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Abstract

SLC26A4 mutations cause fluctuating and progressive hearing loss associated with enlargement of 

the vestibular aqueduct (EVA). SLC26A4 encodes a transmembrane anion exchanger called 

pendrin expressed in nonsensory epithelial cells of the lateral wall of cochlea, vestibular organs 

and endolymphatic sac. We previously described a transgenic mouse model of EVA with 

doxycycline (dox)-inducible expression of Slc26a4 in which administration of dox from 

conception to embryonic day 17.5 (DE17.5) resulted in hearing fluctuation between 1 and 3 

months of age. In the present study, we hypothesized that Slc26a4 is required to stabilize hearing 

in DE17.5 ears between 1 and 3 months of age. We tested our hypothesis by evaluating the effect 

of postnatal re-induction of Slc26a4 expression on hearing. Readministration of dox to DE17.5 

mice at postnatal day 6 (P6), but not at 1 month of age, resulted in reduced click-evoked auditory 

brainstem response (ABR) thresholds, less fluctuation of hearing and a higher surface density of 

pendrin expression in spindle-shaped cells of the stria vascularis. Pendrin expression in spindle-

shaped cells was inversely correlated with ABR thresholds. These findings suggest that 

stabilization of hearing by readministration of dox at P6 is mediated by pendrin expression in 

spindle-shaped cells. We conclude that early re-induction of Slc26a4 expression can prevent 

fluctuation of hearing in our Slc26a4-insufficient mouse model. Restoration of SLC26A4 
expression and function could reduce or prevent fluctuation of hearing in EVA patients.
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Introduction

Enlargement of the vestibular aqueduct (EVA; OMIM 600791) is a common malformation in 

ears of children with sensorineural hearing loss (Morton and Nance, 2006). The onset of 

hearing loss associated with EVA can be congenital but is frequently postnatal. The severity 

ranges from slight to profound and can fluctuate with precipitous drops and slower 

recoveries. Recoveries are often incomplete and the long-term result is overall progression 

of hearing loss (Jackler and De La Cruz, 1989; Levenson et al., 1989; Griffith and 

Wangemann, 2011). The fluctuating hearing loss is difficult to rehabilitate, and there are no 

treatment options of proven benefit.

Mutations of the SLC26A4 gene are the most common detectable cause of EVA (Everett et 

al., 1997). SLC26A4 encodes a transmembrane anion exchanger called pendrin (Everett et 

al., 1997). In the mouse inner ear, pendrin is expressed in nonsensory epithelial cells of the 

lateral wall of cochlea, vestibular end organs and endolymphatic sac (Royaux et al., 2003; 

Dou et al., 2004; Wangemann et al., 2004). In the cochlea, pendrin is present in root cells of 

the outer sulcus, cells overlying the spiral prominence, and spindle-shaped cells of the stria 

vascularis (Wangemann et al., 2004). Spindle-shaped cells are organized in rows, 2-3 cells 

wide, along both borders of the stria vascularis spanning from the base to the apex of the 

cochlea. They morphologically differ from the marginal cells of the stria vascularis and the 

adjacent epithelial cells of the spiral prominence (Katagiri et al., 1968; Anniko, 1976; 

Luciano et al., 1995). Marginal cells mediate the vectorial secretion of K+ ions from the 

intrastrial space into the lumen of the scala media (Wangemann et al. 1995; Wangemann et 

al. 2004). The function of spindle-shaped cells is largely unknown, however, the expression 

of pendrin and P2RX2 cation channels in the apical membrane suggests a role in pH and 

ionic homeostasis (Wangemann et al., 2004; Housley et al., 2013).

Mice that are homozygous for a targeted deletion allele of exon 8 (Slc26a4Δ) of Slc26a4 
have profound or total loss of auditory and vestibular function, and massively enlarged 

endolymphatic spaces throughout the inner ear (Everett et al., 2001). These phenotypes of 

Slc26a4Δ/Δ mice are more severe than those observed in human EVA patients. We thus 

generated a “tet-on”-based mouse model with two unlinked transgenes, the effector (Tg[E]) 

and responder (Tg[R]) transgenes, that express pendrin in the presence, but not absence, of 

doxycycline (dox) administered in the drinking water (Choi et al., 2011). The transgenes are 

crossed onto the Slc26a4Δ/Δ background so that the only source of functional pendrin is the 

responder transgene. In this Slc26a4-insufficient model, Slc26a4 expression is required from 

embryonic day 16.5 (E16.5) to postnatal day 2 (P2) for acquisition of normal auditory 

brainstem response thresholds at 1 month of age (Choi et al., 2011). Li et al. (Li et al., 2013) 

used a different transgenic rescue strategy to demonstrate that pendrin must be expressed in 

the endolymphatic sac, not the cochlea, for the development of normal hearing.
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Tg[E];Tg[R];Slc26a4Δ/Δ mice that receive dox from conception until embryonic day 17.5 

