice that received AAV8-whirlin gene therapy via this route. Eight
of 29 whirler mice (28%) showed some hearing recovery as measured
by auditory brainstem response (ABR) threshold testing after AAV8-
whirlin delivery to the posterior semicircular canal, while none of the
whirler untreated control mice (Whrnwi/wi, no gene therapy) had
measurable ABR thresholds (0 of 15, p = 0.024, Fisher’s exact test)
(Figures 5A and 5B). Improvement in hearing was seen at all four
tested frequencies (4, 8, 16, and 32 kHz), with most of the hearing
improvement at 8 kHz, where recorded ABR thresholds were as
low as 60 dB sound pressure level (SPL). Examination of cochleas
from these eight animals revealed robust AAV8-whirlin infection in
both inner and outer hair cells (Figures 5C and S5). The average inner
hair cell (IHC) infection efficiency for these eight mice was 71.7% ±

26.0% at the apex, 81.2% ± 15.3% at the middle turn, and 75.2% ±

17.6% at the base of the cochlea. The overall IHC infection efficiency
was 77.1% ± 12.7% in the eight hearing mice. In contrast, the average
IHC infection efficiency in whirler mice that received AAV8-whirlin
but did not have hearing recovery was 25.9% ± 34.8% at the apex,
31.2% ± 37.0% at the middle turn, and 13.4% ± 25.9% at the base
of the cochlea (n = 15). The overall IHC infection efficiency in these
non-hearing mice was 23.9% ± 29.2% (p < 0.0001). In general, the
number of IHCs with whirlin expression achieved with the posterior
semicircular canal injection was significantly higher than the round
window injection approach reported in our previous study (11%–

16%).14 The average outer hair cell (OHC) infection efficiency for
the eight whirler mice with hearing improvement was 10.4% ±

6.38% at the apex, 8.64% ± 13.2% at the middle turn, and 3.21% ±

5.95% at the base of the cochlea. The overall OHC infection efficiency
was 13.3% ± 9.82%. This is significantly lower than the IHC infection
efficiency and is likely the explanation for the partial hearing recovery
seen in these animals. The ABR waveforms were also analyzed in the
784 Molecular Therapy Vol. 25 No 3 March 2017
eight whirler mice with hearing improvement.
The average ABR wave 1 amplitude in these
eight whirler mice was 0.47 ± 0.32 mV (90 dB
SPL, 8 kHz). This is lower compared to themea-
surement from six normal control littermates,
although this difference did not reach statistical
significance (1.46 ± 1.23 mV, p = 0.09). The ABR
wave 1 latency was also longer in the eight whirler mice (3.52 ±

0.66 ms) compared to normal control littermates (1.96 ± 0.22 ms,
p = 0.0003). Given the fact that only partial hearing recovery was
observed, it is not surprising that the ABR waveforms were not
completely normalized in these eight whirler mice. However, since
whirler mice are deaf and have nomeasurable ABRwaveforms, recov-
ery of any measurable ABR wave 1 amplitude by AAV8-whirlin gene
therapy is a major step forward for hearing restoration in these
animals.

Similar to the vestibular system, we found that the infected whirler
cochlear IHCs had significantly longer stereocilia bundles compared
to non-infected IHCs in the contralateral (untreated) ears: 5.04 ±

0.72 mm versus 1.01 ± 0.08 mm in the apex (p < 0.0001), 4.16 ±

0.64 mm versus 0.99 ± 0.07 mm in the middle turn (p < 0.0001),
and 3.10 ± 0.47 mm versus 0.93 ± 0.10 mm in the base (p < 0.0001),
respectively (Figure 5D). Stereocilia lengths in AAV8-whirlin-treated
whirler cochleas are similar to phenotypically normal controls in all
regions of the cochlea (Figure 5D). These results indicate that
compared to round window delivery, AAV8-whirlin gene therapy
delivered via the posterior semicircular canal resulted in a much
higher number of cochlear hair cells with whirlin expression and
significantly improved hearing sensitivity and stereocilia morphology
in whirler mice.14

Functional Improvements after Whirlin Gene Therapy Are Long

Lasting

In order to assess the duration of improved function after AAV8-
whirlin gene therapy, seven whirler mice that received AAV8-whirlin
were examined at �P120 for circling behavior. Five of seven whirler
mice (71.4%) that received AAV8-whirlin continued to show reduced
circling behavior at 4 months of age (Figure 6A). Examination of the
utricles from these mice revealed robust whirlin expression at the ster-
eocilia tips with elongated stereocilia bundles (Figure 6B). These data



