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A B S T R A C T

Mutations in the GJB2 gene (which encodes Connexin26 (Cx26)) are the most common cause of non-syndromic
deafness. Previous studies showed that an extensive knockout of the Gjb2 gene in cochlear epithelium can cause
severe deafness, significant hair cell (HC) loss and failure of pillar cells (a type of supporting cell, PCs) to
differentiate in mice. This study aimed to establish different mouse models with gradient reductions of cochlear
Cx26 expression and to investigate the effect of different reduced levels of cochlear Cx26 expression on hearing
and development of PCs. According to the reduction in the levels of cochlear Cx26, these models were named
high knockdown (KD), middle KD and low KD group. In the low KD group, the mice showed normal hearing and
well-developed PCs. In the high KD group, up to 90 percent of supporting cells (SCs) lost Cx26 expression. These
mice exhibited severe deafness, rapid hair cell degeneration and juvenile PCs. In the middle KD group, nearly
half of SCs lost Cx26 expression. However, these mice showed a moderate deafness and a late-onset hair cell loss.
Moreover, nearly all the PCs in mice of this group were in a partially differentiated state. These results indicated
that reduction of postnatal expression of cochlear Cx26 induces hearing loss in a dose-dependent manner. Null
Cx26 in a few SCs affects the developmental status of PCs and the hair cell degeneration pattern. The abnormal
developmental status of PCs may be a potential cause of Gjb2-related hearing loss.

1. Introduction

Congenital sensorineural hearing loss (SNHL) stands out as the most
common neonatal sensory disorder, with an incidence of approximately
1.4 per 1,000 newborns screened (July 21, 2017). In more than half of
neonates with congenital SNHL, the cause is attributed to genetic fac-
tors (Rennels and Pickering, 2005). Mutations in a gene called GJB2
(encoding Connexin26 (Cx26)) account for around a quarter to a half of
hereditary cases of SNHL in different countries (Gazzaz et al., 2005; Liu
et al., 2002; Rabionet et al., 2000; Tsukada et al., 2010). The Cx26
assembles with Connexin30 or with itself to form gap junctions in co-
chlear supporting cells (SCs) or fibrocytes, which can then facilitate
intercellular communication between adjacent cells (Crispino et al.,
2011; Harris, 2001; Sun et al., 2005). Two common mutations of the

GJB2 gene–35delG and 235delC–are found in European and Asian po-
pulations, respectively (Chan and Chang, 2014). These GJB2 mutations
result in truncating variants of Cx26 protein that lose their function
completely (Azaiez et al., 2010).

Most of conditional Cx26-null mouse models display severe hearing
loss at all frequencies, in which cochlear Cx26 was extensively knocked
out in embryonic day or early postnatal day (Chen et al., 2014a, 2014b;
Cohen-Salmon et al., 2002; Crispino et al., 2011; Sun et al., 2009; Wang
et al., 2009). However, the direct cause of this deafness is still obscure
(Jagger and Forge, 2015). Generally, hearing loss in the above models
can be attributed to a significant loss of sensory hair cells in the middle
and basal turn (Cohen-Salmon et al., 2002). However, the residual hair
cells in the apical turn can survive for a few months, and this cannot
explain why hearing impairment at low frequencies is also quite serious
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(Chen et al., 2014b; Sun et al., 2009). In conditional Cx26-null mouse
models, further investigations indicated that the developmental arrest
of supporting cells occurs prior to the death of hair cells in all turns of
the cochlea (Wang et al., 2009). Additionally, our previous study
proved that this developmental arrest of the organ of Corti was mainly
attributed to the deformities of pillar cells (a type of SC, PCs) and
Deiter's cell (a type of SC coupled with an outer hair cell, DCs) (Chen
et al., 2018a). Whether developmental arrest of PCs or DCs is another
potential cause of hearing loss or an incidental phenomenon that does
not affect hearing is an important question that remains to be answered.

Although there is no treatment based on the mechanism of GJB2-
related hearing loss, some progress has been made with regard to gene
therapy for reconstitution of cochlear Cx26 expression using a viral
vector in vivo. Lin's group reported that hair cell loss can be greatly
reduced and functional recovery of gap junction-mediated coupling
among SCs is observed following viral-mediated reconstitution of co-
chlear Cx26 expression in conditional Gjb2 knockout mice. However,
there is no improvement in hearing (Yu et al., 2014). Another study
showed that a 20–30 dB improvement was found at a specific frequency
after similar Gjb2 gene transfer in another Cx26-null mouse model.
However, quantitative data of cochlear Cx26 expression before and
after gene transfer are still lacking in this research (Iizuka et al., 2015).
One potential explanation is that the difference in therapeutic effects
between the above studies may be due to the differences in the amount
of Cx26 re-expression in mouse cochlea. Therefore, there are two
questions that must be answered first. (1) What is the minimum amount
of cochlear Cx26 expression that can maintain the survival of auditory
hair cells? And (2) Is there a minimum amount of cochlear Cx26 ex-
pression that can maintain normal hearing? In other words, whether
there is a dose-dependent relationship between hearing loss and the
amount of Cx26 deletion should be studied preferentially. Additionally,
these two studies reported that the development of PCs can be partially
restored by exogenously-expressed Cx26. Therefore, whether the de-
velopment of PCs depends on the expression of cochlear Cx26 in a dose-
dependent manner should also be explored.