(“DE17.5”: dox discontinued at E17.5) have partial and asymmetric hearing loss modeling 

that observed in human EVA patients (Choi et al., 2011). Many of the mice have fluctuations 

of hearing between 1 and 6 months of age, especially between 1 and 3 months of age, with 

an overall progressive hearing loss after 6 months of age (Ito et al., 2014). The fluctuation 

and progressive loss of hearing in Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5 mice is caused by loss of 

function and degeneration of the stria vascularis (Ito et al., 2015).

In the present study, we hypothesized that re-induction of Slc26a4 expression is required to 

stabilize hearing in DE17.5 ears. We tested our hypothesis by evaluating the effect of 

postnatal re-induction of Slc26a4 expression on hearing in Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5 

mice. We selected P6 as one time point for re-induction because it is after the critical period 

(E16.5 to P2) during which pendrin is required for the initial acquisition of normal hearing, 

but before the maturation of the endocochlear potential (EP). We also evaluated the effect of 

delaying re-administration until 1 month of age. Our results indicate that restoration of 

SLC26A4 expression and function could reduce or prevent fluctuation of hearing in EVA 

patients.

Experimental Procedures

Ethics statement

All animal experiments and procedures were performed according to protocols approved by 

the Animal Care and Use Committee of the National Institute of Neurological Diseases and 

Stroke and the National Institute on Deafness and Other Communication Disorders, National 

Institutes of Health.

Animals

The effector (Tg[E]; Tg(RP23-265L9/rtTA2S-M2/NeoR)1Ajg) and responder (Tg[R]; 

Tg(AcGFP/TRE/Slc26a4)2Ajg) transgenes were crossed with a targeted deletion allele 

(Slc26a4Δ) of Slc26a4 to generate Tg[E];Tg[R]];Slc26a4Δ/+ and Tg[E];Tg[R]];Slc26a4Δ/Δ 

mice (n = 32 and 57, respectively) (Choi et al., 2011; Ito et al., 2014; Ito et al., 2015). The 

genetic background was mixed and included C57BL/6J, SJ/L and 129Sv/Ev.

Genotype analysis

Genomic DNA was isolated and analyzed by polymerase chain reaction (PCR) for the 

presence of Tg[E], Tg[R], Slc26a4Δ and Slc26a4+ as described (Choi et al., 2011).

Doxycycline administration

Tg[E];Tg[R];Slc26a4Δ/+ and Tg[E];Tg[R];Slc26a4Δ/Δ littermates were administered 

doxycycline (dox) from conception until embryonic day 17.5 (E17.5) as described (Choi et 

al., 2011; Ito et al., 2014). Dox was administered in drinking water containing 0.2 g 

doxycycline hyclate (Sigma-Aldrich) and 5 g sucrose (MP Biomedicals), for palatability, per 

100 ml of reagent-grade water. Dox-containing water was provided to the dam from the 

onset of mating and substituted with dox-free water at E17.5. For the dox readministration 

paradigm, dox-containing water was substituted for dox-free water at the indicated age.
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Doxycycline (dox) was readministered to Tg[E];Tg[R];Slc26a4Δ/+ and 

Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5 mice at postnatal day 6 (“DE17.5-RIP6”: dox reinitiated at 

P6) or 1 month of age (“DE17.5-RI1M”: dox reinitiated at 1 month of age) (Fig. 1). We also 

included a control group of DE17.5 mice that did not receive dox after E17.5 as well as a 

control group (“IE0”: dox initiated at E0) that received dox continuously from conception to 

determine if dox administration affects hearing in DE17.5 mice.

