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Pathogenic variants in GJB2, the gene encoding connexin 26,
are the most common cause of autosomal-recessive hereditary
deafness. Despite this high prevalence, pathogenic mechanisms
leading to GJB2-related deafness are not well understood, and
cures are absent. Humans with GJB2-related deafness retain
at least some auditory hair cells and neurons, and their deafness
is usually stable. In contrast, mice with conditional loss of Gjb2
in supporting cells exhibit extensive loss of hair cells and neu-
rons and rapidly progress to profound deafness, precluding the
application of therapies that require intact cochlear cells. In an
attempt to design a less severeGjb2 animal model, we generated
mice with inducible Sox10iCreERT2-mediated loss of Gjb2.
Tamoxifen injection led to reduced connexin 26 expression
and impaired function, but cochlear hair cells and neurons sur-
vived for 2months, allowing phenotypic rescue attempts within
this time. AAV-mediated gene transfer of GJB2 in mature
mutant ears did not demonstrate threshold improvement and
in some animals exacerbated hearing loss and resulted in hair
cell loss. We conclude that Sox10iCreERT2;Gjb2flox/flox mice are
valuable for studying the biology of connexin 26 in the cochlea.
In particular, thesemicemay be useful for evaluating gene ther-
apy vectors and development of therapies for GJB2-related
deafness.
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INTRODUCTION
Hereditary deafness is diagnosed in approximately half of individuals
who report hearing loss symptoms and receive medical attention
and/or rehabilitation.1–3 Themost common form of autosomal-reces-
sive hereditary deafness (DFNB1) is due to pathogenic variants in
GJB2, the gene encoding connexin 26 protein.4 Globally, GJB2 is
the most common gene involved in hereditary deafness.5–7

Temporal bones of individuals with GJB2-related deafness may
appear normal, and individuals with subtle defects in the temporal
bone show no correlation between hearing ability and morphological
changes.8 The cochlear sensory epithelium likely develops normally
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because persons homozygous for the 35delG are sometimes born
with normal or near-normal hearing and then develop a profound
loss,9 which is reflected by degeneration of the sensory epithelium.10

In addition, robust neuronal connectivity would not be likely to form
and preserve unless there was initial sensory epithelium development.
Because of the relatively good survival of auditory neurons (spiral
ganglion neurons [SGNs]), individuals with GJB2-related deafness
usually perform very well with cochlear implants that bypass the bio-
logical transduction of sound into action potentials. Still, molecular
therapies aimed at phenotypic rescue and restoration of cochlear
function are desirable, and mouse models have been generated to
recapitulate the disease and provide a platform for testing molecular
therapies.

Several mouse models have been generated to explore GJB2-related
hearing loss and to aid in the design of future therapies. Homozygous
germline deletion of connexin 26 is embryonic lethal;11 thus, loss-of-
function mouse models for GJB2-related deafness have instead relied
upon conditional deletion by Cre recombinase expression in specific
cellular populations. The design of conditional deletion approaches is
informed by spatial and temporal localization of connexin 26 in the
cochlea. Connexin 26 is a main component in gap junctions, which
are common in the inner ear and several other organs.12 The most
prominent expression of Gjb2 occurs in non-sensory supporting cells
(SCs), whereas hair cells (HCs) are devoid of connexin 26 and do not
normally form gap junctions.13 Non-sensory cells that express Gjb2
are located outside the auditory epithelium, with the most prominent
expression in the inner and outer sulcus regions that flank the organ
of Corti medially and laterally, respectively. SCs in the organ of Corti
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also have gap junctions, but most of their junctions contain connexin
30 and not connexin 26.13 Connexin 26 is also present in other areas
of the cochlea, most notably in fibrocytes and spiral ligament regions
associated with the stria vascularis.13

To date, germline and somatic Gjb2Cre-mediated conditional deletion
mice have exhibited severe hearing loss and cochlear epithelial degen-
eration.14–17 In contrast, human patients with GJB2-related deafness
have variable hearing loss and perform well with cochlear implants,
suggesting intact SGNs. Loss ofGjb2 throughout the ear, using Pax2Cre
or Foxg1Cre mice16 or R26RCreERT2 mice,18 results in severe hearing
loss and degeneration of cochlear HCs, SCs, and SGNs, indicating crit-
ical roles for connexin 26 during development. Restriction ofGjb2 dele-
tion to cochlear non-sensory cells using Sox10Cre mice also results in
hearing loss and severe cochlear pathology,14,17 suggesting that non-
sensory cells are uniquely sensitive to Gjb2 disruption during develop-
ment. Taken together, these observations show that deletion of Gjb2 in
non-sensory cells during or after development results in hearing loss
with cellular degeneration. The severe cochlear phenotypes observed
in these mouse models has precluded their use for studies of pharma-
cological treatment or gene replacement therapy, which depend upon
an intact epithelium and neural tissues.

To address the need for a less severe animal model in which critical
cells in the cochlea survive, we sought to generate mice with
Sox10iCreERT2-mediated Gjb2 loss only in a subset of SCs. We pre-
dicted this would allow comparison of the effects of Gjb2 deletion in
developing versus mature cochleae and provide a window of oppor-
tunity for treatment. Sox10iCreERT2 mice19 express Cre in non-sen-
sory cells in the cochlea after induction by tamoxifen.

We injected tamoxifen to delete Gjb2 at postnatal day (P) 1 (early
stage of differentiation for cochlear epithelium) and P14 (after the
onset of hearing) and determined that following the deletion at
both time points, mice displayed elevated hearing thresholds, reduced
distortion product otoacoustic emissions (DPOAEs), reduced endo-
cochlear potential (EP), and intact HC and SGNs up to 2 months
postinduction. The functional deficits were more severe in the P1 in-
jected animals. HCs and SGNs began degenerating soon after P60 and
showedmarked degeneration starting 4months postinduction. Deliv-
ery of an ancestral adeno-associated viral vector (AAV), Anc80, with
the human GJB2 (hGJB2) cDNA into P28 cochleae resulted in robust
transgene expression in SCs. The transgene was also expressed in
HCs, and inner HC (IHC) degeneration was apparent. These studies
present a window for phenotypic rescue intervention, as HCs and
SGNs survive for approximately 2 months after deletion of connexin
26, showing the potential for AAV gene therapy and confirming that
connexin 26 has important roles both during development and in the
mature cochlea.

RESULTS
Sox10iCre is expressed in the auditory epithelium

To assess Sox10iCreERT2 activity in the inner ear, we crossed
Sox10iCreERT2 male and Rosa26R(R26R)-LacZ reporter female
320 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
mice and injected pregnant R26R dams intraperitoneally with tamox-
ifen at embryonic day (E) 11.5. Cryo-sections of inner ears from
embryos dissected at E17.5 were stained for b-galactosidase activity,
which was detected in the cochlear epithelium (Figures 1A and 1B)
and in the cochleovestibular ganglion, primarily in neurons but also
in some Schwann cells (Figure 1C). We also crossed Sox10iCreERT2
male and Rosa26R(R26R)-EYFP reporter female mice and analyzed
their progeny. Whole mounts of the cochlear epithelium were ob-
tained from P16 Sox10iCreERT2;EYFP mice that were injected with
tamoxifen at P14. Ears were stained with phalloidin to visualize
F-actin in adherens junctions, which helps depict organ of Corti
organization and identify IHCs and outer HCs (OHCs) (Figure 1D).
EYFP+ reporter staining was visible in several types of non-sensory
cells, including the pillars and Deiters cells, consistent with Sox10
expression restricted to SCs, as previously shown.20 These studies
confirm that Sox10iCreERT2 mice express Cre recombinase in
cochlear non-sensory cells in response to tamoxifen treatment and
demonstrate that the level of expression is variable among these cells.

