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Connexin26 (Cx26) mutation is the most common cause for non-syndromic hereditary deafness. Differ-
ent congenital Cx26 null mouse models revealed a profound hearing loss pattern and developmental
defect in the cochlea. Our study aimed at establishing a Cx26 knocking down mouse model at different
postnatal time points and to investigate the time course and pattern of the hearing loss and cell degen-

’<EJ’W0T‘_15-' eration in these models. Morphologic changes were observed for 5 months to detect long-term diversities
CO}‘;TX‘"% ) among these models. Depending on the time point when Cx26 expression was reduced, mild to profound
gZir cejles neration hearing loss patterns were found in different groups. Malformed organ of Corti with distinct cell loss in

middle turn was observed only in early Cx26 reduction group while mice in late Cx26 reduction group
developed normal organ of Corti and only suffered a few hair loss in the basal turn. These results indi-
cated that Cx26 may play essential roles in the postnatal maturation of the cochlea, and its role in normal

Mouse models
Genetic deafness

hearing at more mature stage may be replaceable.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Connexin26(Cx26) mutations account for up to 50% of the
human non -syndromic hereditary deafness cases, which is consid-
ered as one of the most common human birth defects [1-3]. To
date, more than 90 mutations have been identified in the Cx26
gene [4]. Most of Cx26 mutations cause severe hearing loss inher-
ited recessively.

To explore the deafness mechanism in Cx26 mutants, different
transgenic mouse models had been established for investigation.
By crossbreeding of Cx26'"*/'°X" and Otog-Cre mice, the embryonic
lethality of Cx26 knockout (KO) mice was overcome by restricting
the Cx26 deletion region specifically in the inner ear in 2002 [5].
The inner ear of this Cx26'°"/°*"; Otog-Cre mice developed nor-
mally, but by the postnatal day 14 (P14), cell death was firstly
observed in the supporting cell (SC) adjacent to the inner hair cell

Abbreviations: Cx26, connexin26; KO, knockout; KD, knockdown, SC, supporting
cell; IHC, inner hair cell; OHC, outer hair cell; TC, tunnel of Corti; TMX, tamoxifen;
ABR, auditory brainstem response.
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(IHC) and extended later to outer hair cell (OHC). Another line of
transgenic mice with a dominant-negative Cx26 were generated
in 2003, and the mice showed severe to profound hearing loss, fail-
ure in the formation of the tunnel of Corti (TC) and degeneration of
sensory hair cells [6]. Moreover, by use of Cre-loxP system, more
and more spatially-specific Cx26 KO mice were generated. The
KO patterns in these mice depend on the expression time and loca-
tion of the promoter gene. The Cx26'/'**"; foxgl-Cre and
Cx26'°xP/19xP: hax)-Cre mice were two spatially-specific Cx26 KO
mice with Cx26 deletion at embryonic day 8.5 in otic placode [7].
These mice showed severe hearing loss, failure in the opening of
the TC, OHC loss at P13 and then massive cell death in both middle
and basal turns [8]. Compared to these spatially-specific Cx26 KO
mice, another kind of conditional Cx26 (cCX26) null mice showed
similar pathological change by tamoxifen injection at embryonic
day 19 (E19) [9]. The reduction in Cx26 expression started at the
time of tamoxifen injection, thus this line of mouse model is con-
sidered as the time-specific Cx26 knocking down model. Although
the exact deafness mechanism remains speculative, substantial
evidence from different models support that Cx26 deficiency can
arrest the cochlea development before the cell degeneration, which
indicated that Cx26 plays a developmental function during the
postnatal maturation of the sensory epithelium of the cochlea
[8]. The postnatal maturation is a series of cell differentiation
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associated with the Cx26 increase [10,11]. However, the previous
Cx26 KO patterns are limited to the specific promoter as pax2 or
foxgl that triggers Cx26 reduction in embryonic time. More
flexible Cx26 deletion patterns are needed to investigate the
Cx26 functions in developmental process. Thus, the timed cC26
null mice become the best candidate for the Cx26 postnatal knock-
ing down model.

In this study, we knocked down the Cx26 at a series of postnatal
time points by using cCx26 null mice. A five-month observation
was performed to determine the diverse time courses of hearing
loss and cell degeneration patterns among these groups. Our data
suggests that accurate timing of early postnatal Cx26 expression
is the fundamental prerequisite for cochlear maturation and nor-
mal hearing.