Auditory brainstem response thresholds

Monaural auditory brainstem response (ABR) thresholds for click stimuli were determined 

for each ear as described (Choi et al., 2011; Ito et al., 2014). If an ear had no detectable 

waveform in response to the highest intensity level of 110 dB SPL (sound pressure level), 

the threshold was considered to be 115 dB SPL for subsequent analyses. ABR thresholds 

were measured at 1, 2, and 3 months of age in DE17.5, DE17.5-RI1M, DE17.5-RIP6 and 

IE0 groups of Tg[E];Tg[R];Slc26a4Δ/+ ears (n = 30, 14, 14 and 6 ears, respectively) and 

Tg[E];Tg[R];Slc26a4Δ/Δ ears (n = 44, 30, 28 and 12 ears, respectively). Sample sizes differ 

because this mouse model has a variable auditory phenotype (Choi et al., 2011; Ito et al., 

2014) and we included all of the mice that were generated in order to avoid selection bias. 

Thresholds values for each ear of each animal were included for subsequent analyses. For 

DE17.5-RI1M mice, ABR thresholds were measured before readministration of dox. 

Fluctuation was defined as an ABR threshold difference ≥15 dB between consecutive 

monthly measurements. The cumulative threshold shift was defined as sum of the absolute 

values of the ABR threshold differences between consecutive monthly measurements.

Immunohistochemistry

As described (Choi et al., 2011), anti-pendrin antibodies were used to immunostain whole-

mounted mouse cochleae and endolymphatic sacs of Tg[E];Tg[R];Slc26a4Δ/+ DE17.5 ears 

(n = 8 and 6 ears, respectively), Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5 ears (n = 17 ears each), 

Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5-RI1M ears (n = 12 ears each), Tg[E];Tg[R];Slc26a4Δ/Δ 

DE17.5-RIP6 ears (n = 10 and 9 ears, respectively) and Tg[E];Tg[R];Slc26a4Δ/Δ IE0 ears (n 

= 2 ears each) from mice at 3 months of age. Primary antibodies were diluted 1:1000 in 

blocking solution. The secondary antibody was Alexa Fluor 488–conjugated goat anti-rabbit 

IgG (#A-11008; Invitrogen) diluted 1:500. Samples were counterstained with rhodamine-

phalloidin (Molecular Probes, Eugene, OR) diluted 1:100.

Quantification of protein expression

Images were captured with an LSM 780 confocal microscope equipped with a 40×, 1.3 NA 

oil objective and ZEN 2012 software (Zeiss, Jena, Germany). All the images from the lateral 

wall of cochlea or the endolymphatic sac were captured with a 488-nm argon laser or 561-

nm diode-pumped solid state laser under the same laser power and gain settings, 

respectively. The laser power and gain settings were determined using 

Tg[E];Tg[R];Slc26a4Δ/+ and Slc26a4Δ/Δ samples to avoid saturating pixels or high 

background signal. Z-stack images (0.4 μm) were captured from the apical surface of the 

lateral wall of the cochlea or the endolymphatic sac to the depths specified below. After the 

images were captured, ImageJ software (National Institutes of Health) was used to measure 

the area and anti-pendrin fluorescence intensity of spindle-shaped cells in the stria vascularis 
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and the root cells in the outer sulcus of the middle turn of the cochlea, and endolymphatic 

sac cells. For spindle-shaped cells, the apical surfaces of 5 cells were analyzed for each ear. 

For outer sulcus root cells, 10 cells were measured for each ear at three levels: the apical 

surface, 2.0 μm from the apical surface, and 4.0 μm from the apical surface. For 

endolymphatic sac cells, 10 cells were measured for each ear at the apical surface, 0.8 μm 

from the apical surface, and 1.6 μm from the apical surface. Therefore, we included spindle-

shaped cells, root cells and endolymphatic sac cells of Tg[E];Tg[R];Slc26a4Δ/+ DE17.5 ears 

(n = 40, 80 and 60 cells, respectively), Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5 ears (n = 85, 170 

and 170 cells, respectively), Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5-RI1M ears (n = 60, 120 and 

120 cells, respectively), Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5-RIP6 ears (n = 50, 100 and 90 

cells, respectively) and Tg[E];Tg[R];Slc26a4Δ/Δ IE0 ears (n = 10, 20 and 20 cells, 

respectively) for analyses as independent observations. In the lateral wall of the cochlea, the 

anti-pendrin fluorescence intensity of marginal cells, which do not express pendrin, was 

calculated as the level of background intensity. In the endolymphatic sac, the anti-pendrin 

fluorescence intensity of pendrin-negative cells was considered to be background intensity. 