Figure 5. AAV8-Whirlin Gene Therapy Improves

Hearing in Whirler Mice

(A) Representative ABR recordings from a phenotypically

normal control (whrn+/wi), a whirler untreated control

(whrnwi/wi, no gene therapy), and a whirler that received

AAV8-whirlin gene therapy. In 8 of 29 whirler mutant mice,

measurable ABR thresholds were obtained after AAV8-

whirlin gene therapy. (B) ABR thresholds at the four

measured frequencies (4, 8, 16, and 32 kHz). The ABR

thresholds from the eight whirler mice that had improved

hearing are shown individually (dashed lines). An ABR

threshold of 100 dB represents no hearing. ABR testing

was done at�P30. (C) Representative confocal images of

the inner hair cells (IHCs) from the cochlear apex in a

whirler mouse that received AAV8-whirlin gene therapy in

the left ear (top panel) and the contralateral ear that did not

receive AAV8-whirlin gene therapy (bottom panel). Im-

ages were taken at P120. The treated ear has robust

whirlin expression (green) at the stereocilia tips in all IHCs,

whereas the contralateral non-treated ear shows no

whirlin expression. In addition, several IHCs have de-

generated in the non-treated ear (white arrows). The

stereocilia (red) lengths in infected whirler IHCs are significantly longer than the non-infected ones. (D) Stereocilia length measurements at different regions of the cochlea in

AAV8-whirlin-treated and contralateral (non-treated) ears. The whirler ears that received AAV8-whirlin had significantly longer stereocilia compared to the contralateral non-

treated ears. In one animal, the contralateral cochlea was damaged during dissection, leaving seven cochleas for analyses. The stereocilia length measurements from normal

controls from a previous study are also shown for comparison (thesemeasurements weremade in the exact sameway by the same investigators).14 Error bars represent SEs.

***p < 0.001.
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indicate that improvements in both stereocilia morphology and bal-
ance function remained stable for at least 4 months after AAV8-whir-
lin gene therapy.

We next examined the long-term stability of hearing function after
whirlin gene therapy. Of the eight whirler mice that received
AAV8-whirlin gene therapy and had measureable ABR thresholds
at P30, seven were kept alive until �P120 (the eighth was examined
at P30; see Figure S5). The ABR thresholds measured at P120 in these
seven mice are shown in Figure S6. Two of the seven (28.6%) retained
measurable ABR thresholds at P120. Comparison of IHC numbers in
AAV8-whirlin-treated ears and the contralateral non-treated ears re-
vealed significantly higher numbers of surviving IHCs on the treated
side (p = 0.009, two-way ANOVA) (Figure 6C), with the surviving
IHCs expressing whirlin at the stereocilia tips (Figure 6D, also see Fig-
ure 5C). These data indicate that AAV8-whirlin gene therapy resulted
in whirlin expression and restoration of stereocilia bundle
morphology in both the utricle and the cochlea at P120. Improved
balance function remained stable in 71.4% of animals and improved
hearing function remained stable in 28.6% of animals for at least
4 months.

DISCUSSION
Application of gene therapy as a treatment for inner ear pathologies is
a nascent, burgeoning field. While attention has been given to
cochlear gene therapy, few studies have assessed the efficacy of gene
therapy in the inner ear vestibular system.26–29 To our knowledge,
the current study is the first to examine the effects of gene replace-
ment therapy in a mouse model of hereditary balance and hearing
dysfunction. Injection of AAV8-whirlin into the posterior semicir-
cular canal successfully infected numerous hair cells throughout the
vestibular system. This resulted in a wild-type whirlin localization
at the stereocilia tips in infected hair cells, followed by initiation of
stereocilia elongation and the restoration of a wild-type stereocilia
length that is critical for inner ear hair cell function. There was a pos-
itive correlation between stereocilia length and AAV8-whirlin infec-
tion efficiency, and in whirler mice with >40% of hair cells infected,
stereocilia length was completely restored to that of phenotypically
normal control littermates (Whrn+/+ and Whrn+/wi).