2. Materials and methods
2.1. Mouse models

Cx26!9%P1°%P mice and Rosa26"°ER mice were provided by Prof.
Lin Xi at the Emory University. Mice were raised in specific-patho-
gen free experiment animal center of Huazhong University of
Science and Technology. Crossbreeding of the above mice gener-
ated Cx26'°%P1°%P, Rosa26 R mice. Details of these transgenic
mice could be found in Prof. Lin’s publication [9]. Briefly, the entire
coding sequence of Cx26 was expected to be removed by the acti-
vation of Cre recombinase which was induced in the presence of
synthetic estrogen antagonist tamoxifen (TMX). In our studies,
the time-specific conditional Cx26 null mouse model was gener-
ated by a single subcutaneous injection of TMX diluted in fat emul-
sion (1.5 mg/10 g body weight, T5648-1G, Sigma-Aldrich, St. Louis,
MO) to Cx26'P/1°XP- Rosa26ER mice in the postnatal day 1, 6 and
12 (P1, P6 and P12). In our preliminary experiment, Cx26'°xP/1oxP,
Rosa26™ER mice received fat emulsion injection at different time
points, and all mice displayed unaffected normal hearing. We
therefore used mice with P1 fat emulsion injection as control. All
experimental procedures were conducted in accordance with the
policies of the Committee on Animal Research of Tongji Medical
College, Huazhong University of Science and Technology.

2.2. Assessment of hearing function

Auditory brainstem response (ABR) was measured at the 1, 3
and 5 month after birth. Mice (n=8-10 for each group) were
anaesthetised with ketamine (120 mg/kg, i.p.) and chloroproma-
zine (20 mg/kg, i.p.), and then a heating pad was used to keep them
warm in a sound-attenuating chamber. A sound delivery tube con-
nected to a loudspeaker (Tucker-Davis Technologies, Alachua, FL,
USA) was fitted to external auditory canal of mouse ear. Tone burst
stimuli were generated by Tucker-Davis Technologies (TDT) Sys-
tem at frequencies of 8 kHz, 16 kHz, 24 kHz and 32 Hz, then the
responses were amplified and averaged for 1024 times. The lowest
sound level that elicited a repeatable wave was considered as the
threshold.

2.3. DNA and RNA preparation and quantitative RT- PCR

Mouse tails from the pups were used to detect the genotype of
the crossbreeding mice. Details could be found in Sun’s publication
[9]. The mRNA expression level of Cx26 was checked by quantita-
tive real-time PCR. Membranous labyrinth of cochleae from
1 month old mice (n = 6 for each group) of experimental and con-
trol groups were dissected carefully on ice. RNA were extracted
with Total RNA Kit I (Omega, USA) by standard procedures. The
c¢DNA was reverse transcribed using a PrimeScript RT reagent Kit

with gDNA eraser (TaKaRa, Japan). Primer pairs for Cx26 and B-ac-
tin were as follows: Cx26 forward 5'-ACAGAAATGTGTTGGT
GATGG-3’; reverse 5'-CTTTCCAATGCTGGTGGAGTG-3’ and B-actin
forward 5-CATCCGTAAAGA CCTCTATGCCAAC-3'; reverse 5'-
ATGGACCACCGATCCACA-3'. Real-time PCR was performed by use
of SYBER Green PCR Technology in Roche LightCycler® 480 instru-
ment on the following conditions: 95 °C for 5 min, 40 cycles of
95 °C for 20's, 56 °C for 20 s, 72 °C for 40 s. A melting curve analysis
performed by LightCycler® 480 system was used to evaluate the
specificity and the integrity of the PCR products. The relative
mRNA expression of experimental and control groups were calcu-
lated by using 2722 method.

2.4. Western blot analysis

The Cx26 protein level was determined by Western blot analy-
sis. Membranous labyrinth of the cochleae from both experimental
and control groups (n =5 for each group) were carefully dissected
on ice. The total protein was extracted using RIPA lysis buffer
(Beyotime, Haimen, China) by following the manufacturer’s
instructions. For this analysis, proteins (10 pg per lane) were sep-
arated by electrophoresis on a 12% sodium dodecyl sulphate
(SDS) polyacrylamide gel and then transferred to polyvinylidene
difluoride (PVDF) membranes. Bands were incubated in a blocking
solution (TBST containing 5% milk) for 1 h. Proteins of Cx26 and B-
actin were detected by using polyclonal antibodies against Cx26
(Cat. No. 710500, 1:500, Invitrogen, USA) and polyclonal antibodies
against B-actin (Cat. No. 04-1116, 1:1000, Millipore, USA), respec-
tively. After washing in TBST, bands were incubated for 1 h at room
temperature with horseradish peroxidase (HRP)-conjugated sec-
ondary antibody. Protein bands were visualized using the ECL reac-
tion kit (Beyotime, Haimen, China) according to the manufacturer’s
instructions by exposure on medical film. The Cx26 protein levels
were measured by the Quantity One 4.6.2 Software (Bio-Rad,
USA) and normalized to the level of B-actin in corresponding lanes.