These pendrin-negative cells are ribosome-rich cells, which were distinguished from 

pendrin-positive mitochondria-rich cells based upon rhodamine-phalloidin staining (Royaux 

et al., 2003; Kim and Wangemann, 2011). Background fluorescence intensity was subtracted 

from each cell’s measured anti-pendrin fluorescence intensity for further analysis. Since 

measurements of fluorescence intensity could be influenced by differences in cell size 

associated with the site(s) of measurement, pathologic changes in cell size (Jabba et al., 

2006; Ito et al., 2015), or both, fluorescence intensity per unit area was calculated for each 

cell. The median fluorescence intensity per unit area for cells in each group of ears was 

calculated and normalized to that of Tg[E];Tg[R];Slc26a4Δ/+. For correlation analyses, the 

mean fluorescence intensity per unit area for each ear in spindle-shaped cells, root cells or 

pendrin-positive endolymphatic sac cells (n = 5, 10 and 10 cells per ear, respectively) in each 

group of ears was calculated.

Statistics

Statplus:mac software (AnalystSoft, Walnut, CA) was used for statistical analyses. Shapiro-

Wilk testing was performed to evaluate normality. Kruskal-Wallis and Mann-Whitney U 

tests were performed since the data was not normally distributed. Mann-Whitney U tests 

with a Bonferroni correction were performed as a post hoc test when significant differences 

were detected by Kruskal-Wallis testing. Fisher’s exact and Pearson correlation tests were 

also performed. p < 0.05 was considered to be significant.

Results

Fluctuation of hearing

Auditory brainstem response (ABR) thresholds in response to click stimuli were measured 

in DE17.5, DE17.5-RI1M, DE17.5-RIP6 and IE0 groups of Tg[E];Tg[R];Slc26a4Δ/+ ears 

and Tg[E];Tg[R];Slc26a4Δ/Δ ears at 1, 2 and 3 months of age (Fig. 2). 

Tg[E];Tg[R];Slc26a4Δ/+ ears showed no difference in median ABR thresholds among the 

three dox-administration groups (DE17.5, DE17.5-RI1M, and DE17.5-RIP6) at each time 

point (Kruskal-Wallis, H(2) = 4.14, 2.83 and 4.19, respectively, all p values > 0.05, Fig. 2A). 
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Tg[E];Tg[R];Slc26a4Δ/Δ ears showed no difference in median thresholds among the same 

three dox-administration groups at 1 or 2 months of age (Kruskal-Wallis, H(2) = 5.69 and 

4.55, respectively, all p values > 0.05). At 3 months of age, readministration of dox to 

DE17.5 mice at P6 resulted in a lower median threshold than in DE17.5 mice with no 

readministration of dox (Kruskal-Wallis, H(2) = 6.80, p < 0.05; Mann-Whitney U, p < 0.05, 

Fig. 2B). There was no difference in median thresholds between Tg[E];Tg[R];Slc26a4Δ/+ 

IE0 and Tg[E];Tg[R];Slc26a4Δ/Δ IE0 ears at 1, 2 and 3 months of age (Mann-Whitney U, all 

p values > 0.05).

Tg[E];Tg[R];Slc26a4Δ/+ ears showed no difference in prevalence of fluctuation of hearing 

among the three dox-administration groups (DE17.5, DE17.5-RI1M, and DE17.5-RIP6; 

Fisher’s exact, all p values > 0.05, Figs. 3A,C). Among Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5 

ears, 14 (32%) of 44 ears with no dox readministration showed fluctuation and 1 (4%) of 28 

ears with dox readministered at P6 showed fluctuation (Figs. 3B,D). Dox readministration at 

P6 therefore had a significant effect on the prevalence of fluctuation of hearing (Fisher’s 

exact, p < 0.01). Readministration of dox at 1 month of age showed no effect on prevalence 

(37%) of fluctuation of hearing (Fisher’s exact, p > 0.05, Fig. 3D). There was no difference 

in prevalence of fluctuation of hearing between Tg[E];Tg[R];Slc26a4Δ/+ IE0 and 

Tg[E];Tg[R];Slc26a4Δ/Δ IE0 ears (0% and 8%, respectively; Fisher’s exact, p > 0.05). We 

calculated cumulative threshold shifts in both Tg[E];Tg[R];Slc26a4Δ/+ and 

Tg[E];Tg[R];Slc26a4Δ/Δ ears, and found no differences among the three groups of 

Tg[E];Tg[R];Slc26a4Δ/+ ears (Kruskal-Wallis, H(2) = 1.36, p > 0.05, Fig. 3E). Among 

Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5 ears, readministration of dox at P6 resulted in a smaller 

median cumulative threshold shift than readministration of dox at 1 month of age (Kruskal-

Wallis, H(2) = 7.38, p < 0.05; Mann-Whitney U, p < 0.05, Fig. 3F). There was no difference 

in median cumulative threshold shifts between ears with no dox readministration and ears 

with readministration at P6 (Mann-Whitney U, p >0.05, Fig. 3F).