Several behavioral tests were used to examine balance function in
whirler mice treated with AAV8-whirlin gene therapy, and treated
mice showed improved balance function relative to untreated mice
on each of these measures. AAV8-whirlin gene therapy significantly
reduced circling behavior in whirler mice. In fact, animals with
high infection efficiency (>40% AAV8-whirlin infection of utricular
hair cells) were indistinguishable from their wild-type littermates.
AAV8-whirlin gene therapy also significantly improved swim scores
and rotarod performance in whirler mice, with many animals exhib-
iting a normal phenotype. The behavioral test results were particu-
larly compelling in animals that had high AAV8-whirlin infection
efficiency compared to those with low infection efficiency. It is
possible that the bimodal distribution of vestibular hair cell infection
efficiency reflected differences in injection location: perilymph (low
infection efficiency) versus endolymph (high infection efficiency).
The small size of the neonatal mouse posterior canal makes it pres-
ently not possible to determine whether the gene therapy was injected
into the perilymph or into the endolymph in each animal. Despite
Molecular Therapy Vol. 25 No 3 March 2017 785

http://www.moleculartherapy.org


Figure 6. The Effects of AAV8-Whirlin Gene Therapy

Are Long Lasting

(A) Comparison of circling behavior at 1 month and

4months of age in seven whirler mice that received AAV8-

whirlin gene therapy. Five of seven whirler mutants

(71.4%) had sustained reductions in circling behavior. (B)

Utricular hair cells in a whirler mouse at P120 showing

robust whirlin expression (green) at the stereocilia tips

with elongated stereocilia (red). The inset (right) shows

stereocilia at higher magnification. (C) IHC counts from

AAV8-whirlin-treated whirler ears and the contralateral

non-treated ears at P120. The AAV8-whirlin-treated

whirler ears had more surviving inner hair cells (IHCs)

compared to the contralateral non-treated ears across

the entire cochlea. Error bars represent SEs. (D) Repre-

sentative confocal images of the IHCs from cochlear

middle turn in a whirler mouse that received AAV8-whirlin

gene therapy in the left ear (top panel) and the contra-

lateral ear that did not receive AAV8-whirlin gene therapy

(bottom panel). Images were taken at P120. The treated

ear has robust whirlin expression (green) at the stereocilia

tips in all IHCs, whereas the contralateral non-treated ear

shows no whirlin expression. In addition, several IHCs

have degenerated in the non-treated ear (white arrows).

Stereocilia (red) lengths in infected whirler IHCs were

significantly longer than the non-infected ones.
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some variability seen in AAV8-whirlin infection efficiency, our data
indicate that AAV8-whirlin gene therapy restored balance function
in whirler mice.

The improvement in whirler balance function is remarkable consid-
ering that only one ear of each whirler mouse was injected with
AAV8-whirlin gene therapy. It is well known that patients with uni-
lateral vestibular loss (e.g., after labyrinthectomy surgery in which the
vestibular end-organs in one ear are surgically removed) can recover
their balance function by a process of vestibular compensation.30 The
exact mechanism(s) underlying vestibular compensation are
unknown, but it is thought to be mediated by adaptive changes in
brainstem vestibular nuclei.30 Therefore, it is possible that the resto-
ration of unilateral vestibular function by AAV8-whirlin gene therapy
is sufficient to allow vestibular compensation to take place in whirler
mice, leading to recovery of balance function. It is important to point
out that in our experimental model, whirlin gene therapy improved
vestibular function in whirler mice de novo (since whirler mice
have congenital bilateral vestibular dysfunction). This is in contrast
to the vestibular compensation that occurs in patients that initially
have intact vestibular function but suffer from acute vestibular loss.
Our data do not address the potential role of vestibular compensation
in the improved vestibular function we observed in whirler mice after
whirlin gene therapy.