According to previous studies, modulation of tamoxifen (TMX) dose
can successfully control Cre activation (Erdmann et al., 2007; Hayashi
and McMahon, 2002; McGovern et al., 2017). By using the Cre-LoxP
system, cochlear Cx26 expression can be manipulated by changing the
dose of TMX injection in a conditional Cx26-null mouse model. In this
study, three different Cx26 knockdown (KD) mouse models (the low
KD, middle KD and high KD groups) were established, and the ex-
pression of residual Cx26 showed successive decreases. We investigated
the degrees of hearing loss and patterns of hair cell loss in these models.
Additionally, the developmental status of PCs was carefully compared.
This provided a better understanding of the effects of different amounts
of cochlear Cx26 expression on hearing, survival of auditory hair cells
and postnatal development of PCs.

2. Results

2.1. Establishment of models with different levels of Cx26 knockdown

To induce different reductions in the postnatal expression level of
cochlear Cx26, mice were administered TMX by injection with 0.6mg
(low KD group), 1.1mg (middle KD group) or 1.6mg (high KD group)
per 10g body weight. Radial sections were cut to show the residual
Cx26 expression at P7. In the low KD group, most SCs in the cochlea
and a few fibrocytes in the lateral wall still showed punctual signal of
Cx26 protein (Fig. 1B, F and J). In the middle KD group, scattered Cx26-
null SCs were observed in the cochlear epithelium, but most cells in the
lateral wall had lost Cx26 signal (Fig. 1 C, G and K). In the high KD
group, most SCs and fibrocytes showed no Cx26 expression (Fig. 1 D, H
and L). In comparison with the control group, levels of Cx26 expression
in the cochlear epithelium in the low, middle and high KD groups were
57.5 ± 3.7%, 38.8 ± 5.5% and 29.8 ± 6.0%, respectively (Fig. 1 M

and N).

2.2. Residual Cx26 expression patterns and quantification of Cx26-null
cells in the cochlear epithelium from different experimental groups

According to a previous study, almost all SCs in the cochlear epi-
thelium expressed Cx26 at P7 (Zhang et al., 2005). To better understand
the residual Cx26 expression in the cochlear epithelium, flattened
preparations were used and Cx26-null cells were quantified in different
turns of cochleae at P7. In the control group, Cx26 signals (red) were
observed on the boundaries of PCs or DCs (Fig. 2 A, E and I). In the low
KD group, scattered PCs or DCs had lost Cx26 expression and these
Cx26-null cells were distributed evenly within the organ of Corti (Fig. 2
B, F and J). The number of Cx26-null PCs or DCs in the middle KD group
was obviously greater than that in the low KD group (Fig. 2 C, G and K).
Obviously, typical mosaic deletion pattern of cochlear Cx26 was ob-
served in the low and middle KD groups. In the high KD group, most of
the PCs or DCs had lost Cx26 signals (Fig. 2 D, H and L). Quantification
of the results showed that the proportions of Cx26-null SCs (including
PCs and DCs) were 33.9 ± 6.5%, 27.1 ± 2.1% and 23.5 ± 0.9% in
the apical, middle and basal turns, respectively, of the low KD group
(n= 5). These proportions in the middle KD group (n= 5) were
56.5 ± 3.9%, 48.6 ± 3.4 and 42.4 ± 3.8%, respectively. Moreover,
approximately 90% of SCs had lost Cx26 expression in the high KD
group (Fig. 2 M, n=3). Quantification of Cx26-null PCs revealed that
similar results in these groups. In the low KD group, the proportion of
Cx26-null PC did not exceed 39.2%. However, 48.0–55.2% of PC had
lost Cx26 expression in the middle KD group, while up to 85% of PCs
did not express Cx26 in the high KD group (Fig. 2 N). (*P < 0.05, one-
way ANOVA).

2.3. Distinct patterns of hearing loss in the different experimental groups

The auditory brainstem responses (ABRs) of all mice were measured
at P20 and P60. Mice in the low KD group showed normal hearing at
P20 and P60. At P20, the hearing thresholds in the middle KD group at
4, 8 16 and 32 kHz were 73.9 ± 3.4, 52.2 ± 4.3, 40.0 ± 5.3 and
52.8 ± 4.8 dB SPL, respectively (Fig. 3 A). The mean thresholds in the
high KD group were high at around 80 dB SPL (Fig. 3 A). For adult mice
at P60, the thresholds in the middle KD group at 4, 8 16 and 32 kHz
were 80.0 ± 1.9, 64.3 ± 5.6, 43.6 ± 6.2 and 57.1 ± 7.1 dB SPL,
respectively (Fig. 3 B). At this time, there was still no significant
hearing loss in the low KD group (Fig. 3 B). Differences between the
middle KD and the control group were significant at 4, 8 and 16 kHz at
P60 (*P < 0.05, one-way ANOVA).