Gjb2 contributes to coat color

Sox10 plays an important role in the development and maintenance
of the melanocyte lineage,21 and some individuals with heterozygous
missense variants in GJB2 exhibit skin abnormalities, including
keratitis and ichthyosis.22 In mice, Gjb2 is expressed in the stratum
spinosum and granulosum of the skin at E19 but is downregulated
in the adult.23 Gjb2 is also expressed in P3 mouse hair follicles, on
the basis of next-generation sequencing.24 We observed that
Sox10CreERT2;Gjb2flox/flox (inducible conditional knockout [iCKO])
mice treated with tamoxifen at P1 exhibit a silver coat color that is
visible as early as P28 and becomes more pronounced with age (Fig-
ure S1). Interestingly, iCKOmice not treated with tamoxifen (thus re-
taining connexin 26) have black coat color, as do iCKO mice injected
with tamoxifen at P14. Together, these observations suggest that
Sox10-expressing melanocytes are sensitive to loss of Gjb2 at P1 but
not at P14. These observations also suggest a previously unreported
role for connexin 26 in melanocyte development in the skin.

Early or late postnatal deletion of connexin 26 has minimal

effects on HC survival

We next tested the effects of Gjb2 deletion on the function and struc-
ture of the auditory periphery using tamoxifen injections in the devel-
oping cochlea, at P1, or in the structurally near-mature cochlea, at
P14, and then analyzed the effects 21 days after injection (Figure 2).
The same group of mice was used for histology, auditory brainstem
response (ABR) audiometry, DPOAE, and EP tests. Whole mounts
of the auditory epithelium from tamoxifen-injected control mice
(defined in Materials and methods) stained for phalloidin and con-
nexin 26 revealed the three rows of OHCs and the actin-rich pillar
cells, along with the typical distribution of connexin 26 plaques in
SC-SC junctions (Figure 2A). The connexin 26-rich junctions could
be seen both medial and lateral to the sensory epithelium. The expres-
sion of connexin 26 was seen in all non-sensory cells, but due to focal
plane differences, the intensity in a given image appears stronger in
some cells than others. In comparison, iCKO mice injected with
ber 2021



Figure 1. Sox10iCreERT2 is expressed in developing inner ear SCs and cochlear ganglion.

(A–C) Sox10iCreERT2mice crossed with Rosa26R(R26R)-LacZ reporter mice were injected with tamoxifen at E11.5 and dissected at E17.5. Shown are sagittal cryo-sections

through the ear of a Sox10iCreERT2;Rosa26-LacZ mouse stained with X-gal and counter-stained with eosin. (B) and (C) are enlargements of the regions shown in (A). Blue

indicates cells expressing the inducible Sox10iCreERT2 allele, including the epithelium of the cochlear duct (in B) and the ganglion (g; in C) where both neurons and Schwann

cells are positive. (D) Sox10iCreERT2 mice crossed with Rosa26-EYFP reporter mice were injected with tamoxifen at postnatal day 14 (P14) and dissected at P16. Whole

mount of the cochlear epithelium stained for phalloidin (red) and EYFP (green) shows Cre reporter label in inner sulcus cell (isc), apical region of inner hair cell (ap), inner hair cell

(ihc), inner phalangeal cell (iph), inner pillar cell (ipc), outer pillar cell (opc), Hensen cell (H), Deiters cell (D), and rows of outer hair cells (1, 2, and 3). Scale bars, 100 mm (A) and

25 mm (B–D).
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tamoxifen at P1 and analyzed at P21 had almost complete lack of con-
nexin 26 in the sensory epithelium but normal-appearing cochlear
HCs and organ of Corti cytoarchitecture (Figure 2B). Tamoxifen in-
jection of iCKO mice at P14 induced a partial loss of connexin 26,
such that some cells retained punctate staining and others were
completely devoid of connexin 26 (Figure 2C). In addition, HC loss
was minimal in iCKO mice injected with tamoxifen at P14, with
absence of a few first-row OHCs. Together, these data suggest that in-
ner ear HCs can sustain severe early (P1) or mild later (P14) loss of
Gjb2 without major effects on their survival or integrity at least until
21 days postinduction.

Loss ofGjb2 in developing or near-mature ears results in hearing

loss

We next assayed whether loss of Gjb2 at P1 or P14 disrupts hearing
thresholds. ABR audiometry was used to determine the amount of
sound exposure necessary to elicit electrical responses in the auditory
brainstem (Figures 2D and 2E). Deletion of Gjb2 at P1 in iCKO mice
resulted in threshold shifts at both 12 and 24 kHz, consistent with
profound hearing loss (F = 460.2, df = 2 and 14, p < 0.0001); the in-
Molecular The
crease was significant for each tested frequency (12 kHz: F = 811.9,
df = 1 and 15, p < 0.0001; 24 kHz: F = 407.6, df = 1 and 15, p <
0.0001). Deletion of Gjb2 at P14 in iCKO mice resulted in a slightly
less severe threshold shift (overall: F = 51.0, df = 2 and 19, p <
0.0001; 12 kHz: F = 101.3, df = 1 and 20, p < 0.0001; 24 kHz: F =
94.7, df = 1 and 20, p < 0.0001). Control mice injected at P14 had
higher hearing thresholds than control mice injected at P1, whereas
iCKO mice injected at P14 had lower thresholds than iCKO mice in-
jected at P1, indicating a significantly smaller effect of the later injec-
tion (F = 4.58, df = 2 and 34, p = 0.0173). These data suggest that Gjb2
is required both in developing and near-mature ears for proper hear-
ing function in adults.

Mild loss of OHCs in iCKO mice, along with increased ABR hearing
thresholds, led us to ask whether other functions of the inner ear may
be sensitive to Gjb2 loss. Connexin 26 protein forms gap junctions
that facilitate potassium transfer between cells in the cochlear epithe-
lium.We theorized that deficient potassium transfer leading to reduc-
tion in EP would correlate with impaired active cochlea. We therefore
measured DPOAEs (Figures 2F and 2G) at two frequencies, 12 and
rapy: Methods & Clinical Development Vol. 23 December 2021 321
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Figure 2. Tamoxifen injection to iCKO mice leads to

reduction in connexin 26, elevation of ABR, and

DPOAE thresholds and reduction in EP.

(A–C) Whole mounts of the organ of Corti and adjacent SC

areas stained for connexin 26 (green, arrows) and F-actin

(phalloidin, red) to depict HCs and their borders. (A)

Abundant connexin 26 is seen in the inner sulcus area

(medial aspect of the organ of Corti, top of image), and the

outer sulcus (bottom of image) in control cochlea. In iCKO

cochleae, early tamoxifen injection (B) leads to nearly

complete loss of connexin 26 (arrow), whereas late injection

results in partial loss (C). Scale bar in A (for A–C), 100 mm.

(D–I) Deterioration of functional measures seen after both

early and late tamoxifen injections in iCKO mice (CKO)

compared with uninjected controls (wild-type [WT]) is

summarized here; see text for detailed statistical analyses.

(D) and (E) Significant elevation of ABR thresholds was seen

after both early (D; P1) and late (E; P14) tamoxifen injections

(CKO versus WT) at both tested frequencies (p < 0.0001).

Loss of hearing was slightly greater in mice injected at the

earlier age (P1 CKO [D] > P14 CKO [E], p < 0.05). (F) and (G)

Significant elevation of DPOAE thresholds was seen after

both early (F; P1) and late (G; P14) tamoxifen injections

(CKO versus WT) at both tested frequencies (p < 0.0001).

