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Abstract

Connexin 26 (Cx26, GJB2) mutations are the major cause of hereditary deafness and are

responsible for >50% of nonsyndromic hearing loss. Mouse models show that Cx26 deficiency

can cause congenital deafness with cochlear developmental disorders, hair cell degeneration, and

the reduction of endocochlear potential (EP) and active cochlear amplification. However, the

underlying deafness mechanism still remains undetermined. Our previous studies revealed that

hair cell degeneration is not a primary cause of hearing loss. In this study we investigated the role

of EP reduction in Cx26 deficiency-induced deafness. We found that the EP reduction is not

associated with congenital deafness in Cx26 knockout (KO) mice. The threshold of auditory

brainstem response (ABR) in Cx26 KO mice was even greater than 110 dB SPL, demonstrating

complete hearing loss. However, the EP in Cx26 KO mice varied and was not completely

abolished. In some cases, the EP could still remain at higher levels (> 70 mV). We further found

that the deafness in Cx26 KO mice is associated with cochlear developmental disorders. Deletion

of Cx26 in the cochlea before postnatal day 5 (P5) could cause congenital deafness. The cochlea

had developmental disorders and the cochlear tunnel was not open. However, no congenital

deafness was found when Cx26 was deleted after P5. The cochlea also displayed normal

development and the cochlear tunnel was open normally. These data suggest that congenital

deafness induced by Cx26 deficiency is not determined by EP reduction and may result from

cochlear developmental disorders.
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Introduction

Approximately 1 child in 1,000 is affected with severe hearing loss in infancy and childhood

[1, 2]. Half of these cases are attributed to Connexin 26 (Cx26, GJB2) mutations [3–6]. This
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is the most common genetic cause for hearing loss and also the highest incidence of genetic

diseases caused by single gene mutations in human beings. In the clinic, Cx26 mutations can

cause congenital deafness, resulting in a mild-moderate to profound sensorineural hearing

loss [3, 6]. However, the mechanism underlying this common nonsyndromic hearing loss is

still unclear.

Mouse models show that Cx26 deficiency can cause congenital deafness with cochlear

development disorders, hair cell degeneration, endocochlear potential (EP) reduction, and

active cochlear mechanics elimination [7–11]. Our previous studies further found that hair

cell degeneration is not a primary cause for hearing loss [10]. However, the detailed

deafness mechanism still remains undetermined. EP is the driving force for current through

the auditory sensory hair cells to produce receptor current and potential [12, 13]. In this

study, we investigated the role of EP reduction in Cx26 deficiency-induced hearing loss. We

found that the EP reduction is not associated with deafness in Cx26 knockout (KO) mice.

Materials and Methods

Cx26 and Cx30 knockout mice

Cx26 KO mice were generated by crossing Cx26loxP/loxP mice (EM00245, European Mouse

Mutant Archive) [7]with Gt(ROSA)26Sortm1(Cre/Esr1)Nat/J (ROAS26Cre/Esr1) mouse strain

(stock No. 004847, Jackson Lab, USA), which has a tamoxifen-inducible Cre-mediated

recombination system driven by the endogenous mouse Gt(ROSA)26Sor promoter. To

activate Cre expression deleting Cx26 expression, 4-hydroxytamoxifen (4-HTMX, H-7904,

Sigma-Aldrich) was administrated by intraperitoneal injection with 0.5 mg/10g body weight

per day for 3 consecutive days after birth. This procedure was successfully used in the

neonatal mouse cochlea with no abnormal cochlear morphology or hearing defects in

tamoxifen induced control at various postnatal ages [14]. We also injected the same amount

of 4-HTMX in wild-type (WT) littermates as controls. Cx30 KO mice were also purchased

from European Mouse Mutant Archive (EM00323) [15]. All experimental procedures were

conducted in accordance with the policies of University of the Kentucky Animal Care &

Use Committee.

Auditory brainstem response (ABR) measurement

As described in our previous publications [10, 11], ABR was recorded using a Tucker-Davis

ABR workstation with ES-1 high-frequency speaker (Tucker-Davis Tech. Alachua, FL).

Mice were anesthetized by intraperitoneal injection with a mixture of ketamine and xylazine

(8.5 ml saline+1 ml Ketamine+0.55 ml Xylazine, 0.1 ml/10 g). ABR was evoked by clicks

in alternative polarity from 80 to 10 dB SPL in a 5 dB step. The signal was amplified

(50,000x), filtered (300–3,000 Hz), and averaged by 500 times. The ABR threshold was

determined by the lowest level at which an ABR can be recognized. If mice had severe

hearing loss, the intensity of stimulation was extended up to 110 dB SPL.

EP recording

Mice were anaesthetized as described above. Body temperature was maintained at 37–38 °C.