2.5. Cochlear tissue preparation and morphological examination

Animals were deeply anesthetized with a combination of kata-
mine and chlorpromazin by intraperitoneal injection and perfused
transcardially with 4% paraformaldehyde in phosphate-buffered
saline (PBS). The cochleae were carefully dissected from the tem-
poral bones and kept in the same fixative at 4 °C overnight. After
decalcification with disodium EDTA, the cochleae were dehydrated
sequentially in graded alcohol, embedded in paraffin by conven-
tional protocol. Sections with a thickness of 5 pm were cut for mor-
phological examination.

Three animals from each group were used for SGN counting.
Two neighboring sections with hematoxylin-eosin (HE) staining
separated by 40 um were used to avoid double counting. The area
of the Rosenthal’s canal was measured with Image Pro Plus 6.0
software from the cochlear sections, and the neurons with distinct
nucleus were taken into counting. Counting errors were corrected
by using the Abercrombie’s formula: T/T + D, in which T is the sec-
tion thickness and D is the mean diameter of the SGN [12].

For flattened cochlear preparation, the cochleae (n =3 for each
group) after decalcification were carefully dissected out under a
stereomicroscope and three portions of the basilar membrane from
the apical, middle and the basal turn were used for hair cell stain-
ing. The samples, permeabilized with 0.3% Triton X-100 in 0.01 M
PBS for 5 min, were stained with 4/,6-diamidino-2-phenylind-ole
(DAPI) for 5 min. The images of each cochlea turn were obtained
with a laser scanning confocal microscope sequentially (Nikon, Ja-
pan). To get the cochleogram, the hair cells were counted in 12
consecutive fields from the apex to the basal part of the samples.
The last basal part of the basilar membrane was hard to obtain.
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Fig. 1. Summary of data validating different Cx26 KD mice models and hearing loss patterns in this study. (A) Western blots measuring Cx26 in the cochleae of 1 month old
mice from control and different experimental groups. (B) RT-PCR measuring Cx26 mRNA in the cochleae of 1 month old mice from control and different experimental groups.
(C) Immunolabeling of Cx26 in the cochleae of 1 month old mice from control and different experimental groups. Scales represent approximately 40 um. (D-F) Auditory
thresholds were measured at the one (D), three (E) and 5 months (F) after birth, respectively. Legends for different groups are given in the panel. *P < 0.05 when compared to

the control group.

The counted portion contained about 90 percents of the whole bas-
ilar membrane of the mouse cochlea.

2.6. Immunofluorescent labeling

After deparaffinization, rehydration, antigen retrieval and non-
specific antigen site blocking by conventional protocol, samples
were incubated with polyclonal antibodies against Cx26 (Cat. No.
710500, dilution factor 1:100, Invitrogen, USA) at 4 °C overnight.
Cx26 protein and the nucleus were stained by a fluorescently

tagged secondary antibody for an hour and DAPI for 5 min at room
temperature, respectively. Images were taken with a laser scanning
confocal microscope (Nikon, Japan).

2.7. Statistics analysis

Data were expressed as mean + SEM and plotted by SigmaPlot
software. Statistical analysis was performed by One-way analysis
of variance (ANOVA) with SPSS 17.0 software. The least significant
difference (LSD) post hoc test was used to compare differences
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between two of the groups. In all analysis, a *P < 0.05 was consid-
ered statistically significant.

3. Results

3.1. Decreased Cx26 in mRNA and protein level induced by Cx26
deletion

Compared to control the group, the Cx26 mRNA were signifi-
cantly decreased in all experiment groups (Fig. 1B). The relative
Cx26 mRNA expression in P1, P6 and P12 KD groups were
54.2 +6.8%, 59.5+5.0% and 55.3 +5.8%, respectively. There was
no statistically significant differences among the experimental
groups. The Cx26 protein level in 1 month old mice showed similar
changes (Fig. 1A). In comparison with the control group, the Cx26
protein level in P1, P6 and P12 KD groups were 58.6 +6.7%,
62.0+7.2% and 62.8 + 6.0%, respectively. There was statistically
significant differences between experimental and control groups
but not among experimental groups. As shown in Fig. 1C, the
Cx26 staining (green) was detected in the organ of Corti, lateral
wall and spiral limbus in the control group. In 1 month old mice
of P1, P6 and P12 KD groups, there were a distinct Cx26 reduction
in the organ of Corti (white arrow, Fig. 1C).