The differences between ages of injection (P1 CKO [F]

versus P14 CKO [G]) were not meaningful. (H and I) Sig-

nificant depression of endocochlear potential was seen

after both early (H; P1, p < 0.02) and late (I; P14, p < 0.01)

tamoxifen injections (CKO versus WT). Because of large

variances and small sample sizes, the difference in loss of

function between ages of injection (P1 [H] versus P14 [I])

was not significant (p > 0.05). *p < 0.02, **p < 0.01, and

****p < 0.001.

Molecular Therapy: Methods & Clinical Development
24 kHz. Deletion ofGjb2 in iCKOmice resulted in high thresholds for
eliciting DPOAEs at 12 and 24 kHz following both P1 and P14 tamox-
ifen injections. For mice injected at P1, thresholds were significantly
elevated in iCKOmice relative to control (F = 375.2, df = 2 and 10, p <
0.0001), and the increase was significant for each frequency tested (12
kHz: F = 72.4, df = 1 and 11, p < 0.0001; 24 kHz: F = 730.1, df = 1 and
11, p < 0.0001). Results were similar for mice injected at P14 (overall:
F = 43.0, df = 2 and 18, p < 0.0001; 12 kHz: F = 50.0, df = 1 and 19, p <
0.0001; 24 kHz: F = 80.6, df = 1 and 19, p < 0.0001). Direct compar-
isons between the two ages of deletion were not meaningful because
thresholds for both groups of iCKO mice were near or above the
upper limit of the stimulus intensity. Both groups clearly exhibited
322 Molecular Therapy: Methods & Clinical Development Vol. 23 December 2021
,

t
,

severe hearing loss, but it was not possible to
determine which condition was worse.

We measured EP in controls and iCKO mice that
had been injected with tamoxifen at P1 or P14. EP
was measured at P21 for the mice injected at P1
and at P35 for the mice injected at P14 (Figures
2H and 2I). For both time points, iCKO mice
had significantly lower EP compared with WT
controls, with the earlier time point injection re-
sulting in more severe EP reduction. For mice injected at P1, EP was
significantly reduced in iCKO mice relative to controls (F = 55.6
df = 1 and 2, p = 0.0175). The results were similar for mice injected
at P14 (F = 13.1, df = 1 and 7, p = 0.0085). Analysis of the combined
dataset revealed that the difference in EP between genotypes was no
significantly affected by the age of injection (F = 0.501, df = 1 and 9
p = 0.497).

Taken together, these results suggest that deletion of Gjb2 early in
development or close to maturation of the inner ear leads to reduction
in EP, implicating potassium recycling and dysfunction of the stria
vascularis in the loss of hearing. The severity of elevation in



Table 1. The time span (in seconds) mice stayed on the rotating rod in each of the trials

Trial 1 (P49) Trial 2 (P71)

ID Genotype 1a 1b 1c Mean 2a 2b 2c Mean

3336 iCKO 56 76 65 66 71 70 65 69

3337 iCKO 57 67 122 82 52 62 73 62

3334 iCKO 125 54 91 90 78 94 60 77

3343 iCKO 38 68 77 61 48 94 60 67

3345 iCKO 76 111 107 98 49 100 111 87

Mean 70 75 92 79 60 84 74 72

3338 control 112 80 134 109 112 76 108 99

3339 control 76 79 106 87 83 73 106 87

3340 control 92 118 50 87 61 120 111 97

3341 control 86 82 118 95 89 111 128 109

3342 control 112 89 96 99 106 130 99 112

Mean 96 90 101 95 90 102 110 101

At P49, the difference between genotypes was not statistically significant (F = 4.08, df = 1 and 8, p = 0.078). At P71, the difference between genotypes was statistically significant (F =
23.6, df = 1 and 8, p = 0.0013). Connexin 26 depletion led to a slight decrease in vestibular function.
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thresholds, especially in the earlier deletion of Gjb2, suggests that
other pathologies also arise because of Gjb2 loss, possibly affecting
the active cochlear amplification, as previously suggested.18

Balance

Previous studies using Sox10Cre;Gjb2 knockout mice showed that
loss of Gjb2 in SCs results in severe hearing loss and degeneration
of epithelial and neuronal cochlear components but does not disrupt
vestibular function.25 The lack of vestibular phenotypes in
Sox10Cre;Gjb2 knockout mice cannot be explained by compensation
by other connexins13 or reconciled with the prolonged time course of
development of vestibular structures.26 Nevertheless, we found it
important to determine the vestibular function of the novel mutant
described here. Specifically, we asked whether loss of Gjb2 disrupts
vestibular function in ears depleted of endogenous connexin 26 in
the mature state. To test this, we considered that the vestibular pe-
riphery matures several days after the auditory part of the inner
ear26 and therefore injected tamoxifen at P21 and performed rotarod
tests at P49 and P71 (Table 1). At P49 (trials 1a–1c), there was not a
statistically significant difference in rotarod performance between
iCKO and control mice (F = 4.08, df = 1 and 8, p = 0.078). At P71
(trials 2a–2c), iCKO mice had significantly worse performance on
the rotarod compared with control mice (F = 23.6, df = 1 and 8,
p = 0.0013). Some iCKO mutant mice performed similar to controls
in early trials but exhibited worse performance (shortened duration)
on the rotarod in later trials. Thus, Gjb2 deletion at P21 led to a mod-
erate decrease in vestibular function, with variation among mice in
both the extent of functional impairment and timing, with some
mice showing defects at the late, but not earlier, time points.

Long-term effects of Gjb2 deletion

We next asked whether prolonged loss of Gjb2 (beyond 21 days) in
near-mature ears would be deleterious to inner ear structure. To
Molecular The
test this, we injected iCKO mice with tamoxifen at P14 and assessed
cochlear morphology 2 or 4 months later. Specimens were processed
either as whole mounts or plastic sections to facilitate evaluation of
both sensory epithelium and SGNs. Time-matched control mice
received tamoxifen at P14. Cochlear structures in tamoxifen-injected
iCKOmice were normal appearing at 2 months, whereas at 4 months
postinjection, degenerative changes were observed in the inner sulcus
cells and the organ of Corti in a base-to-apex gradient (Figure 3). In
the base of the cochlea, the sensory epithelium had degenerated into a
flat epithelium, and many SGNs were absent. Inner ears of control
mice appeared normal at 2 and 4months of age. Taken together, these
data suggest that the mild inner ear phenotype caused by Gjb2 dele-
tion at P14 involves no degeneration of HCs and SGNs at 2 months,
but progressive degeneration starts later in the organ of Corti and the
auditory nerve. This also suggests that there is a 6 week window of
opportunity that may be targeted for phenotypic rescue.

Delivery of Anc80-eGFP to the cochlea results in SC and HC

transduction

Having determined that iCKO mice treated with tamoxifen exhibit
hearing loss and delayed-onset HC degeneration (by 2months), we hy-
pothesized that restored expression of Gjb2 during this 2 month time
period might prevent or slow the progression of cochlear pathology.
To test this, we first used Anc80-eGFP viral vectors, which have been
shown to express GFP in SCs after surgical injection into perilymph
in neonates.27 Control animals (1–4 months of age) received Anc80-
eGFP, and cochlear whole mounts were prepared 2 weeks later. Prepa-
rationswere evaluated by immunofluorescence for GFP expression and
staining of myosin VIIa (HCmarker). In HCs, intense GFP expression
was detected throughout the cytoplasm and nucleus (Figure 4). GFP
was detected in all IHCs and many OHCs throughout the cochlea.
Robust GFP staining was also observed in SCs and in the cytoplasm
and nucleus (Figure 4). Among the types of SCs that were positive for
rapy: Methods & Clinical Development Vol. 23 December 2021 323
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Figure 3. iCKO ears retain normal morphology for 2 months, but pathology

develops later.