Pendrin expression

To determine if the stabilizing effect of dox readministration on loss and fluctuation of 

hearing is correlated with increased expression of pendrin, we measured anti-pendrin 

antibody binding to spindle-shaped cells of the stria vascularis, root cells of the outer sulcus, 

and endolymphatic sac cells in the inner ears of Tg[E];Tg[R];Slc26a4Δ/+ DE17.5, 

Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5, Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5-RI1M, 

Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5-RIP6 and Tg[E];Tg[R];Slc26a4Δ/Δ IE0 mice. Figure 4 

shows representative pendrin expression in the spindle-shaped cells of the stria vascularis in 

the middle turn of the cochlea, root cells of the outer sulcus in the middle turn of the 

cochlea, and endolymphatic sac cells. Although we detected pendrin expression in spindle-

shaped cells and root cells along the length of the cochlear duct, we had difficulty preparing 

apical or basal turn specimens with sufficient integrity for quantitative 

immunohistochemistry. Therefore we focused our quantitative analyses on the middle turn 

of the cochlea. Since measurements of fluorescence intensity could be influenced by 

differences in cell size associated with the site(s) of measurement, pathologic changes in cell 

size (Jabba et al., 2006; Ito et al., 2015), or both, we also measured the surface area. We 

calculated fluorescence intensity per unit area since the mean sizes of cells differed among 
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the dox-administration groups. In Tg[E];Tg[R];Slc26a4Δ/Δ ears, readministraton of dox at P6 

resulted in higher median pendrin expression per unit area in spindle-shaped cells in 

comparison to ears with no readministration of dox (Kruskal-Wallis, H(2) = 28.3, p < 0.005; 

Mann-Whitney U, p < 0.005, Fig. 5A), while readministration of dox at 1 month of age 

showed no effect in spindle-shaped cells (Mann-Whitney U, p > 0.05, Fig. 5A). 

Readministration of dox at 1 month of age resulted in lower median pendrin expression per 

unit area in root cells in comparison to ears with no readministration of dox at the levels of 

the apical surface, 2 μm from the apical surface and 4 μm from the apical surface (Kruskal-

Wallis, H(2) = 25.4, 23.1 and 19.5, respectively, all p values < 0.005, Fig. 5B), while 

readministration of dox at P6 showed no effect on median pendrin expression per unit area 

in root cells (Mann-Whitney U, all p values > 0.05). No readministration of dox resulted in 

higher pendrin expression per unit area at the apical surface of endolymphatic sac pendrin-

positive cells in comparison to ears with readministration of dox at 1 month of age or P6 

(Kruskal-Wallis, H(2) = 23.2, p < 0.05; Mann-Whitney U, p < 0.005 and p < 0.05, 

respectively, Fig. 5C). No readministration of dox resulted in higher pendrin expression per 

unit area in endolymphatic sac pendrin-positive cells in comparison to ears with 

readministration of dox at 1 month of age at 0.8 μm from the apical surface and 1.6 μm from 

the apical surface (Kruskal-Wallis, H(2) = 25.0 and 24.0, respectively, all p values < 0.05; 

Mann Whitney U, all p values < 0.005, Fig. 5C).

Correlation of hearing with pendrin expression

We sought to determine if there was a correlation between hearing loss or fluctuation with 

the expression of pendrin induced by readministration of dox. In Tg[E];Tg[R];Slc26a4Δ/Δ 

ears, the click ABR thresholds measured at 3 months of age were inversely correlated with 

the mean pendrin fluorescence intensity per unit area in spindle-shaped cells (Pearson 

correlation, r = −0.35, p < 0.05, Fig. 6A). A correlation was not present in root cells at the 

apical surface, 2 μm from the apical surface or 4 μm from the apical surface (Pearson 

correlation, r = 0.22, 0.22 and 0.19, respectively, all p values > 0.05, Fig. 6C) or 

endolymphatic sac pendrin-positive cells at the apical surface, 0.8 μm from the apical 

surface or 1.6 μm from the apical surface (Pearson correlation, r = 0.072, 0.058 and 0.024, 

respectively, all p values > 0.05, Fig. 6E). There was no correlation of cumulative threshold 

shift with fluorescence of mean pendrin fluorescence intensity per unit area in spindle-

shaped cells (Pearson correlation, r = −0.28, p > 0.05, Fig. 6B), root cells (Pearson 

correlation, r = −0.15, −0.080 and −0.037, respectively, all p values > 0.05, Fig. 6D) or 

endolymphatic sac pendrin-positive cells (Pearson correlation, r = 0.12, 0.10 and 0.065, 

respectively, all p values > 0.05, Fig. 6F).