Even though the behavioral tests performed in this study (circling
behavior, swim and rotarod tests) are commonly used to assess the in-
ner ear vestibular system,21,31,32 they are indirect measures of inner
ear vestibular function. To test the vestibular system more directly,
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VsEP measurements were made in whirler mice that underwent
AAV8-whirlin gene therapy. All whirler mice that received unilateral
and bilateral AAV8-whirlin gene therapy had measurable VsEP
thresholds. While whirler mice that received unilateral AAV8-whirlin
continued to have abnormal VsEP waveforms, mice that received
bilateral AAV8-whirlin injections had significant improvement in
VsEP P1-N1 amplitude and P1 latency. In a previous study by
Gaines,33 VsEPs were measured in normal C57BL/6 mice after unilat-
eral labyrinthectomy. The author found that VsEP amplitudes were
reduced while the latencies remained unaffected. This is in contrast
to whirler mice that received unilateral AAV8-whirlin gene therapy,
where the VsEP amplitude and latency remained abnormal. The
lack of completely normalized VsEP waveforms in whirler mice could
be explained by the fact that whirlin is expressed not only in the inner
ear but also in the central nervous system.34–36 It is possible that resto-
ration of whirlin expression in the vestibular hair cells is sufficient to
restore balance function, but not enough to completely normalize
VsEP waveforms. The reduced VsEP amplitudes may be explained
by the lack of synchrony in the vestibular nerve fibers or the reduced
number of vestibular nerve fibers activated after gene therapy deliv-
ery. Despite the lack of completely normalized VsEP waveforms,
the fact that AAV8-whirlin gene therapy improved VsEP responses
in whirler mice, along with the significant improvement in all balance
function tests performed, indicates that AAV8-whirlin gene therapy
was highly effective at improving balance function in these animals.

We also tested whether AAV8-whirlin injection into the posterior
semicircular canal improved hearing in whirler mice. Eight of 29
whirler mice (28%) that received AAV8-whirlin gene therapy via
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the posterior semicircular canal showed improvement in hearing
compared to whirler untreated controls, as measured by ABR.
AAV8-whirlin infection in both inner and outer hair cells in the
cochlea was seen in these animals, with average IHC infection
efficiencies between 71.7% and 81.2%. This is in contrast with our
previous study, in which none of the whirler mice had hearing recov-
ery when AAV8-whirlin was injected through the round window, and
the number of IHCs with whirlin expression was much lower
(�15%).14 These results indicate that improved auditory function is
possible when high infection efficiency is achieved.

Since the round window is closer anatomically to the cochlea than the
posterior semicircular canal, it may seem counterintuitive that hear-
ing recovery and a higher number of IHCs with whirlin expression
were achieved with a posterior semicircular canal gene delivery
approach compared to round window injection. It has been shown
that drug delivery in rodent cochlea is much more effective when in-
jected through the semicircular canal than through the round win-
dow, because rodents have a large cochlear aqueduct, which is located
at the base of the cochlea, next to the round window.37,38 The AAV8-
whirlin delivered through the round window may be diluted by cere-
brospinal fluid from the cochlear aqueduct, or it may escape through
the cochlear aqueduct, which decreases its concentration and limits
its ability to infect the entire cochlea.38

When AAV8-whirlin gene therapy was delivered through the poste-
rior semicircular canal, the average IHC stereocilia lengths in the
eight whirler mice that showed hearing recovery were much longer
than in our previous study in which AAV8-whirlin was injected
through the round window.14 This is likely due to the significantly
higher number of hair cells with whirlin expression achieved in the
present study (the AAV8-whirlin used in this study is the same as
in our previous study). These results indicate that AAV8-whirlin
gene therapy does improve hearing in whirler mice when sufficiently
high hair cell infection efficiency is achieved. Several factors may have
prevented complete hearing restoration after AAV8-whirlin gene
therapy, including (1) the observed lower infection efficiency in outer
hair cells and (2) the fact that only one isoform (the predominant
longest isoform) of whirlin was used in this study.11,16While the hear-
ing improvement seen in this study was incomplete (60–90 dB SPL), it
is important to remember that clinically, the recovery of some hearing
in deaf patients canmake a significant difference in patients’ quality of
life. The hearing improvement seen in this study is also greater than
that in a recent study in which TMC1 gene therapy was applied to a
mouse model of hereditary hearing loss (90–110 dB SPL).28

Gene therapy in the form of antisense oligonucleotide (ASO) has
been applied to another mouse model of Usher syndrome, where
ASO was used to correct a recessive mutation in the Ush1c gene
that results in a cryptic splice site in the mutant mouse.31 Intraperi-
toneal injection of the ASO to the Ush1c mutant mice corrected
splicing of the mutant pre-mRNA, resulting in some functional re-
covery in hearing and balance.31 While the ASO gene therapy
approach is promising, its application may be limited to mutations
that create cryptic splice sites, whereas the gene replacement therapy
approach utilized in our study may have broader clinical applications
for all types of mutations.