Whole mounts of the organ of Corti area stained with phalloidin (A, D, and G), plastic

sections of the organ of Corti area (B, E, and H), and plastic sections of Rosenthal’s

canal (C, F, and I) from iCKOmice that received tamoxifen at P14 and were analyzed

at 2 months of age (A, B, and C), or 4 months (D–I). HCs and SGNs appear intact at

the 2 month time point (A–C). In (A), bracket shows OHCs and arrow shows pillar

cells. In (B), arrows show presence of OHCs (on left) and IHC. In (C), arrow points to

a SGN. In the apical area of a 4 months post-tamoxifen ear, some HC loss is seen

(arrows in D and E), but Rosenthal’s canal is nearly normal (F). The basal part of this

ear has a flat epithelium replacing the organ of Corti (G and H), and the SGNs in

Rosenthal’s canal are almost entirely absent (I). Scale bars, 25 mm.
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GFP were inner sulcus cells, inner phalangeal cells, inner pillar cells,
outer pillar cells, Deiters cells, Hensen cells, and Claudius cells.

Anc80-GJB2-FLAG localizes to membranous subcellular

structures in cochlear SCs and IHCs

We then tested the activity of an AAV-hGJB2 vector. We used an
Anc80-GJB2-FLAG vector in control mice (7–16 weeks old), and
stained with antibodies either to connexin 26 or the FLAG. On the ba-
sis of the design of the vector, detection of the FLAG should localize
vector-mediated connexin 26, but not the endogenous connexin 26.
We then assessed expression of Anc80-GJB2-FLAG injected control
cochleae 1 week, 2 weeks, and 1 month after surgery, staining for
myosin VIIa, FLAG or connexin 26, and F-actin (phalloidin). In
contrast with Anc80-eGFP, Anc80-GJB2-FLAG localized mainly to
the membrane of SCs and IHCs (Figures 5A and 5B, with connexin
26 and FLAG antibody, respectively). FLAG expression was detected
in SCs both medial and lateral to the sensory epithelia. Furthermore,
anti-FLAG staining in SCs of mice injected with Anc80-GJB2-FLAG
appeared as a dotted line (Figure 5C, FLAG antibody), similar to the
expression pattern of connexin 26 in control mice. HCs do not nor-
324 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
mally express GJB2, but after Anc80-GJB2-FLAG injection, some
IHCs were absent, and the remaining IHCs displayed anti-FLAG at
their lateral membrane, appearing as a continuous line (Figures 5D
and 5E, connexin 26 antibody).

The fluorescence was especially intense in areas between two adjacent
IHCs (Figure 5D0 0 and 5E, connexin 26 antibody). The expression
pattern of Anc80-GJB2-FLAG in OHCs was mostly cytoplasmic,
similar to that of Anc80-eGFP. These data also demonstrate the
similar pattern and localization of the viral-mediated transgene
when stained for the FLAG sequence or for connexin 26 (compare
Figures 5B and 5C stained for the FLAG with Figures 5A and 5D–
5G stained for connexin 26).

The degeneration of IHCs following Anc80-GJB2-FLAG administra-
tion into inner ears of control mice (7–16 weeks of age) was quanti-
fied, with Anc80-eGFP serving as control (Figure 6). One week after
the administration (Figure 6A), the population of OHCs appeared
normal, but a few IHCs were already missing (compare with a control
in Figure 2A). The average numbers of surviving IHCs at 1 week were
10.5, 9.9, and 9.4 in apex, middle, and basal turn, respectively (Fig-
ure 6D0, light gray). The numbers of IHCs continued to decline
2 weeks and 1 month after the surgery (Figures 6B and 6C, respec-
tively). The decline in IHC number over time is plotted in Figure 6 D0.
We compared the data at 2 weeks post-vector injection between the
group that received Anc80-GJB2-FLAG and the control group
receiving Anc80-eGFP (Figure 6D). The number of IHCs after
Anc80-GJB2-FLAG administration was significantly lower than the
GFP group (4.9 versus 21.8 in apical turn, 4.2 versus 18.9 in middle
turn, 3.6 versus 14.5 in basal turn). In contrast, to the loss of IHCs,
OHCs appeared intact (Figures 6A–6C).
Anc80-GJB2-FLAG in iCKO ears restores expression of

connexin 26 in SCs

It was next necessary to test the effects of Anc80-GJB2-FLAG expres-
sion in GJB2-iCKO mice. For that purpose, we injected tamoxifen at
one of two time points, P1 or P14. Mice in the P1 induction group,
assessed 1 month after administration of Anc80-GJB2-FLAG into
the left ear, exhibited a connexin 26 staining pattern (Figure 7A, con-
nexin 26 staining) similar to control mice (Figure 2A). In contrast, the
contralateral ears showed a nearly complete depletion of connexin 26
(Figure 7B). This suggests that injecting the Anc80-GJB2-FLAG
vector restores connexin 26 in SCs (Figure 7A). Expression in the
membrane of SCs was robust in the inner sulcus and outer sulcus
areas, presenting as a dotted line-pattern similar to connexin 26
expression in control mice. In addition, there was weak connexin
26 staining in the area of pillar cells, Deiters cells, and Hensen cells.
Myosin VIIa staining showed substantial loss of IHCs (Figure 7A),
similar to that seen in control ears 1 month after Anc80-GJB2-
FLAG injection. In addition, mild OHC loss was observed in some
segments along the entire cochlear duct. Because there was no
OHC loss in control mice injected with Anc80-GJB2-FLAG, we
conclude that the mild loss of OHCs in iCKO mice injected with
ber 2021



Figure 4. Anc80-eGFP expression is seen in HCs and

SCs in wild-type mice.

Two weeks after virus injection into mature mouse ears, in

mid-cochlea (A), all IHCs (I in A) and some OHCs (O), and

many SCs (S), express GFP. In the apex (B), all IHCs and

most OHCs are GFP positive. Green, GFP; blue, myosin

VIIa. Scale bar, 20 mm.
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Anc80-GJB2-FLAG reflects the combined impact of GJB2 ablation in
SCs and cytoplasmic expression of GJB2 in OHCs.

Partial restoration of connexin 26 was also seen in SCs of ears of the
P14 induction group cochleae (Figure 7C) along with loss of IHCs.
Because ears in Figure 7 are stained with an antibody to connexin
26, which does not distinguish between the endogenous ligand and
the vector-mediated connexin 26, the contralateral ear control is
essential. However, the contralateral ears may underestimate the de-
gree of depletion of the endogenous protein, because AAV contralat-
eral spread28 may be responsible for some of the connexin 26 staining
in these ears. In the contralateral control ears, depletion of connexin
26 was near complete and HCs remained intact (Figure 7D). Thus,
administration of Anc80-GJB2-FLAG at P28 enhanced the connexin
26 expression in the SCs in both P1 and P14 tamoxifen groups, and in
parallel, resulted in the loss of IHCs.

