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Abstract
Thyroid hormones are essential for cochlear development and normal auditory function. In rodents,
previous study reports that excessive triiodothyronine (T3) accelerates development of cochlear
morphology and cause deafness. However, the mechanism of T3 induced hearing loss and its effect on
the remodeling of the organ of Corti (OC) remain unclear. In this study, neonatal mice were given T3 at
different time points, and then auditory brainstem responses (ABR) and morphological changes of the OC
were analyzed at postnatal day (P) 18. Mice treated with T3 at P0 or P1 showed severe hearing loss with
disordered stereocilia of the outer hair cells (OHCs), and impaired function of mechanoelectrical
transduction of OHCs. In addition, we found that treatment with T3 at P0 or P1 resulted in overproduction
of Deiter-like cells (Deiter’s cell, DC, a supporting cell in OC). These extra cells have phalangeal process
structure similar to DC, and coupled with normal DC by gap junctions. Compared with the control group,
the transcription levels of Sox2 and notch pathway related genes in the cochlea of T3 group were
signi�cantly down-regulated. Furthermore, T3 treatment combined with downregulation of Sox2 not only
resulted in overproduction of DCs, but also led to a large number of ectopic outer Pillar cells (OPCs). This
can induce a great change of morphology of OC, forming double tunnels of Corti structure. Together, our
study provides new evidence for dual roles of T3 in regulating both hair cell and supporting cell
development, suggesting that it is possible to increase the reserve of supporting cells.

Introduction
Organ of Corti (OC), the auditory sensor by which sounds are converted into nerve impulses, is one of the
most complex organ structures in human body. The structure includes one row of inner hair cell (IHC) and
three rows of outer hair cell (OHC) interdigitated different types of the supporting cell (SC). The
morphology of different SCs is distinct and few studies have focus on the biology and function of
them[1]. Abnormal development of SCs induced by gene mutations, congenital cytomegalovirus infection
or thyroid disease can lead to severe hearing loss[2–4]. Besides, growing evidence suggests that well-
formed SCs cells acts as mediators of hair cell development, function and survival. Therefore, further
research on the proliferation, maturation and development of SCs may increase our understanding of
inner ear development and regeneration.

In rodents, the overall structure of the auditory epithelium is formed by the time of birth and continues to
mature structurally until hearing begins at postnatal day (P)14. During this period, HCs form a V-shape
stereocilia that accommodates the mechanoelectrical transduction (MET) channels. Deiters’ cell, a type
of SCs coupled with OHC, extend a phalangeal process to provide structural support for OHC. Inner and
outer Pillar cells (PC) form triangular tunnel of Corti (TC) which support the whole OC. More different
types of SCs, such as Hensen’s cells, Claudious cells or inner sulcus cells, lie lateral to OHC or IHC. A large
number of studies have attempted to explore the molecules that manage the proliferation and
differentiation of HCs, in the hope of regenerating HCs to achieve the effect of restoring impaired hearing.
Above studies focus on multiple regulatory genes (e.g. Atoh1, G�1, Pou4f3, Sox2) and signaling
pathways (e.g. Wnt, Notch) expressed or activated in cochlear epithelium[5, 6, 1]. Although ectopic hair
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cells can be induced in the cochlea of newborn or adult mice, due to the lack of corresponding SCs and
�ne OC structure, the above-mentioned efforts cannot restore hearing. For the treatment of deafness,
reconstruction of the entire OC may be a better but more di�cult choice. It is particularly important to
explore the development and regeneration of SCs. Interestingly, SCs development is regulated by both
local molecular pathways and systemic hormones.

Thyroid hormone (TH) regulates cochlear development and the formation of normal hearing [7, 8].
Triiodothyronine (T3) is the main active form of thyroid hormone and acts on thyroid hormone receptors
(TRs) to induce a series of physiological changes in target tissues[9, 10]. In humans, thyroid related-
diseases such as endemic iodine de�ciency, congenital hypothyroidism, and resistance to T3 caused by
mutations in TRs are associated with hearing loss[11–13]. However, the mechanism of hearing loss
caused by thyroid disease is still poorly understood. Animals with developmental hypothyroidism exhibit
distortion of the tectorial membrane and delayed opening of the tunnel of Corti, which might be the main
causes of deafness[14–16]. In addition, secondary hypothyroidism caused by mutations in TRs results in
permanent potassium channel dysfunction and impaired HC function[17–19]. Conversely, excessive T3
during critical stages of cochlear development also leads to SC’s death in the greater epithelial ridge
(GER) and the tunnel of Corti opening in advance with premature PCs[20]. In model species or humans,
development of the auditory system is sensitive to T3 signaling, and either systemic hypothyroidism or
hyperthyroidism will lead to irreversible hearing loss. The mechanism of thyroid hormone regulation of
cochlear development needs to be further studied.