2.4. Morphological changes in different experimental groups

Resin sections were prepared for morphologic studies (9-12 sections
from 3 to 4 mice in each group). The structures of organs of Corti in the
control and low KD groups showed no significant pathological changes
in any of the turns (Fig. 4 A–F). The tunnel of Corti (TC) was opened up
and the Nuel's space (NS) was well formed in these two groups. How-
ever, malformed organs of Corti with closed TC (black arrow, Fig. 4
J–L) and NS were observed in all turns of the high KD group. After
careful measurements, we found that the height of the organ of Corti in
the middle KD group (P < 0.01, one-way ANOVA) or high KD group
(P < 0.01, one-way ANOVA) was reduced in apical turn (Fig. 4 N).
These parameters were also reduced in middle and basal turn of the
middle KD or high KD group. Moreover, some organs of Corti de-
generated totally in the middle turn of the high KD group (data not
shown). However, no substantial spiral ganglion neuron loss was ob-
served in these experimental groups (Fig. 4 M and O).
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2.5. Ultrastructural changes of supporting cells in the different experimental
groups

The organs of Corti were observed at P20 by transmission electron
microscopy (9-12 sections from 3 to 4 mice in each group). The opening
of the TC was not affected and the phalangeal processes of the DCs were
well developed (white arrow, Fig. 5 B) in the low KD group. A smaller
organ of Corti with a fine structure was found in the middle KD group
(Fig. 5 C). In accordance with previous studies, the TC could not open
up and a hypertrophic phalangeal process (white arrow, Fig. 5 D) was
observed between two outer hair cells (OHCs) in the high KD group.
Moreover, the density of microtubules in IPCs or OPCs was reduced in
this group (Fig. 5 K and L). In contrast, the fine phalangeal processes of
DCs were well formed in the low and middle KD groups (white arrow,
Fig. 5 B, C). Additionally, bundles of microtubules were observed in the
bodies of IPCs and OPCs from the low or middle KD group (Fig. 5 F, G, J
and K). The red and blue lines in Fig. 5 B represent the length of IPCs or
OPCs, respectively. Compared with control, the relative lengths of IPCs
and OPCs were reduced to 92.0 ± 2.0% and 79.8 ± 2.3%, respec-
tively, in the middle KD group (P < 0.01, one-way ANOVA). In the
high KD group, these parameters were reduced to 77.8 ± 1.2% and
67.1 ± 0.8%, respectively (P < 0.01, one-way ANOVA). Although no
significant deformities were found in the middle KD group, the nuclei of
OPCs and IPCs were closer together, which resulted in a smaller space
of TC in this group (Fig. 5 Q and R). In comparison with controls, the
relative distance between the nuclei of IPCs and OPCs was reduced to
79.7 ± 2.9% (P < 0.01, one-way ANOVA, 30 pairs of PCs from 3
mice, Fig. 5 T). The nuclei of OPCs and IPCs in the high KD group were
next to each other (Fig. 5 D).

2.6. Distinct hair cell loss patterns in the different experimental groups

At P20, no substantial hair cell loss was found in the low or middle
KD groups (Fig. 6 A–F). However, a significant cellular degeneration of
hair cells and neighbouring SCs was observed in the middle turn from
the high KD group (Fig. 6 J and G, n=3). Moreover, scattered losses of
OHCs or inner hair cells (IHCs) were found in the basal turn of the high
KD group (white arrows, Fig. 6 K). At the same time, some pyknotic
nuclei of OHCs were observed in basal turns from the high KD group
(white arrowheads, Fig. 6 K). At P60, loss of a few OHCs was observed
in the basal turn from the middle or low KD groups (white arrows,
Fig. 6 M and N). However, the proportion of OHC lost in the low KD
group was much less than that in the middle KD group (Fig. 6 O, n =
3–4). No obvious IHC loss was observed in the middle and low KD
groups.

2.7. No significant reduction of DPOAE and No substantial ultrastructural
changes of IHC was found in the middle KD group

The CtBP2 immunostaining (green) was performed to show the
pattern of ribbon synapses in IHC of control and the middle KD group at
P20 (Fig. 7 A). Quantification results (42 IHCs from 3 mice in each
group) showed that there was no significant difference of the number of
ribbon synapses per IHC between control and the middle KD group
(14.69 ± 3.37 in control group and 15.26 ± 3.50 in the middle KD
group, Fig. 7 B). The DPAOE input/output plots measured from control
and the middle KD group were indistinguishable from each other at
8 kHz (Fig. 7 C) and 16 kHz (Fig. 7 D). Although the DPAOE levels of
control group were slightly higher than those of the middle KD group at
some input levels, their differences were not statistically significant

Fig. 1. Connexin26 expression in different Cx26
knockdown groups. (A, E and I) Immunolabelling of
Cx26 (red) in apical (A), middle (E) and basal turns (I) of
the control group; Parallel images of immunolabelling of
Cx26 (red) in the low KD (B, F and J), middle KD (C, G
and K) and high KD group (D, H and L); (e, f, g and h)
Magnified images of the organ of Corti in the middle
turns from the corresponding experimental groups (E, F,
G and H); (M and N) western blot (M) and histogram (N)
showing Cx26 expression in the cochlear epithelium of
control and different experimental groups at P7 (n = 4 in
each group). * indicates Cx26-null cells (e, f, g and h).
OC, organ of Corti; SV, stria vascularis; SLi, spiral limbus;
LW, lateral wall; CC, Claudious cell. The scales in panel A
and e represent 100 and 40 μm, respectively. *P < 0.05,
significantly different from control group (N).
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(P > 0.05, n= 5–6 mice in each group, unpaired t-test). Additionally,
there was no representative pathological changes in IHC from the
middle KD group (Fig. 7G and H). No signs of karyopyknosis, karyor-
rhexis or autophagy were observed in IHC or OHC (data not shown)
from the middle KD group at P20.