It is important to remember there are differences between the mouse
and human inner ears. For example, the human inner ear is fully
developed at birth, whereas mouse auditory function is measurable
only after approximately P11.39 Since most inner ear gene therapy
studies that have successfully improved hearing in mice required
neonatal gene delivery (�P2),27–29 it is possible that inner ear gene
therapy would need to be delivered in utero for humans. In addition,
while many patients with Usher syndrome have significant vestibular
dysfunction,40 it is unclear whether patients with whirlin mutations
(DFNB31 or Usher 2D) have vestibular deficits.9,10,21,41–43 None of
the studies that reported on the phenotypes of these patients included
detailed vestibular function tests. Therefore, additional studies are
required to investigate the vestibular function in patients with whirlin
mutations in order to gauge the potential therapeutic benefits of whir-
lin gene therapy on balance function in these patients.

In our previous study, when AAV8-whirlin was injected through the
round window in neonatal whirler mice, we found that few IHCs ex-
pressed whirlin at the stereocilia tips (�15%).14 We did not see any
OHCs with whirlin expression. Even though the stereocilia length
was elongated in infected whirler IHCs, the overall stereocilia length
was still shorter than the normal control littermates. Due to the low
hair cell infection efficiency with the round window injection, no
hearing recovery was observed in those mice. The current study dem-
onstrates that AAV8-whirlin introduced into the inner ear via the
posterior semicircular canal resulted in a significantly larger number
of hair cells with whirlin expression (>70% of IHCs) to restore balance
function and improve hearing in the whirler mouse model of human
deafness and vestibular dysfunction. The stereocilia lengths in both
vestibular and cochlear hair cells were restored to normal after
AAV8-whirlin gene therapy. In addition, after gene therapy, IHC sur-
vival in the treated whirler cochleas was prolonged compared to the
contralateral non-treated cochleas.14 Improved hearing and balance
function in whirler mice remained stable for at least 4 months. These
data indicate that inner ear gene therapy delivered via the posterior
canal approach holds promise for treating a variety of human in-
herited vestibular and hearing disorders, including Usher syndrome.

MATERIALS AND METHODS
AAV Vector Construction

The AAV (serotype 2/8) vector was constructed and obtained purified
fromVector Biolabs as previously described.14 The AAV8 vector con-
tained the predominant longest isoform of whirlin cDNA (NCBI
accession no. AY739114) and was driven by a cytomegalovirus
(CMV) promoter. The carrying capacity of this vector is estimated
to be about 4,500 bp.44 The predominant longest isoform of whirlin
cDNA is 2,724 bp and fits within the AAV8 vector. The concentration
of the stock viral solution was 1 � 1013 genome copies per milliliter.
The AAV8-GFP vector (Vector Biolabs) also has a CMV promoter
and the concentration was 1 � 1013 genome copies per milliliter.
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Animal Surgery

All animal procedures were approved by the Animal Care and Use
Committee at the National Institute on Deafness and Other Commu-
nication Disorders (NIDCD ASP1378-15). Hypothermia was used to
induce and maintain anesthesia in neonatal mice.27 Surgery was per-
formed only on the left ear of each animal. The right ear served as a
negative control. On the left ear, a post-auricular incision was made,
and tissue was dissected to expose the posterior semicircular canal.
Care was taken to avoid the facial nerve during the dissection. A
nanoliter microinjection system (Nanoliter2000; World Precision
Instruments) was used to load AAV8-whirlin into the glass micropi-
pette (�10 mm in diameter). A total of 0.98 mL AAV8-whirlin was in-
jected over approximately 40 s. Sham surgeries were performed as
above with AAV8-GFP as a negative control virus.

Behavioral Measures of Balance Function

Circling Behavior

The circling behavior of mice was quantified using optical tracking
and the ANY-maze tracking software (version 4.96; Stoelting). A
38-cm � 58-cm box was attached to a video camera (Fujinon
YV5X2.7R4B-2 1/3-inch 2.7–13.5 mm F1.3 Day/Night Aspherical
Vari-Focal Lens; Fujifilm). The ANY-maze video tracking software
was set to track the head of mice placed within the box. Each mouse
was placed into the box and allowed to acclimate to the new environ-
ment for 2 min. Complete rotations were recorded and quantified for
the next 2 min, followed by a 1-min “cool-down” period in which ro-
tations were not tracked. Each mouse was assessed three times on the
same day, and the average was taken. Testing was performed at�P30
in all animals (5 normal control mice, 15 whirler untreated control
mice, 29 whirlers that received AAV8-whirlin gene therapy, and 6
whirlers that received AAV8-GFP). In a group of seven whirlers
that received AAV8-whirlin gene therapy, repeat testing was done
at �P120 to assess the longevity of the gene therapy effects.