In order to explore T3 effect on remodeling of the organ of Corti and SC’s development during early
development, we administered T3 to neonatal mice at different time points after birth. Our results show
that ectopic T3 given at an early stage (P0 or P1) leads to severe hearing loss with abnormal stereocilia
alignment and HC mechanosensory dysfunction. Moreover, treatment with T3 at P0 or P1 resulted in
overproduction of Deiter-like cells and these extra cells normally expressed functional markers
Connexin30 (Cx30) and acetylated α-tubulin. A series of genes related to the development of cochlear
sensory epithelium were signi�cantly down-regulated in the T3 group. When T3 treatment was combined
with downregulation of cochlear Sox2 expression, the number of DCs and outer pillar cells (OPCs)
increased signi�cantly, and it can induce cochlear epithelium to form an OC with a double TC structure.
Our results provide new evidence for the role of T3 in regulating the development of cochlear sensory
epithelium in the neonatal mice.

Materials And Methods

Mouse models
Neonatal mouse pups were injected with 2.0 µg of T3 (T2877, Merck KGaA, Darmstadt, Germany) in a
volume of 10 µL, or the equivalent volume of saline, at P0 (P0 group), P1 (P1 group) or P3 (P3 group). To
study the Notch signaling pathway, DAPT (HY-13027, MCE, Monmouth Junction, NJ, USA) was injected
subcutaneously at P0 (250 nmol/g), and then once per day for four consecutive days. Details of the
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genotyping process are given in the study by Zhang et al[21]. The genotyping primers used were as
follows:

wild type (F) 5′-CTAGGCCACAGAATTGAAAGATCT-3′;

wild type (R) 5′-GTAGGTGGAAATTCTAGCATCATCC-3′;

mutant (F) 5′-GCG GTCTGGCAGTAAAAACTATC-3′;

mutant (R) 5′-GTGAAACAGCAT TGCTGTCACTT-3′.

We performed all animal procedures according to protocols of the Committee on Animal Research of
Tongji Medical College, Huazhong University of Science and Technology.

Auditory brainstem response (ABR)
The auditory thresholds of different groups were determined by ABR detection. The detailed of the ABR
test were described in our previous study [22]. Brie�y, the mice were deeply anesthetized and three
subcutaneous electrodes were placed at the vertex of the skull, the tested ear, and the contralateral ear.
Click and tone burst stimuli at frequencies of 8, 16, 24, 32 and 40 kHz were generated. The responses
were recorded and determined by decreasing sound intensities from 90 dB in 10 dB steps, which
narrowed to 5 dB steps near the threshold. The lowest sound intensity that could be recognized was
determined to be the auditory threshold.

Immuno�uorescence
For activated caspase-3 immunostaining, mice were anesthetized and sacri�ced at P6 or P11. For
counting of cochlear HCs and DCs, mice (n = 4 in each group) were sacri�ced at P18. The cochleae were
carefully dissected in 0.01 M PBS and then �xed in 4% paraformaldehyde. For �attened cochlear
preparations, the samples were rinsed three times with PBS and decalci�ed with 10% disodium EDTA at
4℃ for two days. Each stretched cochlear preparation was carefully dissected and incubated in blocking
solution at room temperature for 1 h, then incubated with polyclonal rabbit anti-myosin 7a antibody
(1:500 dilution, 25-6790, Proteus Bio-Sciences, Ramona, CA, USA), polyclonal goat anti-Sox2 antibodies
(1:100 dilution, sc-17320, Santa Cruz Biotechnology, Santa Cruz, CA, USA), monoclonal rabbit anti-α-
tubulin antibody (1:200 dilution, ab179484, Abcam, Cambridge, UK), or polyclonal rabbit anti-Cx30
antibodies (1:200 dilution, 40-7400, Invitrogen, Carlsbad, CA, USA). After washing with PBST for three
times, then the samples were incubated with secondary �uorescent antibodies (1:200 dilution, ANT032,
Antgene, Wuhan, China) for 2h in the dark. Phalloidin (P5282, Sigma, St Louis, MO, USA) was used for
�uorescent visualization of HC F-actin and nuclei were labeled with DAPI (C1005, Beyotime
Biotechnology, Jiangsu, China). All images were scanned with laser scanning confocal microscope
(Nikon, Tokyo, Japan).