3. Discussion

Different reductions in the postnatal expression of cochlear Cx26
result in varying degrees of deafness. To imitate the situation in humans
with truncating variants of Cx26 protein, Cx26-null mouse models were
previously established in which the Gjb2 gene was widely knocked out

in the inner ear. Although there were some small differences in
knockout patterns, the Cx26 in the different types of SCs was almost
completely lost. Accordingly, the knockout resulted in severe deafness
in these models (Chen et al., 2014b; Cohen-Salmon et al., 2002;
Crispino et al., 2011; Iizuka et al., 2015; Sun et al., 2009). In our study,
the proportion of Cx26-null SCs was 42.4%–56.5% in the middle KD
group. The mice in this group showed moderate hearing loss which was
maintained into adulthood. Moreover, the proportion of Cx26-null SCs
in the apical turn was about 10% higher than that in the basal turn in
the middle KD group. This could explain why hearing loss at low fre-
quencies is a little greater than that at high frequencies. When the
proportion of Cx26-null SCs was less than approximately 35% in the

Fig. 2. Residual Cx26 expression patterns and quan-
tification of Cx26-null cells in different experimental
groups at P7. (A, E and I) Immunolabelling of Cx26 (red)
in flattened preparations of apical (A), middle (E) and
basal turns (I) from the control group (n = 3 in each
group); Parallel pictures of Cx26 immunolabelling (red)
in the low KD group (B, F and J), middle KD group (C, G
and K) and high KD group (D, H and L); (M)
Quantification of the total number of Cx26-null pillar
cells (PCs) and Deiter's cells (DCs) in the different ex-
perimental groups (n = 3–5 in each group); (N)
Quantification of Cx26-null pillar cells in the different
experimental groups. The scale in panel A and represent
30 μm *P < 0.05, significantly different from two
groups.

Fig. 3. ABRs in the different experimental groups at
P20 or P60. (A) Hearing thresholds of control and dif-
ferent experimental groups at P20; (B) Hearing thresholds
of control and different experimental groups at P60. # or
* P < 0.05, significantly different from control group. L
KD, low KD group; M KD, middle KD group; H KD, high
KD group.
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low KD group, the mice showed normal hearing for months. Our data
suggest that the degree of hearing loss is positively correlated with the
level of Cx26 reduction in SCs. Moreover, we speculated that normal
expression of cochlear Cx26 would have a certain reserve capacity, and
consequently a certain amount of Cx26 reduction in SCs would not
result in hearing loss in the low KD group. Our data provides a definite
target of gene therapy for Gjb2-related hearing loss. If Cx26-based
channels could be reconstructed in more than 65% of SCs, deafness
could be totally rescued in mouse models. It should be noticed that the
Cx26-null SCs are distributed in different types of SCs of the low or
middle KD groups. Whether knockout of the Gjb2 gene in specific types
of SCs can induce hearing loss still requires further study.

Distinct cell degeneration patterns in different experimental groups
are due to different levels of residual Cx26 expression. In previous ex-
tensive Cx26-null mouse models, knocking out of most of cochlear Cx26
before the opening of TC can induce significant hair cell loss in middle
and basal turns (Chang et al., 2015; Chen et al., 2014b; Crispino et al.,
2011). Moreover, Lin's group showed that dramatic cell death occurred
around P13 in the OHCs and the surrounding SCs in three different
extensive Cx26-null lines, in which cochlear Cx26 was knocked out in
embryonic stage (Wang et al., 2009). Additionally, in another extensive
Cx26-null line, Cohen-Salmon reported that significant hair cell loss

was found at P14, soon after the onset of hearing (Cohen-Salmon et al.,
2002). Interestingly, it is reported that apoptosis in greater epithelial
ridge (GER) persisted until a later stage of cochlear development (P12)
in Gjb2 R75W mutation mouse model, while the number of apoptotic
cells in GER decreased from P8 to P12 in control group (Inoshita et al.,
2014). In most cases, it seems that this hearing impairment and hair cell
loss may occur almost simultaneously when cochlear Cx26 was widely
knocked out in embryonic stage. In our study, the similar phenomenon
(significant cell degeneration with hearing loss at P20) was also ob-
served in high KD group. However, the hair cell loss occurs much later
than the hearing impairment in the middle KD group. This implies that
hair cell loss is not a dominant cause of deafness in the middle KD group
and other reasons should be carefully considered in this group. Another
important finding is that the region and the extent of hair cell loss is
quite different between the high KD group and the middle KD group.
Although most SCs (> 90%) lost Cx26 expression in the high KD group,
severe degeneration of hair cells and neighbouring SCs was only ob-
served in the middle turn at P20. At the same time, a mild degeneration
of hair cells was found to occur in the basal turn of this group. These
data indicated that the amount of Cx26 expression required to maintain
hair cell survival is distinct among different turns. Consequently, ways
to induce a high proportion of Cx26-positive SCs in the middle turn of