Swim Testing

Mice were placed in a large container filled with room temperature
water. Their swimming behavior was recorded using a video camera
over 2 min. The videos were de-identified and scored by an observer
who was blinded to the genotype and treatment and who was also not
involved with the initial video recording. A well-established 0–3
scoring system was used to assess the swim performance.23 Briefly,
a score of 0 indicates normal swimming behavior. A score of 1 indi-
cates mild swimming abnormality (circling, vertical swimming). A
score of 2 indicates moderate swimming abnormality (immobile
floating). A score of 3 indicates significant swimming abnormality
in which the mouse needs to be rescued immediately (underwater
tumbling). Testing was done between 3 and 4 months of age (5
normal control mice, 11 whirler untreated control mice, 11 whirlers
that received AAV8-whirlin gene therapy, and 6 whirlers that
received AAV8-GFP).

Rotarod Testing

The rotarod test was performed using a Rotamex 4/8 system (Colum-
bus Instruments). Mice were placed in the testing room for at least
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30 min for acclimation. During each trial, a mouse was placed on
the rotating rod for a maximum of 180 s. The rotating rod began at
a speed of 5 rpm and the speed was gradually increased by
20 rpm/min, with the maximum speed of 20 rpm. The amount of
time each animal remained on the rotating rod was recorded. Three
trials were performed on each animal on the same day. The average
from the three trials was taken as the final score. Testing was done
between 3 and 4months of age (5 normal control mice, 10 whirler un-
treated control mice, 11 whirlers that received AAV8-whirlin gene
therapy, and 6 whirlers that received AAV8-GFP).

Vestibular Evoked Potentials

The VsEP measurements were previously reported in detail.45 All
mice were shipped to Dr. Jones’ laboratory at the University of Ne-
braska for testing. Briefly, mice were anesthetized with an intraperito-
neal injection of ketamine/xylazine (18:2 mg/mL, 5–7 mL/g body
weight) and electrodes were placed subcutaneously at the nuchal crest
(non-inverting), behind the right pinna (inverting) and at the hip
(ground). Linear acceleration pulses (2-ms duration, 17 pulses per
second) were applied to the cranium in the naso-occipital axis using
a commercial electromechanical shaker (Labworks). A calibrated
accelerometer was used to monitor the jerk component (i.e., the first
derivative of acceleration) of the stimulus and quantify it in decibels
relative to 1.0 g/ms (1.0 g = 9.8 mm/ms2). Stimulus levels ranged
from +6 dB to �18 dB. Electrophysiological activity was amplified
(200,000�), filtered (300–3,000 Hz, �6 dB points), and digitized
(125 kHz) beginning at stimulus onset. Two-hundred fifty-six
responses were averaged to produce one response trace and all re-
sponses were replicated. Waveforms were collected in the presence
of an intense forward masker (50–50,000 Hz, 96 dB SPL) to verify
the absence of auditory responses. The first positive and negative
response peaks were analyzed. Peak latency was measured in millisec-
onds from the onset of the stimulus to the first positive response peak
(P1). Peak-to-peak amplitude was measured in microvolts from P1 to
its respective negative peak (N1). Threshold measured in decibels re:
1.0 g/ms was defined as the stimulus level midway between the stim-
ulus level just producing a discernible response and the level which
did not.