3.2. Different time courses of hearing loss pattern induced by Cx26
deletion at different postnatal time points

ABRs of all the mice were measured at the postnatal month 1, 3
and 5 (Fig. 1D-F). The control group showed a stable normal hear-
ing in the observations. The ABR thresholds in the P1 KD group
were high around 90 dB SPL at all the time points tested. In com-
parison to P1 KD group, the hearing loss of P6 KD group was over
a whole-frequency range and gradually aggravated to around
80 dB SPL in the 5th month. Interestingly, the hearing loss in the
P12 KD group displayed a mild deafness at first, but gradually
worsened in the next few months.

3.3. Different cell degeneration patterns induced by Cx26 deletion at
different postnatal time points

The paraffin sections with HE staining were used in morpho-
logic studies (Fig. 2). The panel A (Fig. 2A) showed a full view of
a cochlea, and the organ of Corti in middle turn (black frame,
Fig. 2A) was amplified for further investigation. As shown in
Fig. 2B, F and ], the organ of Corti (middle turn, the same below)
in the control group obtained at different time points had no signif-
icant deformity and cellular degeneration. The tunnel of Corti
(arrowhead, Fig. 2B) was open and the IHCs were intact (arrows,
Fig. 2B). At the age of 1 month, the TC was closed in P1 KD group

Control

(arrowhead, Fig. 2C), while mice in P6 and P12 KD groups devel-
oped an architecturally normal organ of Corti (Fig. 2D and E). At
the age of 3 month, the hair cell and supporting cell degeneration
were clearly shown in P1 and P6 KD groups (Fig. 2G and H), while
the HCs and SCs were intact in P12 KD group (Fig. 21). Compared to
the disintegration of organ of Corti in 5 month old mice of P1 and
P6 KD groups (Fig. 2K and L), the peer in P12 KD group had no dis-
tinct deformity and cell degeneration (Fig. 2M).

3.4. Different HC and SGN loss patterns induced by Cx26 deletion at
different postnatal time points

HC counting was investigated by whole-mount preparation
(Fig. 3). Severe HC loss was observed in the middle turn of P1
and P6 KD groups at 1 month, and this situation worsened gradu-
ally (Fig. 3A, C and E). At the age of 3 month, the HC degeneration
enlarged to basal turn in P1 and P6 KD groups. The out hair cell was
more vulnerable than inner hair cell in all experimental groups.
1 month old mice in P12 KD group showed almost no HC loss,
but a moderate OHC loss in basal turn was observed and aggra-
vated from 3 month after birth. Details of the patterns and time
courses of HC degeneration are given in Fig. 3B, D and F.

SGN degeneration was quantified by SGN counting. In 1 month
old mice of P1 and P6 KD groups, a mild SGN loss was observed in
the middle turn (Fig. 4A and B). Three month after birth, the SGN
lesion enlarged to apical and basal turn in P1 and P6 KD groups
(Fig. 4C and D). By 5 months, more than half of SGNs from the mid-
dle and basal turns in P1 KD group disappeared and P6 KD group
also suffered a significant SGN loss in the corresponding turn
(Fig. 4E and F). The clustering of SGNs were observed in the P1
or P6 KD group (arrow, Fig. 4E, Apical, P1 deletion group). To the
contrary, P12 KD group had minimum SGN loss in all regions of
the cochlea (Fig. 4). Details of the patterns and time courses of
SGN degeneration are given in the Fig. 4B, D and F.

4. Discussion

In this study, we successfully knocked Cx26 down at a series of
postnatal time points in the cCx26 null mice, and observed differ-
ent time courses and patterns of hearing loss and cell degeneration
in this mouse model. Compared to previous congenital KO or KD
models, these postnatal KD models showed diversified phenotypes.
In P1 KD group, the mice showed a profound hearing loss, failure in
opening the TC in the middle turn and massive cell degeneration.
The injury pattern of P1 KD group was similar to previous time-
specific knocking down model with Cx26 deletion at E19 [9].
Among these changes, deformity of the TC was a common land-
mark in the Cx26 null mice. According to previous theory, specific
loss of these structures in the organ of Corti was considered to