Discussion

We previously showed that doxycycline (dox) administration (Slc26a4 expression) is 

required from embryonic day 16.5 (E16.5) to postnatal day 2 (P2) for acquisition of normal 

hearing at 1 month of age in Tg[E];Tg[R];Slc26a4Δ/Δ mice (Choi et al., 2011). 

Discontinuation of dox during the critical time period led to the development of fluctuating 

hearing loss, with overall downward progression, caused by dysfunction and degeneration of 

the stria vascularis after 1 month of age (Ito et al., 2014; Ito et al., 2015). Although we used 
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a fixed-effect model in this study so the results cannot be assumed to apply to a population 

of animals, our current results indicate that re-induction of Slc26a4 expression in spindle-

shaped cells of the stria vascularis prior to the development of the endocochlear potential 

and prior to the onset of hearing can prevent this fluctuation of hearing in mice.

At 3 months of age, click ABR thresholds of Tg[E]; Tg[R]; Slc26a4Δ/Δ mice were reduced 

and the prevalence of fluctuation of thresholds between 1 and 3 months of age was also 

reduced by readministration of dox at P6. In contrast, readministration of dox at 1 month of 

age had no effect on click ABR thresholds or fluctuation of hearing (Figs. 2 and 3). We did 

not observe a difference in cumulative threshold shifts, a measure of the degree of hearing 

fluctuation, between ears with no dox readministration and ears with readministration of dox 

at P6 (Fig. 3F). This negative result may be due to the large variability of measurements, the 

high proportion of ears with no fluctuation that affected the median values for all groups, or 

our prospective monthly measurements that likely do not detect all of the threshold shifts 

that are actually occurring. Furthermore, we tested only click-stimulus ABR thresholds so it 

is possible the results with pure-tone stimuli at specific frequencies could be different.

Pendrin expression in spindle-shaped cells was inversely correlated with click ABR 

thresholds (Fig. 6A), suggesting that restoration of pendrin expression in these cells may 

underlie an overall protective effect against loss of hearing. However, we did not observe a 

correlation of level of pendrin expression with the cumulative threshold shift (Fig. 6B), 

which is a measure of the degree of hearing fluctuation. This might be due to the limited 

number of samples, as well as the aforementioned caveats to interpreting cumulative 

threshold shifts. It is also possible that pendrin fluorescence intensity is not a precise 

correlate of pendrin expression or function since we observed it in ears without dox 

readministration (Figs. 4, 5A, 5B and 5C). We cannot rule out leaky expression of the 

responder transgene or expression of alternative isoforms from Slc26a4Δ. Several truncated 

C-terminal isoforms of human SLC26A4 mRNA are annotated in the UCSC genome 

browser (https://genome.ucsc.edu/cgi-bin/hgGateway, accessed on December 13, 2015). No 

orthologous mouse Slc26a4 mRNA isoforms have been annotated or experimentally 

demonstrated but they could nevertheless exist and potentially be expressed from the 

Slc26a4Δ allele. The antibodies we used are directed against the C-terminus of pendrin so 

they could bind to all isoforms that include this portion of the protein. This could account for 

our observation that the anti-pendrin antibody fluorescence in ears with dox readministration 

was not higher than in ears without dox readministration (Figs. 5B and 5C).

Readministration of dox at 1 month of age or at P6 resulted in lower pendrin expression per 

area in endolymphatic sac cells (Fig. 5C). It suggests that dox readministration might reduce 

pendrin expression, increase pendrin degradation, or both in these cells. This effect was 

more pronounced for ears with readministration of dox at 1 month of age than 

readministration at P6. Furthermore, pendrin levels were not correlated with click ABR 

thresholds (Fig. 6E) or cumulative threshold shifts (Fig. 6F). Thus the difference of pendrin 

expression in endolymphatic sac cells is probably not important for stabilization of hearing.