EP was measured by a lateral-wall access as we previously reported [11]. The cochlea was
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exposed by a ventral approach and the bone over the spiral ligament was gently picked to

form a small hole. A glass pipette filled with a K+-based intracellular solution was inserted

into the hole. The DC potential was continually recorded as the electrode pipette penetrated

through the lateral wall by MultiClamp 700A amplifier (Molecular Devices, CA) under the

current-clamp configuration and digitized utilizing a Digidata 1322A (Molecular Devices,

CA) [11].

Cochlear tissue preparation and immunofluorescent staining

The cochlear tissue preparation and immunofluorescent staining were performed as

previously reported [16, 17]. Briefly, the cochlear cryostat cross-sections were fixed with

4% paraformaldehyde in 0.1 M PBS (pH 7.4) for 30 min. After being incubated in a

blocking solution (10% goat serum and 1% BSA in the PBS) with 0.1% Triton X-100 for 30

min at room temperature, the tissue was incubated with monoclonal mouse anti-Cx26 and

polyclonal rabbit anti-Cx30 antibodies (1: 400, Catalog No. 33-5800 and 71-2200,

respectively, Invitrogen, CA) in the blocking solution at 4°C overnight. After washing out

with PBS, the tissues were incubated in a 1:600 dilution of secondary Alexa Fluor® 488 and

568 conjugated antibodies (Invitrogen, CA) in the blocking solution at room temperature for

1 hr. The section was then washed out, mounted with a fluorescence mounting medium

(H-1000, Vector Lab, CA), and observed under a fluorescence microscope (Nickon T2000)

or a confocal microscope (Leaca TCS SP2).

Results

Cx26 KO mice show congenital deafness (Fig. 1). During postnatal development, ABR is

recordable at postnatal day 14 (P14) in WT mice. The hearing function was matured around

P20 and the ABR threshold decreased to ~30 dB SPL (Fig. 1B). However, no ABR was

evoked in Cx26 KO mice and the ABR thresholds were greater than 110 dB SPL throughout

postnatal development (Fig. 1B), demonstrating complete hearing loss.

EP in Cx26 KO mice was decreased but not absent. Fig. 2 shows that the EPs in WT and

Cx26 KO mice were 99.6±7.41 mV (mean±SD, n=15) and 57.7±19.4 mV (mean±SD,

n=10), respectively. However, the EP reduction in Cx26 KO mice is irrelative to hearing

loss and shows wide variation (Fig. 2A). Unlike complete hearing loss, EP in Cx26 KO mice

was not completely abolished and could still remain at higher levels (> 70 mV), even though

the ABR thresholds were even greater than 110 dB SPL (Fig. 2B). On the other hand, EP

reduction is considered as a major cause for Cx30 deficiency induced deafness [15].

Different from Cx26 KO mice, EP in Cx30 KO mice was almost completely abolished and

absent (3.58±4.11 mV, mean±SD, n=5). Consistently, the ABR thresholds were even greater

than 110 dB SPL (Fig. 2).

Deletion of Cx26 also causes cochlear developmental disorders [7, 9–10]. We further tested

whether cochlear developmental disorders are associated with congenital deafness induced

by Cx26 deficiency. We injected tamoxifen into tamoxifen-inducible Cx26-Esr1/Cre mice to

delete Cx26 at different postnatal ages. Fig. 3 shows that injection of tamoxifen before P10

could almost completely delete Cx26 expression in the cochlea. However, the expression of
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co-expressed Cx30 appeared normal. No apparent difference in Cx30 expression between

WT and Cx26 conditional KO (cKO) mice is visible.

However, these Cx26 cKO mice demonstrated different phenotypes for deletion of Cx26 at

different postnatal developmental stages (Fig. 4). The ABR recording at P30 shows that the

mice had severe hearing loss after injection of tamoxifen to delete Cx26 before P4; the ABR

threshold was greater than 100 dB SPL (Fig. 4D). However, injection of tamoxifen to delete

Cx26 after P6 could not result in congenital deafness. The mice had normal hearing at P30.

The ABR thresholds were ~30 dB SPL at the same level as that in WT mice (Fig. 4D). The

middle point for deletion of Cx26 to generate congenital deafness was at P4.2 (Fig. 4D).

Morphological examination shows that deletion of Cx26 in the cochlea before P4 could

result in cochlear developmental disorders (Fig. 4A). The cochlear tunnel was not developed

and the under-tectorial-membrane space was absent. However, the cochlea dispayed normal

development for deletion of Cx26 after P5. The cochlear tunnel was open and not collapsed

(Fig. 4B-C).

Discussion

In this experiment, we found that hearing loss in Cx26 KO mice is not associated with EP

reduction (Fig. 2), indicating that EP reduction does not play a primary role in Cx26

deficiency induced hearing loss. EP is a driving force for hair cell transduction process [12,

13]. EP reduction can induce hearing loss, which is considered as a major cause of deafness

in Cx30 KO mice [15]. Cx30 KO mice had complete deafness and the ABR threshold was

greater than 110 dB SPL (Fig. 2B). Consistently, the EP in Cx30 KO mice was completely

absent (Fig. 2). However, the EP in Cx26 KO mice was 57.7±19.4 mV and not completely

abolished (Fig. 2). In some cases, the EP could still remain at higher level (> 70 mV), even

as Cx26 KO mice showed complete deafness and the ABR threshold was even greater than

110 dB SPL as that in Cx30 KO mice (Fig. 1, also see ref. 10). These data indicate that the

EP reduction in Cx26 KO mice is unlikely to be a determined cause of deafness.