Fig. 4. Cochlear morphology in control and different
experimental groups. (A, B and C): Morphology of the
organ of Corti in apical (A), middle (B) and basal turns
(C) from the control group; Parallel images of the organ
of Corti in the low KD (D, E and F), middle KD (G, H and
I) and high KD groups (J, K and L); (M) Representative
images of the spiral ganglion neuron of different experi-
mental groups; (N) Measurement of the height of the
organ of Corti in control and different experimental
groups; (O) Quantification of spiral ganglion neurons in
control and different experimental groups. The red line in
panel A indicates the height of the organ of Corti. The
scales in panel A and M represent 40 and 30 μm, re-
spectively. # or * P < 0.05, significantly different from
control group.
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an extensive Cx26-null model should be considered preferentially in
further treatment studies. Unlike the rapid cell degeneration in the high
KD group, late-onset hair cell loss was found in the basal turn of the
middle KD group at P60. Considering the relatively small number of
OHCs lost in the basal turn, this convinces us that there must be some
other causes of the moderate whole-frequency deafness observed in the
middle KD group.

Postnatal expression of cochlear Cx26 affects the developmental
status of PCs in a dose-dependent manner. In this study, we observed
that PCs in the high KD group were in an undifferentiated state. The
detailed pathological changes were reported in our previous study
(Chen et al., 2018a). Briefly, the presence of undifferentiated IPCs and
OPCs at P18–P20 is similar to the juvenile state of PCs (P4–P5) before
the opening of the TC, which have fewer intracellular microtubules and
stand together. Moreover, these juvenile PCs cause a significant re-
duction in the height of the organ of Corti, and the adjacent nuclei of
IPCs and OPCs caused closure of the TC (Chen et al., 2018a). However,
bundles of microtubules were still observed in the PCs, and the TC was
able to open up in the middle KD group. Additionally, we found that the
height of the organ of Corti was partially reduced and the length of PCs
was somewhat reduced. Accordingly, the distances between the nuclei
of IPCs and OPCs were also partially reduced. Obviously, the length of
microtubules in PCs, but not the density of microtubules, was sub-
stantially affected in the middle KD group. PCs are dominated by long
bundles of microtubules, and these provide mechanical support for the
whole organ of Corti (Tolomeo and Holley, 1997; Zetes et al., 2012).

Considering the above findings, we speculated that the decrease in the
length of microtubules throughout the body of PCs is responsible for the
decrease in PC length. As a result, these shortened PCs are in a devel-
oping, or partially-differentiated, state at P20 in the middle KD group.
In contrast, the morphology and ultrastructure of PCs are not affected at
all in the low KD group. Although scattered Cx26-null PCs were ob-
served in the low KD group, we never observed developing or juvenile
PCs in the low KD group. Accordingly, a small proportion of Cx26-null
SCs (PC + DC less than 35%) may not affect the developmental process
of PCs in the low KD group. In other words, this mosaic deletion pattern
will not cause scattered developmental arrest of PCs. In the middle KD
group, almost all the PCs were in a partially-differentiated state and the
length measurements of these PCs never reached the mean value of
those in the control group. This indicated that the status of a single PC is
not totally dependent on its own Cx26 expression but instead on the
overall level of Cx26 expression by SCs in the cochlear epithelium. In
the cochlea, the Cx26-based channels connected adjacent SCs to form a
functional syncytium, and this may play an important role in the dif-
ferentiation of PCs. Different reductions in Cx26 expression may have
distinct effects on this syncytium. In the high KD group, up to 90% of
SCs lost Cx26 expression and this would totally destroy the function of
this syncytium. Because of this, the development of PCs was completely
arrested in the high KD group. However, approximately half of SCs still
expressed Cx26 in the middle KD group. Consequently, the develop-
ment of PCs was only delayed or partially arrested in this group. Ac-
cordingly, a small reduction of Cx26 expression (less than 35%) in SCs

Fig. 5. Ultrastructure of the organs of Corti in control
and experimental groups. (A–D) The ultrastructure of
organs of Corti in apical turns from control and different
experimental groups; The white arrows indicate the
phalangeal process of DC, and black boxes (A) are mag-
nified to show the details of PC's (E and I); The red and
blue lines in panel B indicate the lengths of IPCs and
OPCs, respectively; (E–H) Representative images of the
middle part of IPCs in control and different experimental
groups; (I–L) Representative images of the middle part of
OPCs in control and in different experimental groups;
(M–R) Representative images of flattened preparations at
PC's level in control (M and N), low KD (O and P) and
middle KD group (Q and R). (S) Relative lengths of IPCs
and OPCs in control and experimental groups. (T)
Relative distance between the nuclei of IPCs and OPCs in
control, low KD and middle KD groups. * or #P < 0.05,
Significantly different from control group. The scales in
panel A, E and M represent 20 μm, 500nmand 30 μm,
respectively.
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may not affect the developmental process of PCs in the low KD group.
Deformity of PCs may be a potential cause of Gjb2-related hearing