The comparative levels of pendrin expression in root cells (Fig. 5B) were similar to those for 

endolymphatic cells (Fig. 5C). Measurement of pendrin expression levels was more 
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challenging in root cells due to their morphology and we have less confidence interpreting 

these findings. We cannot conclude whether root cells are important for stabilization of 

hearing.

We used mice with a mixed genetic background since we have been unable to generate 

sufficient numbers of mice from a congenic line for the experiments. We generated 

CBA/CaJ congenic lines segregating Tg[E], Tg[R], Slc26a4Δ and Slc26a4+ but breeding was 

difficult. We sought to mitigate effects of a mixed genetic background in our experiments by 

using littermate controls and studying large numbers of ears and mice.

The effect of dox readministration at P6 on fluctuation of hearing and pendrin expression in 

spindle-shaped cells of the stria vascularis was strong. These findings suggest that the 

stabilization of hearing by readministration of dox at P6 is due to increased pendrin 

expression in spindle-shaped cells. Therefore pendrin expression in spindle-shaped cells 

may be required to maintain stable hearing, whereas pendrin expression in the 

endolymphatic sac is required to acquire normal hearing (Li et al., 2013). This is consistent 

with our observation that fluctuation of hearing is caused by dysfunction of the stria 

vascularis in the mature DE17.5 ear. Although our earlier results suggested that pendrin is 

not required to maintain hearing in a normally developed ear (Choi et al., 2011), our current 

results indicate that it is required to maintain hearing in an abnormally developed ear. This 

raises the possibility that pendrin may be important for maintaining hearing in other ototoxic 

conditions, such as noise exposure, that adversely impact the structure and function of the 

stria vascularis.

Conclusions

We conclude that early re-induction of Slc26a4 expression can prevent fluctuation of hearing 

in our Slc26a4-insufficient mouse model. Postnatal day 6 in the mouse inner ear is 

equivalent to a prenatal time point in human ears, but the onset of hearing loss in EVA 

patients is often postnatal with months or years elapsing before the beginning of loss or 

fluctuation of hearing (Jackler and De La Cruz, 1989; Levenson et al., 1989; Griffith and 

Wangemann, 2011). This delayed onset may offer a window of therapeutic opportunity to 

ameliorate hearing loss and fluctuation in human EVA patients.
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Highlights

• SLC26A4 mutations can cause fluctuating hearing loss in human patients.

• Slc26a4-insufficient mice have fluctuating hearing loss from 1 to 3 months 

of age.

• Re-induction of Slc26a4 expression stabilizes hearing in Slc26a4-

insufficient mice.

• Stabilization is mediated by Slc26a4 expression in cells in the stria 

vascularis.

• Restoration of SLC26A4 expression could reduce fluctuation of hearing in 

patients.
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Figure 1. 
Doxycycline Administration.

Tg[E];Tg[R];Slc26a4Δ/+ DE17.5 mice and Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5 mice were 

readministered doxycycline according to one of three paradigms: (1) no readministration of 

dox (DE17.5); (2) dox readministered at 1 month of age (DE17.5-RI1M: dox reinitiated at 1 

month of age); and (3) dox readministered at postnatal day 6 (DE17.5-RIP6: dox reinitiated 

at P6). We also included a control group that received dox continuously from conception 

(IE0: dox initiated at E0). We measured click auditory brainstem response (ABR) thresholds 

at 1, 2 and 3 months of age, and then euthanized the mice for immunohistochemical (IHC) 

analysis. For DE17.5-RI1M mice at 1 month of age, we measured ABR thresholds before 

readministration of dox.
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Figure 2. 
Auditory Brainstem Response (ABR) Thresholds.

Box plots of click ABR thresholds measured at 1, 2 and 3 months of age are shown for the 

DE17.5, DE17.5-RI1M, DE17.5-RIP6 and IE0 groups of (A) Tg[E];Tg[R];Slc26a4Δ/+ ears 

(n = 30, 14, 14 and 6, respectively) and (B) Tg[E];Tg[R];Slc26a4Δ/Δ ears (n = 44, 30, 28 and 

12, respectively). The box includes the median (heavy line) and represents the first and the 

third quartiles. The whiskers show the range of data points that are within ≤1.5 times the 

interquartile range from the box. Threshold values outside the range of whiskers are 

indicated by dots. *p < 0.05.
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Figure 3. 
Fluctuation of Hearing.