Resin sections and transmission electron microscopy
(TEM)
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The detailed methods for the TEM were given previously[23]. Brie�y, mice were anesthetized and
sacri�ced at P18. After decalci�cation with 10% disodium EDTA for 48 h, each sample was then
immersed in 1% osmium tetroxide to post-�x for 1 h. Samples were dehydrated through a graded ethanol
series, before embedding in resin. Sections (1.5 µm in thickness) were stained with toluidine blue (89640-
5G, Sigma-Aldrich) for observation, and ultrathin sections were stained with uranyl acetate and lead
citrate and examined by TEM.

Scanning electron microscopy (SEM)
The morphology of HC stereocilia was observed by SEM at P18. As previously described[22], after �xation
and decalci�cation, carefully dissected the cochleae to expose the basilar membrane. Then the samples
were dehydrated in increasing ethanol concentrations, dried (HCP-2, Critical Point Dryer, HITACHI, Tokyo,
Japan), and sputter-coated with a layer of gold (Eiko Engineering, Tokyo, Japan). Stereocilia bundles were
observed in the three turns of the cochlea. Images were captured using a scanning electron microscope
(VEGA 3 LMU, Tescan, Brno, Czech Republic).

FM1-43 Imaging
FM1-43 loading of HCs was used to assess the function of mechano-transduction channels. Mice (n = 4
in each group) were sacri�ced at P18 and cochleae were quickly dissected from the temporal bones. The
samples were incubated in a culture loaded with 4 µM FM1-43 (T35356, Invitrogen) for 30 s, and then
�xed in 4% paraformaldehyde for 1 h. Samples were washed with 0.01 M PBS three times prior to
imaging with a confocal microscope; all operations are performed at room temperature. DAPI was used
for nuclear staining.

Real-time quantitative polymerase chain reaction (RT-qPCR)
Neonatal mice were injected with T3 at P0 for two successive days and then sacri�ced at P4. The
cochleae were removed and dissected in cold Hanks’ balanced salt solution. The membranous cochlear
duct sourced from one cochlea was used to generate one sample. The detailed methods for the RNA
extraction and reverse transcribed were as described previously[24]. The RT-qPCR was performed in a
Roche LightCycler 480 instrument (Roche Diagnostics Ltd, Switzerland). The transcriptional expression
was normalized to the expression of GAPDH, and calculated the relative expression level between control
and T3 group using the 2−∆∆CT method.

Statistical analysis
Data are presented as means ± SEM and plotted using GraphPad Prism (Version 8.2.1, GraphPad
Software Inc., La Jolla, CA, USA). Two-tailed, unpaired Student’s t tests and two-way ANOVA were
performed using SPSS software (Version 19, IBM SPSS Statistics, IBM Corp., Armonk, NY, USA), a value
of P < 0.05 was considered to be statistically signi�cant.

Results
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Excessive T3 in the early postnatal days can induce hearing
loss in mice
To evaluate the effect of T3 treatments at different postnatal periods on auditory function in mice, ABR
was performed at P18. Compared with the control group, the ABR-click thresholds increased signi�cantly
in P0 or P1 group, while T3 given at P3 (P3 group) had no signi�cant effects on ABR thresholds (Fig. 1A).
Mice in P0 group showed severe deafness with mean thresholds above 80 dB SPL at 8–40 kHz, while
mice in P1 group displayed moderate to severe deafness with hearing thresholds at 8, 16, 24, 32 and 40
kHz of 61.3 ± 6.3, 51.3 ± 2.5, 57.5 ± 9.6, 73.8 ± 7.5, 90.0 ± 0dB SPL, respectively (Fig. 1B). Mice treated
with T3 at P3 showed normal hearing at P18 (Fig. 1B).