Delivery of Anc80-GJB2-FLAG results in connexin 26 expression

in IHC, IHC loss, and no physiological recovery in iCKO mice

Having determined that Anc80-GJB2-FLAG administration can
result in expression of GJB2 transgene in SCs, where it was deleted af-
ter tamoxifen, and that in addition to SCs, IHCs also express connexin
26, it became important to assess the functional outcome of this gene
transfer procedure. For that purpose, ABR thresholds were measured
in three groups of animals: injected with normal saline, Anc80-eGFP,
and Anc80-GJB2-FLAG. Control animals that received a saline injec-
tion in the left ear had significantly higher hearing thresholds in that
ear at 1 week after injection than did uninjected control animals (Ta-
ble 2; Figure 8A). Thresholds of the injected ears remained high at
2 weeks and were not significantly different from the 1 week thresh-
olds. Injection of the Anc80-eGFP vector resulted in elevated thresh-
olds at 1 week that were not significantly different from those induced
by saline injection. However, hearing loss after Anc80-eGFP injection
increased further between 1 and 2 weeks, but not between 2 weeks and
1 month, indicating that minimal post-surgical trauma may exist and
manifest in a progressive way. Injection of the Anc80-GJB2-FLAG
vector produced a significantly larger hearing loss at 1 week than
the Anc80-eGFP treatment did, but the Anc80-GJB2-FLAG vector
Molecular Therapy: Methods & Cli
did not induce significant changes at later time
points, indicating that the detrimental effects
may start before apparent tissue damage.

In iCKO mice that received tamoxifen at P1 or
P14, contralateral ears received no further treat-
ment and had elevated thresholds as reported
above. There was no significant difference in hearing thresholds be-
tween contralateral ears of P1 and P14 tamoxifen-injected iCKO
ears (Figure 8B). In P1 group animals, the ears treated with the
Anc80-GJB2-FLAG vector had significantly higher thresholds than
the contralateral ears at 32 kHz. Although the average thresholds of
Anc80-GJB2-FLAG vector-treated ears were slightly higher than in
the contralateral ears of P14 iCKOs, the difference was not significant.
The lack of threshold improvement after delivery of Anc80-GJB2-
FLAG vector may be correlated with the loss of IHCs in these
experimental ears, and in the high frequencies, also to surgical
trauma. Prevention of IHC expression and reduction of surgical
related damage may be required for accomplishing a practical level
of phenotypic rescue.

DISCUSSION
In this paper, we present novel findings on the design and character-
ization of a new mouse model for inducible deletion of Gjb2 in SCs of
the inner ear sensory epithelia. We determined that tamoxifen induc-
tion of Gjb2 deletion in a nearly mature ear is less disruptive than
deletion at an earlier developmental stage, but the pathology is still
significant. These results confirm a role for connexin 26 in the func-
tion and maintenance in the mature ear. Gjb2 deletion in the nearly
mature ear did not disrupt survival of key cells in the cochlea such
as HCs and neurons for at least 2 months, providing a window of
opportunity for experimenting with molecular therapies. AAV-medi-
ated gene transfer partially restored connexin 26 in SCs but also re-
sulted in expression in IHCs, which was detrimental for their survival.
Taken together, our results indicate that gene replacement protocols
for phenotypic rescue of Gjb2-related hearing loss will need to specif-
ically target SCs and induce minimal or no expression in HCs.

The auditory epithelium contains an abundant network of gap junc-
tions formed mostly by connexin 26 and connexin 30.13 These con-
nexins are also present elsewhere in the cochlea, with prominent
staining in the lateral wall. HCs do not have gap junctions or connex-
ins. The presumed function of SC-SC gap junctions is ionic coupling
between the cells; this process has been shown to be disrupted in
Gjb2-null mice and restored by gene transfer during cochlear
nical Development Vol. 23 December 2021 325
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Figure 5. Distribution and effects of Anc80-GJB2-FLAG in control cochleae.

AAV was injected into mature ears and analysis done after 1 week or 1 month. Staining is with connexin 26 antibody except for (B) and (C), which are stained for FLAG. Most

OHCs (O) and IHCs (I) are present at 1 week after Anc80-GJB2-FLAG injection in both apex (A) and mid-cochlea (B), but some IHC loss is evident, especially in the base

(arrows point to sites of missing IHCs). FLAG-tagged connexin 26 (green) is expressed in many SCs, in association with the plasmamembranes of IHCs, and in the cytoplasm

of OHCs. Red is myosin VIIa. (C) Higher magnification image of inner sulcus area 1 month after injection of Anc80-GJB2-FLAG. Green, FLAG; blue, phalloidin. (D) Confocal

(legend continued on next page)
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development.16 The physiological role of gap junctions for hearing is
thought to be related to recycling potassium, which is needed for gen-
eration of the EP and HC function. Consistent with this, Gjb2
knockout mice exhibit hearing loss and reduced EP, as reported
here and elsewhere.29,30 Additional roles for connexins in the cochlea
have been proposed.13 For instance, gap junctions in SCs within the
organ of Corti have been implicated in the generation of DPOAEs
as part of active cochlear amplification, and DPOAEs are reduced
in Gjb2 mutants.18 To therapeutically correct the loss of connexin
26 in the mammalian cochlea, it is therefore necessary to replace it
in several populations of non-sensory cells. Such approaches for ther-
apy can be developed by using genetically induced mouse models that
mimic GJB2 deafness in humans.

Deletion using Cre lines for Pax2 or Foxg1 leads to severe disruption
of the cochlear epithelial cells with closed tunnel of Nuel and major
HC loss.31 As Sox10 is expressed in a relatively restricted area of
the otocyst, we and others used a Sox10Cre line to delete Gjb2, hop-
ing to generate a less severe inner ear and hearing phenotype that
better mimics humans with GJB2 loss. However, Sox10Cre;Gjb2
conditional knockout mice exhibited early degeneration of HCs
and auditory neurons, rendering them unhelpful for testing the im-
pacts of Gjb2 gene replacement therapies.14,17 We therefore shifted
our efforts to the design of an inducible conditional deletion mouse
model as reported here. Inducible deletion approaches have been
used previously to delete Gjb2, using ROSA26CreEsr1 (R26RCreERT2)
and Gjb2 flox alleles.18 However, tamoxifen injections at P10
in those mice (ROSA26CreEsr1;Gjb2flox/flox) resulted in threshold
shifts in ABRs and DPOAEs that were larger than could be ex-
plained by the mild change in EP. These studies demonstrated the
utility of using an inducible deletion and indicated that a specific
role for connexin 26 may be directly related to active cochlear
amplification.

In contrast, Sox10iCreERT2;Gjb2flox/flox mice induced by tamoxifen
retain HCs and SGNs for at least 2 months yet show a time-sensitive
variance in phenotype severity after deletion of Gjb2 at P1 (more se-
vere) versus P14 (less severe). The difference in outcomes between the
two injection times confirms the well-established fact that connexin
26 is needed for proper development of the cochlea and reinforces
the notion that gap junctions containing connexin 26 are needed
beyond development for normal function and for maintaining HCs
and neurons.

The time between induction of gene deletion and onset of functional
degeneration is important because it defines the time window for
testing molecular therapies to restore gap junctions and hearing.
More important is the question of why HCs and SGNs degenerate
when connexin 26 and gap junctions are not present in those cells.
image with cross-sections (D0, D0 0) showing membranal connexin 26 in IHCs (green). (

absence of intercalating SC is indicated by the lack of a visible gap in the red channel (m

nearly all IHCs are lost (arrows point to their normal sites), but most OHCs survive. Many

20 mm (A, B, D, F, and G), 10 mm (C), and 5 mm (E).
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This distribution implies that the loss of connexin 26 in SCs must
have an indirect effect on HCs and SGNs. The reduced potassium re-
cycling may lead to reduced activity in the organ of Corti, which ends
up leading to the demise of HCs. Alternatively, it is possible that long-
term presence of potassium in the vicinity of the IHC synapse,
because of lack of clearance by SCs, ends up poisoning the HCs,
similar to the fate of cells incubated in potassium rich solutions or in-
jected into endolymph.32 The loss of SGNs may be secondary to the
loss of HCs, as shown in other models of cochlear pathology.33,34

These possibilities need to be tested in future studies.