The difference in click ABR threshold measured at consecutive monthly intervals in 

individual ears is shown for the DE17.5, DE17.5-RI1M, DE17.5-RIP6 and IE0 groups of 

(A) Tg[E];Tg[R];Slc26a4Δ/+ ears (n = 30, 14, 14 and 6, respectively) and (B) 

Tg[E];Tg[R];Slc26a4Δ/Δ ears (n = 44, 30, 28 and 12, respectively). Threshold increases are 

shown as positive shifts and decreases are displayed as negative shifts. The number of 

fluctuating or stable ears is shown for each group of (C) Tg[E];Tg[R];Slc26a4Δ/+ ears and 
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(D) Tg[E];Tg[R];Slc26a4Δ/Δ ears. Fluctuation was defined as a click ABR threshold 

difference > 10 dB between consecutive monthly measurements. The median (± median 

absolute deviation) cumulative sum of differences in consecutive monthly measurements of 

click ABR threshold for each individual ear are shown for each group of (E) 

Tg[E];Tg[R];Slc26a4Δ/+ ears and (F) Tg[E];Tg[R];Slc26a4Δ/Δ ears. Fisher’s exact test (C, 

D) and Kruskal-Wallis test (E, F), *p < 0.05, **p < 0.01, ***p < 0.005.
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Figure 4. 
Pendrin Expression.

Representative immunostaining is shown for pendrin (green) and F-actin (red) in whole-

mounted lateral wall of the middle turn of the cochlea and endolymphatic sac of 

Tg[E];Tg[R];Slc26a4Δ/+ DE17.5 ears (n = 8 and 6, respectively), Tg[E];Tg[R];Slc26a4Δ/Δ 

DE17.5 ears (n = 17 each), Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5-RI1M ears (n = 12 each), and 

Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5-RIP6 ears (n = 10 and 9, respectively). Pendrin expression 

in spindle-shaped cells was reduced in Tg[E];Tg[R];Slc26a4Δ/Δ ears in comparison to 

Tg[E];Tg[R];Slc26a4Δ/+ ears. Scale bars: 50 μm. SV, stria vascularis; SP, spiral prominence; 

OS, outer sulcus; SC, spindle-shaped cell; RC, root cell.
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Figure 5. 
Pendrin Expression Levels.

Median (± median absolute deviation) normalized cell fluorescence per unit area of (A) 

spindle-shaped cells, (B) root cells, and (C) pendrin-positive endolymphatic sac cells in 

Tg[E];Tg[R];Slc26a4Δ/+ DE17.5, Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5, Tg[E];Tg[R];Slc26a4Δ/Δ 

DE17.5-RI1M, Tg[E];Tg[R];Slc26a4Δ/Δ DE17.5-RIP6, and Tg[E];Tg[R];Slc26a4Δ/Δ IE0 

mice. For (B) root cells, measurements were performed at three levels: the apical surface, 

2.0 μm from the apical surface, and 4.0 μm from the apical surface. For (C) pendrin-positive 

endolymphatic sac cells, measurements were performed at three levels: the apical surface, 

0.8 μm from the apical surface, and 1.6 μm from the apical surface. The number of cells is 

shown for each group. The number of ears is given in the legend for Fig. 4. n = 2 ears for the 

IE0 group. Background fluorescence was subtracted from measured fluorescence as stated in 

the methods. We normalized fluorescence intensity per unit area to the fluorescence intensity 

per unit area of the same cell types in Tg[E];Tg[R];Slc26a4Δ/+ control ears. Kruskal-Wallis 

test, *p < 0.05, **p < 0.01, ***p < 0.005. AS, apical surface.
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Figure 6. 
Correlation of Pendrin Expression with Hearing.

Mean pendrin fluorescence intensity for each ear is shown for Tg[E];Tg[R];Slc26a4Δ/Δ 

spindle-shaped cells (A,B; n = 39 ears, 5 cells per ear), root cells (C,D; n = 39 ears, 10 cells 

per ear at each measurement level: apical surface, 2 μm from apical surface, and 4 μm from 

apical surface) or pendrin-positive endolymphatic cells (E,F; n = 38 ears, 10 cells per ear at 

each measurement level: apical surface, 0.8 μm from apical surface, and 1.6 μm from apical 

surface) as a function of click ABR threshold measured at 3 months of age (A,C,E) or 
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cumulative ABR threshold shift (B,D,F). Lines represent best-fit linear regression. AS, 

apical surface.
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