loss. In previous studies or the high KD group, the cochlear Cx26 was
extensively reduced in these models and the severe hair cell loss was
observed in middle and basal turns when the ABRs were recorded
(Chang et al., 2015; Crispino et al., 2011; Sun et al., 2009). Moreover, a
slight reduction of ribbon synapses were found in residual IHC from
apical turn in extensive Cx26-null mouse model similar to the high KD
group (Chang et al., 2015). The results indicated that the severe hearing
loss in extensive Cx26-null models may be due to the sensory hair cell
death or the dysfunction of residual hair cells. According to previous
studies, Cx26 is expressed in all types of SCs except hair cells (Chen
et al., 2018b; Forge et al., 2003; Liu et al., 2009; Sun et al., 2005).
Consequently, knockout of the Gjb2 gene in SCs will primarily cause
dysfunction of the SCs. In a mosaic Cx26 KO model, most of DCs and
OPCs were knocked out of Cx26, and the DPOAE levels were sig-
nificantly reduced at high frequency (Lukashkina et al., 2017). It is
reported that the late-onset hearing loss of this line was mainly caused
by the reduction of active cochlear amplification via the influence
nonlinear capacitance of OHCs(Zhu et al., 2013; Zong et al., 2017).
However, the DPOAE levels were reduced in all frequency while these
was no significant changes in nonlinear capacitance of OHC in a Gjb2
R75W mutation line. In this report, the author suggested that un-
differentiated SCs (malformed organ of Corti similar to that in the high
KD group) would impede the cellular function of OHC, which causes the
reduction of DPOAEs (Minekawa and Tinoshita, 2009). Moreover, this
Gjb2 R75W mutation can induce macromolecular degradation of large
gap junction complexes from the embryonic stage, which was believed
to be the primary pathology in mouse (Kamiya et al., 2014). The

juvenile PC and severe hearing loss were observed later in this mouse
model (Inoshita et al., 2008). In our study, partially-differentiated PCs
without hair cell loss were found in the middle KD group. In this group,
the number of ribbon synapses in IHC of apical turn is not affected and
no significant pathological changes was observed in IHC. The DPOAE
levels did not decrease at 8 or 16 kHz either. Although these parameters
are far from enough to measure the function of hair cell, it provided an
important clue that the hearing loss in the middle KD group can not
attributed to the reduction of ribbon synapses in IHC or decreased
function of OHC's amplification. These data indicated that develop-
mental abnormalities of PCs may be the primary pathological change
rather than an incidental phenomenon in Cx26-null mouse models.
Moreover, some studies have reported that Fgfr3 regulates the devel-
opment of PCs. Knockout of the Fgfr3 gene in PCs would thus lead to a
reduction of microtubules in PCs and hearing loss in mice (Puligilla
et al., 2007). These observations proved that malformed PCs can di-
rectly cause hearing loss. In our middle and high KD groups, hearing
impairment was always accompanied by malformed PCs. However,
well-formed PCs were apparent, together with normal hearing, in the
low KD group. We speculated that shorter PCs in the middle KD group
or juvenile PCs in the high KD group would lead to abnormal me-
chanical features of the organ of Corti, which may be the cause of
hearing loss. However, the specific mechanism involved in deafness still
needs further investigation. According to the above findings and spec-
ulations, partially-differentiated PCs may be an important cause of
hearing loss in the middle KD group. The developmental status of PCs is
inversely related to the degree of hearing loss in Cx26-null mouse
models.

In conclusion, our data showed that postnatal expression of cochlear

Fig. 6. Patterns and time courses of hair cell loss in
the different experimental groups. (A, B and C)
Representative images of hair cells in apical (A), middle
(B) and basal turns (C) from the low KD group at P20; (D,
E and F) Parallel images of hair cells in different turns
from the middle KD group at P20; (H) The apical part of
the cochlear epithelium in the high KD group at P20; (L)
The middle to basal parts of the cochlear epithelium in
the high KD group at P20; The yellow boxes in panel H
and L are shown magnified in panel I, J and K; Hair cells
were stained for myosin7a (red); White arrows indicate
the missing hair cells and white arrowheads indicate
pyknotic nuclei of hair cells; (G) Quantifications of OHC
loss at specific cochlear locations for different groups; (M
and N) Representative images of middle to basal parts of
the cochlear epithelium in the low KD (M) and middle KD
groups (N) at P60. The yellow box in panel N was mag-
nified in the top; White arrows indicate the missing hair
cells; (O) Quantifications of OHC loss at specific cochlear
locations for low and middle KD groups at P60. The scales
in panel B, H and M represent 40, 200 and 200 μm, re-
spectively. *P < 0.05, significantly different from con-
trol group.
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Cx26 can induce hearing loss in a dose-dependent manner. For a single
PC, the developmental status is not fully dependent on its own Cx26
expression. The overall level of cochlear Cx26 may affect the develop-
mental status of PCs in a dose-dependent manner. Hair loss is not a
dominant cause of hearing loss in a partial Cx26-null model. Deformity
of PCs may also be a potential cause of Gjb2-related hearing loss.