NV 8 ISR
ALl 45 == 3month

5 month

o s 2
TRV

Fig. 2. Morphology of the organ of Corti at the middle turn in control and different experimental groups. (A) A full view of a cochlea obtained from the control group.
Abbreviations: SV: stria vascularis; OC: organ of Corti; SG: spiral ganglia. Morphology of the OC in 1 month (B-E), three month (F-I) and 5 month (J-M) old mice from control
and different experimental groups. Scales in panel A and panel B represent approximately 200 pm and 40 pm, respectively.
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Fig. 3. Patterns and time courses of HC loss in different Cx26 KD groups. Panels (A, C and E) show examples of HC nuclei stained with DAPI from control and different
experimental groups. Three rows of OHCs (arrow, Panel A) are on the top and one row of IHC (arrowhead, Panel A) are at the bottom. Panels (B, D and F) show the
quantifications of HC loss at specific cochlear locations for different Cx26 KD groups. Legends for different groups are given in the panels.

cause profound hearing loss [13]. However, the TC of Cx26 null
mice in P6 and P12 KD group developed normally, which indicates
that certain amount of Cx26 expression in the postnatal P1 to P6 is
a key factor for the formation of TC. Although the TC successfully
opened in P6 KD group, the mice still suffered severe hearing loss
and HC death accompanying with subsequent SGN loss. The evi-
dence suggested that other late-onset deafness mechanisms that
involved in P6 KD group still need to be investigated. Additionally,

the HC and SGN loss in P1 and P6 KD groups aggravated from mid-
dle to basal turn in the following 5 months after birth. This gradu-
ally worsened degeneration pattern was also observed in cCx26
null mice with Cx26 deletion at E19 [9]. Wang et al. reported that
the HC was born intact and HC loss was not noticed until P13 in the
cCx26 null mice. All these observations indicated that deletion
Cx26 at an early postnatal time may induce distinct cell loss in
the cochlea. A current hypothesis is that gap junction undertakes
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Fig. 4. Patterns and time courses of SNG loss in different Cx26 KD groups. Panels (A, C and E) show examples of SGN stained with hematoxylin-eosin from control and
different experimental groups. Scales represent approximately 30 um. Panels (B, D and F) show the relative survival of the SGN at specific cochlear locations for different Cx26
KD groups. Legends for different groups are given in the panels. *P < 0.05 when compared to the control group.

the transportation of the glucose and vital molecules into the
cochlea, however, other mechanisms of HC death in this model still
need more investigation [14,15].

The mouse cochlea is born immature and can not respond to
sound until P14 [10,16]. Chu Liang et al. have found that no ABR
was detectable from P14 in Cx26 KO mice while severe HC loss
and SGN degeneration appeared relative late [17]. In comparison
to the severe deafness in P1 and P6 KD groups, that P12 KD group
showed a mild hearing loss pattern is not surprising. Additionally,
the cell loss in P12 deletion group was also less profound than that
in P1 and P6 KD groups. A potential explanation is that the cochlea
soon to be mature may be more resistant to the Cx26 deficiency.

Considering all these factors, we speculated that only knocking
down Cx26 at early postnatal time points had disrupted the normal
development of cochlea which led to distinct deafness patterns.
More recently, Cx26 gene therapy has been applied to cochlear
organotypic culture from Cx26 null mouse at P5. Giulia Crispino
et al. transducted of these cultures with a bovine adeno associated
virus vector, which had restored connexin26 protein expression
and rescued gap junction coupling in these cultures [18]. More-
over, Wang et al. found that early postnatal virus incubation
(before P5) to the scala media can preserve the auditory function
in normal mice [19]. These findings also demonstrated invasive
gene therapy should be achieved before the P5 for the sake of
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hearing protection. Our data indicated the postnatal Cx26 expres-
sion at P1 to P6 is vital for the normal hearing formation. Yu
et al. have successfully incubated vectors into the scala media of
the Cx26 knockout mice at PO-P1. Although auditory function did
not show significant improvement in these mice, the cell death
and the SGN degeneration were substantially reduced. Moreover,
the TC could partially open in treated mice, which indicated that
this gene therapy could overcome morphological abnormality in
cCx26 KO mice. The exogenous gene expression takes about one
week to reach the maximal stable level, thus they considered the
unsatisfied hearing may be caused by missing the best critical time
window for rescue [20].

In conclusion, our different postnatal Cx26 KD models showed
diverse patterns of hearing loss and cell degeneration. The diversi-
ties among these models may further elucidate the mechanism of
Cx26 involved in cochlear development. Considering new gene
therapies, this study may provide a novel mouse model for early
intervention on Cx26 mutants.
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