Excessive T3 accelerate the maturation of the greater
epithelial ridge (GER) and do not affect hair cell survival
HC loss is a major cause of hearing loss. Thus, we analyzed the survival patterns of HCs in T3-treated
mice. No substantial HC loss was observed in different T3 treated group at P18 (Fig. 2A–L). Although
scattered losses of outer HCs were occasionally observed in the basal turn of P0 group (white arrows, Fig.
2F), statistical analysis showed that the number of OHCs was not signi�cantly changed compared to the
control group (n = 4, P > 0.05) (Fig. 2M).

In neonatal mice, the cochlea proceeded to develop structurally and functionally before hearing onset,
and regression of the GER is a prominent structural changing event. During natural development, cells in
GER promote the development and maturation of sensory epithelium through programmed cell death. We
performed activated casapase-3 staining to determine the apoptosis pattern of GER in T3-treated mice. At
P6, no activated caspase-3-positive (caspase-3+) cells were detected in the GER of control mice, while a
large number of caspase-3+ cells were captured in GER of the T3-treated group (Fig. 2O–R). In contrast,
caspase-3+ cells were evident in the GER of control cochleae and were not detected in the T3-treated
group at P11 (Fig. 2S–V). Statistical analysis showed that the number of caspase-3+ cells differed
signi�cantly between the two groups at P6 and P11 (n = 4, P < 0.01) (Fig. 2N).

Excessive T3 interferes with the morphology of HC’s
stereocilia and function of MET channel
In mammals, stereocilia are located in the cuticular plate of the cochlear sensory cells and are
responsible for converting mechanical vibrations generated by sound stimulation into electrical signals.
Structural or functional defects of the stereocilia are one of the main causes of congenital or progressive
deafness. We performed SEM to characterize the morphology of stereocilia in all turns of the cuticular
plate in T3-treated mice. In the control group, three rows of stereocilia formed a V-shaped bundle in all
three turns (Fig. 3A–C, a–c). However, treatment with T3 at P0 or P1 resulted in the stereocilia bundle of
outer HCs in the apical and middle turns being disordered and losing their V-shaped structure, although
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there were no obvious changes in morphology of the stereocilia bundle in the basal turn (Fig. 3D–I, d–i).
In contrast the morphology and arrangement of the HC stereocilia bundle was almost unaffected when
T3 was given at P3 (Fig. 3J–L, j–l). These results suggest that the abnormal arrangement of the HC
stereocilia bundle may be strongly associated with hearing loss caused by excessive T3. In addition,
FM1-43 loading of HCs was used to assess functional of MET channel. Compared with the control group,
the uptake of FM1-43 by OHCs in the T3 treatment group was reduced (Fig. 3M–P). Quantitative results
showed that the relative �uorescence density of FM1-43 in OHCs of T3-treated mice decreased by 23.9 ±
13.9% (Fig. 3Q). These results indicated that abnormalities of the HC stereocilia bundles and
dysfunctions of MET channel might be responsible for the hearing loss induced by excessive T3.

Excessive T3 can induced overproduction of Deiter-like
cells
To investigate the effect of T3 on remodeling of the OC in mice. Mice in P0 group were sacri�ced at P18
and the SCs were labeled with Sox2. Furthermore, phalloidin was used to label the feet of the DCs and
PCs. In the control group, the DCs were neatly arranged in three rows and the PCs were arranged in a
single row in all turns (Fig. 4A–F). However, in P0 group, we observed four rows of DCs in the apical and
middle turns, indicating the production of excess Deiter-like cells. In addition, the arrangement of Sox2-
labeled SCs was disordered and the OPCs were jagged compared to the control group (Fig. 4G–J). The
arrangement of DCs in the basal turn was almost unaffected in P0 group (Fig. 4K, L). Statistical analysis
showed that the number of DCs was signi�cantly increased in the apical and middle turns (n = 4, P <
0.001) (Fig. 4M). We also quanti�ed the distance between inner pillar cells (IPCs) and OPCs and found
that the relative distance between the feet of the IPCs and OPCs was reduced in the apical and middle
turns P0 group, but there was no signi�cant difference in the basal turn (Fig. 4N). Furthermore, we labeled
DCs with Cx30, a protein subunit that constitutes gap junctions, which serves as a functional marker of
DCs. In the control group, Cx30 signals (green) were evenly distributed along the boundaries of all DCs
(Fig. 5B, D, F), whereas, in the T3 treatment group, we observed that the extra Deiter-like cells also
expressed Cx30, which suggested that these cells might have partial functions of DCs (Fig. 5H, J, h, j). We
quanti�ed the number of Cx30+ DCs in all three turns of both groups, and found that the number of
Cx30+ cells in the apical and middle turns of the T3 treatment group was signi�cantly increased (n = 4, P
< 0.001) (Fig. 5M).