The normal performance on rotarod testing in Sox10iCreERT2;
Gjb2flox/flox mice is interesting, especially considering the abundance
of connexin 26 in the vestibular epithelium.13,35 The reason for pres-
ervation of vestibular function with loss of connexin 26 or connexin
30 inmice is unclear but is also observed in human patients withGJB2
pathogenic variants.36–38

The gray coat color observed with loss of Gjb2 is interesting. We
found no reports of other mouse models of Gjb2 that exhibit coat co-
lor changes. We also observed no coat color changes in the constitu-
tive (not tamoxifen-inducible) Sox10Cre;Gjb2flox/flox mutants that
were previously studied in our lab.17 The unique experimental para-
digm used in the current study allows for temporal loss of Gjb2 in
Sox10+ melanocytes and appears to have revealed a critical window
for connexin 26 function in early postnatal mouse pups. In humans,
pathogenic variants in GJB2 are associated with unique phenotypes,
some which cause only deafness and others of which are associated
with skin disorders. More than 150 pathogenic variants in GJB2
have been identified and grouped into four main categories: non-
syndromic hearing loss, syndromic hearing loss (including keratitis-
ichthyosis/keratoderma), Vohwinkel syndrome with palmoplantar
keratoderma, and normal hearing with hidrotic ectodermal
dysplasia.39–41 The underlying mechanism by which these variants
contribute to deafness and pigmentation defects is an area for future
exploration and may include loss or gain of function.

We show here that loss of connexin 26 can be reversed in SCs by
AAV.Anc80-mediated gene transfer, demonstrating the utility of this
vector for phenotypic rescue by restoring connexin 26 in SCs. We
also present novel and important findings indicating ectopic GJB2
expression in IHCs and degeneration detected in these cells. AAVs
in the cochlea tend to be most effective for gene transfer into HCs,
with SCs being a secondary target. It is therefore encouraging that
robust connexin 26 expression was detected in vector-treated ears in
multiple types of SCs alongside that in HCs. The ectopic GJB2 expres-
sion in HCs is interesting in several aspects. First, OHCs exhibit cyto-
plasmic localization of connexin 26, whereas IHCs exhibit the normal
junctional localization of connexin 26. Second, in addition to placing
E) High magnification showing connexin 26 (green) at a junction between two IHC;

yosin VIIa; E0). One month after AAV injection, in both apex (F) and mid-cochlea (G),

OHCs continue to exhibit cytoplasmic connexin 26 (yellow arrowheads). Scale bars,
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Figure 6. HC survival after administration of Anc80-GJB2-FLAG or Anc80-

eGFP into control mice.

AAV was injected into mature ears and analysis done after 1 or 2 weeks or 1 month.

(A) Most IHCs (I) and OHCs (O and bracket) present at 1 week. Red, myosin VIIa. (B)

Most IHCs are absent at 2 weeks, but OHCs appear intact. (C) OHCs are still

present at 1 month, but IHCs are absent. Scale bar in A (for A–C), 100 mm. (D) Bar

charts showing differences between vectors (Anc80-GJB2-FLAG, blue; Anc80-

eGFP, green) in the number of IHCs present per field of view (mean ± SE; fields are

as shown in A–C) at the 2 week time point in apex, middle, and base of the cochlea.
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connexin 26 at their periphery, IHCs also appear to form contacts with
each other and establish junctions between them. This light micro-
scope level observation has to be confirmed and further characterized
with transmission electron microscopy, which may also shed light on
the differences in connexin 26 localization between IHCs and OHCs.

Our data are different from results obtained by Yu et al.,16 who injected
AAVs to neonatal ears and showed that ectopic connexin 26 expres-
sion did not lead to formation of ectopic junctions and had no impact
on hearing. It is possible that the immature ear is better able to regulate
expression and localization of ectopic proteins than the mature ear.
Additionally, as expression in the OHCs was not as robust as in the
IHCs, it is possible that lower expression in IHCs may prevent junc-
tional localization of connexin 26 and subsequent IHC loss. We have
evaluated only one dose, and it is possible that lower vector doses
may result in transduction and expression of connexin 26 in SCs
without IHC effects. Further studies are necessary to shed light on
the underlying mechanisms that give rise to HC loss with exogenous
connexin 26 expression. Although our data show that gene transfer
approach ofGJB2 to SCs of the cochlea is feasible, changes in AAV sur-
face morphology or composition may be helpful for further enhancing
tropism to SCs. Nevertheless, as multiple capsid variants present high
affinity to IHCs, de-targeting transgene expression in HCs using selec-
tive regulatory sequences should be considered as well.

The elevation of thresholds seen with the Anc80-eGFP (control) vec-
tor points to a limitation in using reporter genes. Although these
genes are valuable for research purposes, they are not included in vec-
tors used for human therapy. Still, it is important to elucidate the toxic
mechanism in detail in future studies. The negative effects of GFP
have been detected before in other systems42–44 and may have been
related to the high titer of the vector we used in the present study.

Conclusions

We have designed and tested amouse model for loss ofGjb2 inducible
by tamoxifen injection at a selected age. Tamoxifen was injected at P1
or P14 and assayed 1 or 3 weeks later, as well as at 2, 4, and 8 months
of age. After tamoxifen induction, we detected reduced connexin 26
staining in non-sensory cochlear cells, accompanied by decreased
EP and elevated ABR and DPAOE thresholds, but the cytoarchitec-
ture of the organ of Corti was preserved. However, starting around
2 months after tamoxifen, cochlear structure and function displayed
progressive and severe degeneration, thereby limiting the window for
D0 shows the change in IHC survival over time after injection of Anc80-GJB2-FLAG.

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p = 0.0001. There is significantly greater

loss of IHCs at 2 weeks after Anc80-GJB2-FLAG injection than after Anc80-eGFP

injection, both overall (F = 9.43, df = 3 and 9, p = 0.0039) and in each region that was

sampled (apex, F = 33.60, df = 1 and 11, p = 0.0001; middle, F = 24.52, df = 1 and

11, p = 0.0004; base, F = 14.52, df = 1 and 11, p = 0.0029). Although the number of

surviving IHCs tended to decrease over time (D0), variances were large, and the

overall pattern was not significant (F = 2.21, df = 2 and 15, p = 0.0717). The only

significant difference detected between subgroups was a large loss of IHCs in the

base between 1 and 2 weeks (F = 6.64, df = 1 and 10, p = 0.0276).
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Figure 7. Anc80-GJB2-FLAG delivery results in increased connexin 26 expression and IHC loss.

Ear of iCKO mouse given tamoxifen at P1, Anc80-GJB2-FLAG in the left ear at P28, and euthanized 1 month later (A) showing increased connexin 26 expression (green,

arrows) and reduced IHC survival (rectangles show areas of missing IHCs) compared with the respective contralateral ear (B). HCs are labeled with myosin VIIa antibody (red).

Similarly, left ear of iCKO mouse given tamoxifen at P14, Anc80-GJB2-FLAG in the left ear at P28 and euthanized 2 months later (C) shows more connexin 26 in SCs (arrow)

and pronounced IHC loss (rectangle) compared with the contralateral ear (D). Connexin 26 detection is by antibody. Scale bar, 20 mm (A–D).
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experimental treatment to several weeks. The effects of Gjb2 loss on
balance were less severe than on hearing. AAVAnc80-CAG.hGJB2.
FLAG delivery resulted in robust expression of connexin 26 in
multiple SC types. Additional expression in HCs was also observed.
Although IHC loss was detected, OHCs survived. Gene replacement
using AAV vector did not result in threshold improvement.
Sox10iCreERT2;Gjb2flox/flox mice can therefore be used for phenotypic
rescue experimentation within the time window or 2 months after
tamoxifen injection. To enhance the suitability of AAV gene transfer
for treating Gjb2mutations in mature ears, more selective expression
in SCs may be needed.