4. Materials and methods

4.1. Mouse models

Cx26loxP/loxP mice and Rosa26CreER mice were provided by Prof. Xi
Lin at Emory University. Tamoxifen-inducible Cx26loxP/
loxP;Rosa26CreER mice were generated by crossbreeding the Cx26loxP/
loxP mice with the Rosa26CreER mice. Mouse genotyping was per-
formed by PCR amplification of tail genomic DNA. Details of the mice
were given in our previous paper (Sun et al., 2009; Zhou et al., 2016).
The genotyping primers were as follows:

Cx26(F):5′-ACAGAAATGTGTTGGTGATGG-3′, Cx26(R):5′-CTTTCC
AATGCTGGTGGAGTG-3′, Rosa26Cre(F):5′-AGCTAAACATGCTTCATCG
TCGGTC-3′, Rosa26Cre(R):5′-TATCCAGGTTACGGATATAGTTCATG-3'.

It has been reported that CreER activation is TMX dose-dependent
(Erdmann et al., 2007; Hayashi and McMahon, 2002; McGovern et al.,
2017; Zhong et al., 2015). To obtain mice with different degrees of
Cx26 deficiency, different doses of TMX (T5648-1G, Sigma-Aldrich, St
Louis, MO, USA) (1.6 mg/10g, 1.1 mg/10g or 0.6mg/10g body weight)
were injected subcutaneously at P0. Cx26loxP/loxP;Rosa26CreER mice
were used in experimental groups, while the littermates without Cre
were used as controls.

All mice were raised in the specific-pathogen-free Experimental
Animal Centre of Huazhong University of Science and Technology. All
efforts were made to minimize animal suffering, to reduce the number
of animals used. All experimental procedures were conducted in ac-
cordance with the policies of the Committee on Animal Research of

Tongji Medical College, Huazhong University of Science and
Technology.

4.2. Auditory brainstem response (ABR) and distortion product otoacoustic
emission (DPOAE)

ABR was measured at P20 or P60. As we previously reported, mice
(n= 5–9 mice in each group) were anaesthetized by intraperitoneal
injection with a mixture of ketamine (120mg/kg) and chlorpromazine
(20mg/kg). Body temperature was maintained by placing anaes-
thetized mice on a heating pad. The recording electrode was placed at
the vertex, and the reference electrode was inserted into the tested ear
with a ground electrode at the contralateral ear. Tone bursts of various
frequencies (4, 8, 16 and 32 kHz) were generated and responses were
recorded using the Tucker-Davis Technologies System (RZ6, Tucker-
Davis Tech. Inc., Alachua, FL, USA). The responses were averaged 1,024
times and recorded in decreasing 10 dB steps, narrowing to 5 dB steps
near the threshold. The ABR threshold at each frequency was de-
termined by the lowest sound level that could be recognized. To mea-
sure DPOAE (n=5–6mice in each group), the frequency was presented
by a geometric mean of f1 and f2 [f0=(f1× f2)1/2] with a ratio of
f1:f2= 1:1.2. The level of f2 tone was set 10 dB below that of f1 tone.
The distortion product was recorded with average of 200 times. The
2f1-f2 component was measured.

4.3. Protein extraction and western blotting

Mice were deeply anaesthetized and sacrificed at P7. Mouse co-
chleae were carefully dissected from the temporal bones in ice cold
0.01M phosphate-buffered saline (PBS) and were pooled (4 mice in
each group, three experiments were repeated). The total proteins of
membranous labyrinth were extracted using RIPA lysis buffer (P0013B,
Beyotime Institute of Biotechnology, Jiangsu, PRC). Protein con-
centrations were quantified using a bicinchoninic acid protein assay kit

Fig. 7. Ultrastructure of inner hair cell and DPOAE in
the middle KD group. (A) Pattern of ribbon synapses
(CtBP2, green) in inner hair cell (myosin7a, red) of con-
trol and middle KD group; (B) Statistics of the number of
ribbon synapses per IHC in apical turn; (C and D) DPAOE
levels were measured at P24 and the audiograms were
presented at f0= 8(C) and f0= 16 kHz (D) (f2/f1= 1.2
and the level of f2 set 10 dB below that of f1). The dashed
line indicates noise floor. (E and G) Representative ul-
trastructural images of IHC from control (E) and the
middle KD group (G). The yellow boxes in panel E and G
was shown magnified in panel F and H. N: nuleus; Mit:
mitochondria; IHC, inner hair cell. The scales in panel A,
E and F represent 5 μm, 1 μm and 500 nm, respectively.
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(P0012S, Beyotime Biotechnology). Equal amounts of protein samples
(10 μg per lane) were separated by electrophoresis on 12% SDS-PAGE
gels and then transferred to polyvinylidenedifluoride (PVDF) mem-
branes. The membranes were blocked in TBST (Tris-buffered saline
with 0.1% Tween 20) containing 5% milk for 1 h Cx26 and β-actin
proteins were detected using rabbit polyclonal antibodies against Cx26
(1:1,000 dilution, 512800, Invitrogen, Carlsbad, CA, USA) or rabbit
polyclonal antibodies against β-actin (1:1,000 dilution, 04–1116,
Merck-Millipore, Darmstadt, Germany). After washing in TBST, bands
were incubated with horseradish peroxidase (HRP)-conjugated goat
anti-rabbit secondary antibody for 1 hat room temperature. Bands were
visualized with an ECL reaction kit (P0018, Beyotime Biotechnology).
The protein levels of Cx26 were measured using Quantity One 4.6.2
(Bio-Rad, Hercules, CA, USA) and were normalised to the levels of β-
actin in the corresponding lane.