Hearing Testing via Auditory Brainstem Response

Measurements

Auditory brainstem response testing was used to evaluate hearing
sensitivity. Testing was done in all animals at �P30 (18 normal con-
trol mice, 15 whirler untreated control mice, and 29 whirlers that
received AAV8-whirlin gene therapy). In seven whirlers that received
AAV8-whirlin therapy and had hearing recovery at P30, repeat
testing was done at P120. Animals were anesthetized with ketamine
(100 mg/kg) and dexmedetomidine (0.5 mg/mL) via intraperitoneal
injections and placed on a warming pad inside a sound booth
(ETS-Lindgren Acoustic Systems). The animal’s temperature was
maintained using a closed feedback loop and monitored using a rectal
probe (ATC-1000; World Precision Instruments). Sub-dermal needle
electrodes were inserted at the vertex (+) and test-ear mastoid (�)
with a ground electrode under the contralateral ear. Stimulus
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generation and ABR recordings were completed using Tucker Davis
Technologies hardware (RZ6 Multi I/O Processor) and software
(BioSigRx, version 5.1). ABR thresholds were measured at 4, 8, 16,
and 32 kHz using 3-ms, Blackman-gated tone pips presented at
29.9/s with alternating stimulus polarity. At each stimulus level,
512–1,024 responses were averaged. Thresholds were determined
by visual inspection of the waveforms and were defined as the lowest
stimulus level at which any wave could be reliably detected. The
maximal stimulus level tested was at 90 dB SPL. A minimum of
two waveforms were obtained at the threshold level to ensure repeat-
ability of the response. Physiological results were analyzed for indi-
vidual frequencies, and then averaged for each of these frequencies
from 4 to 32 kHz.

Immunohistochemistry

After completion of behavioral and auditory testing, mice were
euthanized by CO2 asphyxiation followed by decapitation. Temporal
bones were harvested and fixed overnight with 4% paraformaldehyde
(diluted in 1� PBS) followed by decalcification in 120 mM EDTA
(diluted in 1� PBS) for 4 days. The vestibular end-organs and
cochlear sensory epithelia were micro-dissected, blocked, and labeled
with mouse anti-myosin 7a antibody to label hair cells (1:250, product
no. 138-1; Developmental Studies Hybridoma Bank) and with rabbit
anti-whirlin antibody at 1:300, as previously reported.17 Primary and
secondary antibodies were diluted in blocking solution. Rhodamine-
conjugated phalloidin was used to label filamentous actin in
stereocilia (1:50; Life Technologies). Images were obtained using a
Zeiss LSM780 confocal microscope at �10 and �63 using z stacks
(�3- and 0.3-mm thickness, respectively).

Utricular and Cochlear Stereocilia Length and Infection

Efficiency Measurements

For each experimental animal, two �63 images were obtained from
the utricle in the extra-striolar region. The imaging location was
consistent across all specimens. To measure stereocilia lengths, three
20-mm� 20-mm boxes were placed within each�63 image (the loca-
tion of these boxes was consistent across all specimens). All hair cells
that fell within a box had their five longest stereocilia measured
(excluding the kinocilium) in 3-dimensional space using Volocity
3D image analysis software (PerkinElmer). Approximately five hair
cells were measured in each box, making the total hair cells measured
per specimen to be�30 hair cells (three boxes per image, and two im-
ages per utricle). For stereocilia measurements in the cochlea, one
�63 image was obtained from the center of the apex, the middle
turn, and the base of the cochlea. Five IHCs near the center of the im-
age had their longest five stereocilia measured in the same way as
described above (15 IHCs per cochlea). In some specimens where
hair cell degeneration was evident (mostly seen at the base), all avail-
able hair cells in the image were measured.

To measure infection efficiency in the utricle, all hair cells in each
�63 image were counted. To measure the infection efficiency in the
cochlea, �63 images were taken throughout the entire cochlea and
all IHCs were counted in each cochlea. A hair cell was considered in-
fected by AAV8-whirlin if its stereocilia bundle contained at least one
stereocilia that showed whirlin immunostaining at its tip. Even
though a total of 29 whirler mice were injected with AAV8-whirlin,
1 specimen was damaged during dissection, so only 28 specimens
were available for stereocilia and infection efficiency analyses.

Scanning Electron Microscopy

The micro-dissected vestibular sensory epithelia were fixed in 4%
paraformaldehyde in 1� PBS supplemented with calcium and mag-
nesium and processed for immunocytochemistry. Subsequently, for
scanning electron microscopy imaging, the coverslip was removed
from the slides and sensory epithelia specimens were washed in
0.1 M sodium cacodylate buffer followed by immersion in fixative so-
lution containing 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.3, with 2mMCaCl2 and 5% sucrose for 2 hr at room tem-
perature. Then samples were washed in cacodylate buffer three times
(5 min each wash), rinsed in distilled water, and dehydrated in graded
series of ethanol (EtOH). Specimens were then transferred from 100%
EtOH to 100% acetone, placed into metal mesh baskets (Ted Pella),
critical point dried from liquid CO2 (CPD030 Critical Point Dryer;
Bal-Tec), and finally sputter-coated with a 4-nm-thick platinum layer
using turbo-pumped sputter coater Q150T (Quorum Technologies).
Samples were mounted on aluminum studs (Electron Microscopy
Sciences) and imaged using a field emission scanning electron micro-
scope (S-4800; Hitachi).