METHODS AND MATERIALS
Mice and breeding

All animal studies were performed at the University of Michigan un-
der the guidance of protocols approved by the Institutional Animal
Care and Use Committee (IACUC). Animals were cared for by labo-
Molecular The
ratory personnel and the Unit for Laboratory Animal Medicine.
To generate mice for this study, we bred Sox10iCreERT2 mice
from Leda Dimou19 with Gjb2flox/flox mice provided by Prof. Klaus
Willecke to generate Sox10iCreERT2;Gjb2flox/flox (iCKO) and
Sox10iCreERT2;Gjb2flox/+ (conditional heterozygous) mice. Gjb2flox/+

andGjb2flox/floxmice were used for some experiments as control mice.

Cre reporter assays and tamoxifen injections

Cre expression in Sox10iCreERT2 mice during development was exam-
ined using R26R-LacZ JAX 003474 reporter mice and after birth
using R26REYFP JAX 006148 reporter mice. Timed pregnancies
were established by crossing Sox10iCreERT2males and reporter females.
Females were checked for plugs, and themorning of plug detection was
marked as P0.5. Tamoxifen (Sigma-Aldrich) was prepared as a 10 mg/
mL stock by dissolving the powder in corn oil (Sigma-Aldrich) using
water-bath sonication for 30 min. The solution was then aliquoted
and stored at �20�C. Pregnant dams were injected intraperitoneally
rapy: Methods & Clinical Development Vol. 23 December 2021 329
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Table 2. Results of ANOVA tests (F statistic, degrees of freedom [df], and

p values) assessing effects of Anc-80 vectors on control and iCKO mice

Test N1, N2 F df p

1 saline versus normal, 1 weeka 4, 4 13.52 3,7 0.003

2 saline, 1 week versus 2 weeks 4, 4b 0.25 3,1 0.860

3 GFP versus saline, 1 week 5, 4 0.10 3,5 0.954

4 GFP, 1 week versus 2 weeksa 5, 5b 25.41 3,2 0.038

5 GFP, 2 weeks versus 1 month 5, 5b 4.76 3,2 0.179

6 GJB2 versus GFP, 1 weeka 5, 5 40.04 3,6 <0.001

7 GJB2, 1 week versus 2 weeks 5, 6 1.04 3,7 0.431

8 GJB2, 2 weeks versus 1 month 6, 6 1.62 3,8 0.261

9 P1, GJB2 versus contralaterala 7, 7b 6.82 3,4 0.047

10 P14, GJB2 versus contralateral 4, 4 0.66 3,1 0.692

11 GJB2, P1 versus P14 7, 4 2.20 3,7 0.175

N1 and N2 are sample sizes for the respective groups.
aSignificant differences were found only for these comparisons.
bTests in which the same subjects were evaluated in both ears or at both time points.
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with 0.1 mg/g body weight (b.w.) tamoxifen at E11.5. Dams were
euthanized and embryos dissected at E17.5 then processed for
cryo-sectioning, X-gal staining, and counter-staining with eosin. For
postnatal Cre reporter assays, crosses were established between
Sox10iCreERT2 male and EYFP+ female mice. Sox10iCreERT2;EYFP
pups were injected intraperitoneally with tamoxifen at P14 and
analyzed using whole-mount epifluorescence at P16.

ABRs

Mice were anesthetized by intraperitoneal injection of ketamine
65 mg/kg, xylazine 7 mg/kg, and acepromazine 2 mg/kg. Mouse core
body temperature was maintained using a water-circulating heating
pad. ABRs were recorded in an electrically and acoustically shielded
chamber. Sub-dermal needle electrodes were placed at vertex (active)
and ventral to the pinnae of the test ear (reference) and contralateral
ear (ground). Tucker Davis Technologies (TDT) System III hardware
and SigGen/BioSig software (TDT, Alachua, FL) were used to present
the stimulus and record responses. Tones were delivered through an
EC1 driver (TDT, aluminum enclosure made in-house), with the spec-
ulum placed just inside the tragus. Stimulus presentation was 15 ms
tone bursts, with 1 ms rise/fall times, 10 bursts per second. Up to
1,024 responses were averaged for each stimulus level. Responses
were collected for stimulus levels in 10 dB steps at higher stimulus
levels, with additional 5 dB steps near threshold. Thresholds were
interpolated between the lowest stimulus level at which a response
was observed, and 5 dB lower, at which no response was observed. Fre-
quencies measured were 12 and 24 kHz for the initial baseline studies
and 8, 16, and 32 kHz for subsequent study after AAV-mediated gene
transfer. In all studies, animals showing no responses at 105 dB SPL
(the maximal output of the system) were designated as “no response.”

DPOAEs

DPOAE testing was performed on the same animals immediately af-
ter ABR recording. DPOAE tests were measured in left ears at 12 and
330 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
24 kHz as previously described.45,46 Briefly, primary tones, f1 and f2,
were set at a ratio of f2/f1 = 1.2. Intensity of f1 was varied in 5–10 dB
SPL steps, while f2 intensity was held 10 dB SPL quieter than f1. Tones
were presented via two EC1 drivers (Beyerdynamic, Farmingdale, NY;
aluminum-shielded enclosure made in-house) connected through an
Etymotic microphone (ER 10B+; Etymotic Research, Elk Grove
Village, IL). TDT System III hardware and SigGen/BioSig software
were used to present the stimuli and record responses. DPOAE
thresholds were recorded as the lowest stimulus intensity to elicit a
response amplitude above the noise floor. Transient responses above
the noise floor (response to a single stimulus intensity with no growth
of response amplitude at the next highest stimulus intensity) were dis-
carded. In the majority of iCKO mice, DPOAE thresholds indicated
that there were responses at only the one or two highest stimulus in-
tensities; therefore, it was not possible to estimate the average slope
representing the growth of the response amplitude with increasing
stimulus intensity for comparison with controls.

EP

Mice were deeply anesthetized by intraperitoneal injection of keta-
mine 120 mg/kg and xylazine 7 mg/kg and placed on a water-circu-
lating heating pad to maintain body temperature. The external pinna
was removed and soft tissue dissected away from the bulla. The ossi-
cles and tympanic membrane were removed, and some of the bulla
wall was removed to allow clear visualization of the cochlea. A small
opening was made in the otic capsule over the stria vascularis. A glass
micropipette filled with 150 mM KCl was connected to a capacity-
compensated direct-current preamplifier, and a ground electrode
was inserted into the shoulder muscle. The micropipette was attached
to a micro-manipulator and slowly advanced through the lateral wall
into scala media. Amplified electrical signals were recorded using
TDT hardware and chart-recorder custom software. EP was calcu-
lated as the maximum change in voltage as the micropipette tip
passed from lateral wall tissue into endolymph. Animals were eutha-
nized at the end of the recording.