4.4. Cochlear tissue preparation and immunofluorescent labelling

For frozen sections, the temporal bones were harvested and dis-
sected at P7 then fixed in 4% paraformaldehyde in PBS for 1 h at room
temperature. After decalcification with disodium EDTA for 48 h, the
cochleae were dehydrated with 20% and 30% sucrose for 1.5 h and
embedded in OCT. Modiolar sections with a thickness of 10 μmwere cut
for subsequent procedures. For Cx26-null cell quantification, mice
(n=3–5 mice in each group) were deeply anaesthetized and sacrificed
at P7. For cochlear hair cell and SC counts, mice (n=3–4 in each
group) were sacrificed at P20 and P60. The cochleae were fixed in 4%
paraformaldehyde in 0.01M PBS for 1 hat room temperature. Each
stretched cochlear preparation was carefully dissected in ice-cold
0.01M PBS. After blocking in 10% donkey serum with 1% Triton X-100
for 1 h, the samples were then incubated with polyclonal rabbit anti-
Cx26 antibodies (1:200 dilution, 512800, Invitrogen), mouse IgG1 anti-
CtBP2 (1:100, 612044, BD Biosciences) or polyclonal rabbit anti-myo-
sin7a antibody (1:500 dilution, 25–6790, Proteus Bio-Sciences,
Ramona, CA, USA) diluted in 0.01M PBS with 0.3% Triton X-100
overnight at 4 °C. Samples were washed three times in 0.01M PBS with
0.1% Tween-20 and then stained by Alexa Fluor 647-conjugated
donkey anti-rabbit IgG (1:200 dilution, ANT032, Antgene
Biotechnology Company Ltd, Wuhan, PRC) for 1.5 h. DAPI (C1005,
Beyotime Biotechnology) and phalloidin (0.05mg/mL, P5282, Sigma)
were used for nuclear and F-actin staining, respectively. Images were
captured with a laser scanning confocal microscope (Nikon, Tokyo,
Japan).

For Cx26-null cell quantification, three regions from the apical,
middle, and basal turns of the stretched cochlear preparation were
scanned by×60 magnification lens. A total number of approximate
500 SCs from one mouse were taken into counting (3–5 mice in each
group). The same manner was performed for SC counts (n=3–4 mice
in each group). To better understand residual Cx26 expression in SCs,
images from different levels of SCs were merged together. For hair cell
counts, the whole stretched cochlear preparation were captured
by×10 magnification lens. To get the cochleograms, about 2100 outer
hair cells in each sample were counted in 13 consecutive fields from the
apical to the basal portion. The last part of the basilar membrane of
cochlea was anfractuous and hard to obtain, so the counted parts cov-
ered nearly 94 percents of the whole basilar membrane (n=3–4 mice
in each group). The distance between the nuclei of the IPCs and OPCs
(30 pairs of IPCs and OPCs from 3 mice in each group) was measured at
P20 using Image-Pro Plus 6.0.

4.5. Resin sections and transmission electron microscopy (TEM)

Mice were deeply anaesthetized and sacrificed at P20. The cochleae
were removed and fully fixed with a mixture of 2% paraformaldehyde
and 2.5% glutaraldehyde in 0.1M PB. The samples were decalcified for
48–72 h in 10% disodium EDTA (pH=7.2) and post-fixed for 1 h in 1%

osmium tetroxide. After dehydration through a graded ethanol series,
samples were embedded in resin. The samples were sectioned (1.5 μm
in thickness) and stained with toluidine blue (89640-5G, Sigma-
Aldrich) for light microscope observation (9-12 sections from 3 to 4
mice in each group). The distances from the top of head conjunction of
the IPCs and OPCs to the basilar membrane were measured using
Image-Pro Plus 6.0. To evaluate of the number of spiral ganglion neu-
rons, neighbouring sections separated by 40 μm were used to avoid
double counting. The area of the Rosenthal's canal was measured with
Image Pro Plus 6.0 from these sections, and the neurons with distinct
nucleus were taken into counting.

Ultrathin sections (80 nm in thickness) in were stained with uranyl
acetate and lead citrate for electron microscopic examination (FEI
Tecnai G2 20 TWIN, Thermo Fisher Scientific, Waltham, MA, USA). The
lengths of the IPCs and OPCs (9-12 sections from 3 to 4 mice in each
group) were measured as shown in Fig. 5 B using Image-Pro Plus 6.0.
The measurement line is parallel to the long axis of pillar cells.

4.6. Statistical analysis

All data are presented as means ± s.e.m. and plotted by Sigma Plot
(Version 12.5 Systat Software, Inc., San Jose, CA, USA). The One-way
analysis of variance (ANOVA) and the least significant difference (LSD)
post hoc test or unpaired t-test were performed using SPSS software
(version 19, IBM SPSS Statistics, Armonk, NY, USA), and P < 0.05 was
considered to be statistically significant.
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