We found that deletion of Cx26 before P4 could result in congenital deafness with cochlear

developmental disorders (Figs. 3–4), whereas deletion of Cx26 in the cochlea after P5 had

little influence on the cochlear development with normal hearing (Fig. 4), demonstrating that

cochlear developmental disorders are associated with congenital deafness. Cx26 deficiency

could arrest the cochlear tunnel development; the tunnel is not open [9, 10]. The cochlear

tunnel plays a critical role in the cochlear function. It has been found that outer hair cells

(OHCs) in Cx26 deficient mice still retain electromotility [10, 18]. However, active cochlear

mechanics as measured by distortion product otoacoustic emission (DPOAE) was eliminated

[10, 19]. Recently, we found that Cx26 expression in the cochlear supporting cells plays a

critical role in active cochlear amplification [11]. Targeted-deletion of Cx26 in the OHC

supporting cells can eliminate active cochlear amplification in vivo. Active cochlear

amplification is required for normal hearing. Elimination of active cochlear amplification

can induce hearing loss [20, 21].

We found that deletion of Cx26 before P5 can induce congenital hearing loss with

developmental disorders (Figs. 3–4). This is consistent with previous findings that deletion
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of Cx26 at the embryonic period or P0-1 can arrest the postnatal development of the organ

of Corti [9–10, 22]. This also further suggests that Cx26 expression in the cochlea at the

early postnatal development stage (<P5) is critical for cochlear postnatal development and

maturation.

We previously reported that cell degeneration is not a primary cause for Cx26 deficiency

induced congenital deafness [10] and that Cx26 deficiency can reduce active cochlear

amplification [11]. In this study, we also found that congenital deafness in Cx26 deficient

mice is not determined by EP reduction (Figs. 1–2) and is associated with cochlear

developmental disorders (Figs. 3–4). These new findings provide important information not

only for understanding the mechanism underlying Cx26 deficiency associated deafness but

also for developing new therapeutic strategies and approaches for protection and treatment

of this common hereditary hearing loss.
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Highlights

• The deafness mechanism of Cx26 deficiency induced hearing loss was

investigated

• Deafness in Cx26 KO mice is associated with cochlear developmental disorders

• Cx26 KO before P5 can induce congenital deafness and cochlear developmental

disorders

• Endocochlear potential reduction in Cx26 KO mice is irrelative to deafness
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Fig. 1.
Complete and congenital deafness in Cx26 KO mice as measured by ABR recording. A:

ABR waveforms evoked by click stimulations in different postnatal developmental ages in

WT and Cx26 KO mice. B: ABR thresholds in the mouse postnatal development. The ABR

thresholds in Cx26 KO mice are consistently greater than 110 dB SPL, demonstrating

complete hearing loss.
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Fig. 2.
EP reduction is disproportional to complete deafness in Cx26 KO mice. A: EPs in Cx26 KO,

Cx30 KO, and WT mice. Red lines represent the average levels. EP in Cx26 KO mice is

reduced but not absent. B: EP reduction in Cx26 KO mice is not proportional to hearing

loss. ABR thresholds are even greater than 110 dB SPL, whereas EPs have a large variation

and can be greater than 70 mV. Inset: The relationship between EPs and ABR thresholds in

WT and Cx30 KO mice. Cx30 KO mice have complete deafness with complete absence of

EPs (<10 mV).
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Fig. 3.
Immunofluorescent staining for Cx26 (green) and Cx30 (red) in the cochlea for injection of

4-HTMX at different postnatal ages to delete Cx26. No intense Cx26 labeling in the cochlea

is visible in Cx26 conditional KO mice. Mice were P30–45 old. Scale bar = 50 μm.

Chen et al. Page 10

Biochem Biophys Res Commun. Author manuscript; available in PMC 2015 May 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 4.
Developmental changes in the cochlea for deletion of Cx26 at different postnatal days and

associated hearing loss. A–C: The effect on cochlear development for injection of 4-HTMX

to delete Cx26 in the cochlea at different postnatal developmental stages. White arrows

indicate the cochlear tunnel, which is open following injection of 4-HTMX to delete Cx26 in

the cochlea after P5. Empty triangles in panel A indicate the collapse of the under-tectorial-

membrane space. Mice were P45–80 old. D: ABR thresholds measured at P30 for injection

of 4-HTMX to delete Cx26 at different postnatal developmental ages. Mice show congenital

deafness for deletion of Cx26 in the cochlea before P3 but retain normal hearing for deletion

of Cx26 after P5. A red line represents data fitting to the sigmoid function. The middle point

is at P4.2.
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