Histology

Mice were deeply anesthetized with ketamine (120 mg/kg, intraperi-
toneal [i.p.]) and xylazine (7 mg/kg, i.p.) and euthanized, and inner
ear tissues were dissected and fixed in 4% paraformaldehyde in phos-
phate-buffered saline (PBS) for 2 h. After rinses in PBS, cochleae and
utricles were collected, permeabilized in 0.3% Triton X-100 in PBS for
15 min, and then blocked with 5% normal goat serum for 30 min.
Samples were then reacted with primary rabbit or mouse antibodies
overnight at 4�C. Primary antibodies were rabbit anti-myosin VIIa
(1:300; Proteus Biosciences, Ramona, CA), mouse anti-FLAG
(1:400; Sigma-Aldrich, St. Louis, MO), and mouse anti-connexin 26
(1:200; Invitrogen, Waltham, MA). After rinsing the primary anti-
body in PBS, tissues were incubated with the appropriate secondary
antibodies (Invitrogen; 1:300 in PBS) for 1 h. Samples were
counter-stained with Alexa Fluor 647 phalloidin (1:300 in PBS; Invi-
trogen) to label F-actin for depicting cellular borders in the epithe-
lium. Tissues were rinsed three times with PBS and mounted on glass
slides with ProLong Gold Antifade Mountant (Invitrogen).
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Figure 8. Anc80-GJB2-FLAG does not improve hearing in iCKO mouse ears.

Thresholds detected by ABR audiometry in three frequencies in control animals (A) and iCKOwith tamoxifen given at P1 or P14 (B). The green line in (A) depicts the thresholds

for un-injected iCKOmice. All treatments induced significant hearing loss compared with normal ears (A, green line), as demonstrated by saline-treated ears at 1 week (cyan,

solid line; Table 2, row 1, p = 0.003). Saline injection elevated thresholds at 16 and 32 kHz, but GFP treatment at 2 weeks or later (pink dashed and dotted lines) and GJB2

treatment at all time points (black lines) had elevated thresholds at all three tested frequencies. Thresholds in GFP-treated ears were not significantly higher than in saline-

treated ears at 1 week after injection (Table 2, row 3, p = 0.954) but were significantly higher by 2 weeks after injection (Table 2, row 4, p = 0.038). Hearing loss at 1 week was

greater after GJB2 treatment (solid black line) than GFP (solid pink line), which was very significant (Table 2, row 6, p < 0.001). Hearing loss at later time points after GJB2

treatment (dashed and dotted black lines) was not significantly greater (Table 2, rows 7 and 8, p > 0.2). Ears that received GJB2 treatment after loss of connexin 26 was

induced at P1 (part B, red) had greater hearing loss after GJB2 treatment (Table 2, row 9, p = 0.047) because of elevated thresholds at 16 and 32 kHz. The effect of GJB2

treatment was not significant in ears with connexin 26 loss induced at P14 (purple lines; Table 2, row 10, p = 0.692), primarily because of marginally greater loss in

contralateral ears. Thresholds for GJB2 treated ears (B, solid lines) did not differ as function of the age at which connexin loss was induced (Table 2, row 11, p = 0.175).
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Whole-mount specimens were initially examined using a Leica
DMRB epifluorescence microscope (Leica, Eaton, PA) equipped
with a RT39M5 digital camera (Diagnostic Instruments, Sterling
Heights, MI). Images were processed with Adobe Photoshop software
(Adobe Systems, San Jose, CA). Selected areas were then analyzed on
a confocal microscope (Leica SP8; Leica, Eaton, PA). LAS X imaging
software was used to obtain z stack images.

Quantitative analyses

EP values and ABR and DPOAE thresholds were analyzed using
similar statistical designs. For each age of tamoxifen injection, overall
differences between genotypes were evaluated using ANOVA. For
ABR and DPOAE thresholds, the ANOVA included data for both
tested frequencies and was followed by post hoc comparisons of
each tested frequency. Data for the two injection ages were combined
to test whether there was a significant interaction, which would indi-
cate that the effect of the deletion depended on the age at which it was
induced by tamoxifen injection. For all multivariate tests, Pillai’s trace
was used to approximate the value of the F ratio. All analyses were
performed in R version 4.0.2.

AAV vector and injections

iCKOmice (n = 17) and their littermate controls (n = 31) were used in
this study. Animals were anesthetized with intraperitoneal injection of
xylazine (7 mg/kg) and ketamine (120 mg/kg). Ketoprofen (10 mg/kg;
Zoetis, Parsippany, NJ) was given subcutaneously prior to the surgery.
A solution consisting of 3 mL of viral vector mixed with 0.3 mL of 0.25%
Molecular The
fast green dye was loaded into a glass pipette, which was pulled to a
final outer diameter of �20 mm before surgery. A 1.5 cm incision
was made in the left post-auricular region after shaving and disinfect-
ing the area. Once the posterior semicircular canal (PSC) was exposed,
a small opening was made using a 26-gauge needle until a slow leakage
of perilymph was observed. The round window (RW) was then surgi-
cally exposed as described.47,48 In preparation for the injection, a small
piece of muscle was inserted into the RW niche before the RW mem-
branewas punctured, and the RWnichewas loadedwith 1 mLVetbond
tissue adhesive (3M, St. Paul, MN) to prevent potential leakage. A
Nanoject system (Nanoject III Programmable Pump; Drummond Sci-
entific Company, Broomall, PA) was used to control the injecting rate
at 5 nL/s, 100 nL per cycle. Ten cycles with an interval of 10 s between
cycles were performed, resulting in a total amount of 1 mL for each an-
imal. Successful injection was indicated by efflux of blue-tinged fluid
from the PSC vent. The pipette was removed immediately after the in-
jection, then the RW niche and the PSC vent were sealed with tissue
adhesive. The right ear of each animal remained intact and served as
a control. Sham surgical controls were injected with normal saline con-
taining fast green dye at the same concentration as above. Animals
were euthanized at several time points between 1 and 8 weeks after sur-
gery, as detailed in the Results.

The viral vectors were AAVAnc80-CAG.eGFP.bGHpA (Anc80-eGFP,
1E13 vg/mL), and AAVAnc80-CAG.hGJB2.3Flag.bGHpA (Anc80-
hGJB2-FLAG, 1.2E13 vg/mL). The CAG promoter is composed of
the cytomegalovirus (CMV) early enhancer, the chicken b-actin
rapy: Methods & Clinical Development Vol. 23 December 2021 331
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promoter, and the rabbit b-globin splice acceptor site. The bovine
growth hormone (bGH) polyadenylation (pA) signal was also
included. On the basis of this vector design, detection of the FLAG
should localize viral-mediated connexin 26 transgene, but not the
endogenous connexin 26, thereby indicating which cells are not
only transduced with the vector but also expressing the transgene.

The human GJB2 coding sequence was used because the sequence
identity with the mouse coding sequence is 87%, and it is more trans-
lationally relevant for future studies. Use of human genes in experi-
mental animals is common practice when translational goals are
involved, as seen in other organs and mutations.49 The vectors were
produced at SABTech (Philadelphia, PA) in HEK293 cells following
triple transfection and using standard purification methods. The vec-
tor titers were determined using Droplet Digital PCR (ddPCR).

Rotarod test

We used the rotarod test to evaluate overall vestibular function at
different ages. Mice (iCKO or control, n = 5 per group) were placed
on a stationary rod suspended 15 inches over the surface for 30 s to
get accustomed to the environment. Mice were then prompted to
remain on the rod during a constant low speed spinning (5 rpm)
for 60 s for preliminary screening. At the next step, 1 min after the
first trial, mice were presented with a more complex balance task us-
ing an accelerating spinning rod increasing from 5 to 45 rpm over
100 s, which was then maintained at 45 rpm for another 200 s. The
total time a mouse spent on the rod before falling or reaching 200 s
was recorded. Tests were performed three consecutive times and
the differences between groups were evaluated by repeated-measures
ANOVA in R, which is similar to the ANOVAs described above but
also accounts for variations among repetitions by the same mouse.
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