Statistics

The Student’s t test was used to analyze utricular stereocilia length,
circling behavior, and rotarod test results. Ranked data (swim score)
were analyzed using Wilcoxon rank-sum test. The statistical signifi-
cance of hearing recovery in whirler mice was tested using the Fisher
exact test. Cochlear stereocilia length data were analyzed using two-
way ANOVA. A p value of < 0.05 indicates statistical significance.
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Supplementary Figure 1: AAV8-whirlin gene therapy delivered through the 3 

posterior semicircular canal successfully perfused all vestibular end-organs.  4 

Whirlin expression (green) is seen at the stereocilia tips of hair cells from all five 5 

vestibular end-organs (utricle, saccule, superior/horizontal/posterior semicircular 6 

canals). All images were taken at P120 from the same whirler mouse that received 7 

AAV8-whirlin gene therapy.  8 

 9 

 10 

 11 



2 
 

 12 

 13 

Supplementary Figure 2: AAV8-GFP injection into the whirler posterior 14 

semicircular canal had no effect on stereocilia length. When the negative control 15 

virus AAV8-GFP was injected into the whirler posterior semicircular canal, GFP 16 

expression was seen in both infected hair cells and supporting cells throughout the 17 

utricle (a). However, stereocilia bundles (white) remained abnormally short (b-f).   18 

 19 

 20 

 21 
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 25 

Supplementary Figure 3: VsEP measurements in whirlers that underwent AAV8-26 

whirlin injections. (a) All whirler mice that received unilateral and bilateral AAV8-27 

whirlin gene therapy had measurable VsEP thresholds. One of 9 whirler controls that 28 

did not receive AAV8-whirlin gene therapy had absent VsEP threshold (a threshold of 29 

10 dB indicates a lack of measurable threshold). (b) Normal control littermates showed 30 

a steady increase in P1-N1 amplitude with increasing stimulus levels. This stimulus-31 

level-dependent P1-N1 amplitude was also seen in whirlers that received bilateral 32 

AAV8-whirlin gene therapy, and was absent in whirler controls. (c) Whirlers that 33 



4 
 

received bilateral AAV8-whirlin gene therapy had significant improvement in VsEP P1 34 

latency compared to untreated whirler controls.  35 

 36 
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 38 
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 40 
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 53 

Supplementary Figure 4: AAV8-GFP injected through the posterior semicircular 54 

canal infected both IHCs and OHCs in the cochlea. Low (a) and high (b) 55 

magnification images of the cochlear middle turn from a neonatal whirler mouse that 56 

underwent AAV8-GFP injections into the posterior semicircular canal. AAV8-GFP 57 

efficiently infected both inner and outer hair cells.  58 

 59 
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 60 

Supplementary Figure 5: AAV8-whirlin gene therapy infected both IHCs and OHCs 61 

in the cochlea.  (a) Middle turn of the cochlea of a P30 whirler mouse that received 62 

AAV8-whirlin gene therapy.  There is robust AAV8-whirlin infection (green) in all IHCs, 63 

as well as some OHCs (white arrows).  (b) Apical turn of the cochlea of a P120 whirler 64 

mouse that received AAV8-whirlin gene therapy.  While some outer hair cells were 65 

infected and expressed whirlin at the stereocilia tips (white arrows), most outer hair cells 66 

were not infected (white arrowheads).  67 

 68 

 69 
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 71 

 72 

Supplementary Figure 6: Comparison of ABR thresholds at P30 and P120 in 73 

whirler mice that received AAV8-whirlin gene therapy. Two out of seven mice had 74 

measurable ABR thresholds at P120 (at 8 and 32 kHz). The average ABR threshold 75 

data from P30 are shown for comparison (black dashed line).  76 

 77 
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 79 
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