Next, we explored the effects of excessive T3 administration at other time-points after birth on
development of the OC in mice. When T3 was given at P1, we again observed the four rows of Cx30-
expressing DCs in the apical and middle turns (Fig. 6D, d, E, e). However, T3 given at P3 did not signi�cant
effect the number of DCs (Fig. 6G–I, g–i). Quantitative results showed that the number of DCs was
signi�cantly increased in apical and middle turns from the P1 group (n = 4, P < 0.001) (Fig. 6J). The
distance between the feet of the IPCs and OPCs was also reduced in the apical and middle turns of the
P1 group (Fig. 6K). These parameters did not change signi�cantly in the P3 group. Our results reveal that
excessiveT3 can regulate the development of OC, especially for DCs, in a narrow postnatal time window.

Ultrastructural changes of SCs in T3 treated mice
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Axial sections of the cochlea revealed the nuclei of three rows of DCs in the control group (Fig. 7A, B).
However, in the apical turn of the T3-treated group, we clearly observed nuclei of four rows of DCs (Fig.
7C, D). Acetylated α-tubulin was used to label DCs and PCs, and this a proper maker to measure the
supporting capacity of DC and PC. Three-dimensional reconstructed images showed that more than three
rows of phalangeal processes were observed emanating from the foot of DCs in the T3-treated group
(Fig. 7E, F). In addition, ultrastructural examination showed the presence of three rows of DC cell bodies
in the control group and bundles of microtubules and normal mitochondria in the DCs (Fig. 7G–I). In P0
group, we observed four rows of DC cell bodies (Fig. 7J). The phalangeal processes of the extra DCs
(DC4) showed normal architecture of the bundles of microtubules and mitochondria (Fig. 7K, L), which
indicated that the overproduced Deiter-like cell have the similar structure and function as normal DCs.

Characterization of gene expression changes in the
cochleae of T3-treated mice by realtime qPCR
In order to investigate the mechanism of T3 involved in the remodeling of the OC, we performed qPCR to
analyze the expression levels of a series of genes regulating the development of inner ear. The mRNA
expression of Atoh1 and Sox2, two transcription factors that regulate HCs and SCs’ development, was
signi�cantly up-regulated (Fig. 8A). However, the other important factors Pou4f3, Neurog1, and G�1 did
not change signi�cantly. In addition, we analyzed the Notch, Wnt, TGFβ and FGF signaling pathways as
well as cell cycle signaling pathways and found that the transcription levels of Notch pathway-related
genes, such as Notch1, Notch2, Notch2, Notch3, Jag1, Jag2, Hey1, Hey2, Hes1, Hes5 and Dll1 were
signi�cantly down-regulated (Fig. 8B). The expression of FGF and most TGFβ signaling pathway genes
did not change signi�cantly, while only Smad4, Bmpr1b and Ltbp1 were downregulated (Fig. 8C, D). In the
Wnt pathway, the mRNA expression levels of Lgr5 and Wnt2b were signi�cantly down-regulated and other
related genes were not signi�cantly changed (Fig. 8E). In addition, we found that the cell cycle-dependent
kinases Cdk2 and Cdk4, and cell division cyclin Cdc25c, were down-regulated in cochleae of T3-treated
mice (Fig. 8F). All these results suggest that T3 may lead to overproduction of DCs mainly through down-
regulation of the Notch signaling pathway in early cochlear development.

Downregulation of the Notch signaling pathway did not
aggravate the overproduction of DCs induced by T3
Based on the above PCR results, we speculated that the Notch signaling pathway might be responsible
for the overproduction of DCs induced by T3. To verify whether T3 combined with DAPT, an inhibitor of
the Notch pathway, to synergistically regulate the additional increase of DCs, we treated mice with T3 and
DAPT in combination, and then evaluated the DCs in the different groups at P18 (Fig. 9A). In the control
and DAPT alone treated groups, three rows of DCs were neatly arranged, and Cx30 was observed at the
edge of all DCs (Fig. 9B–G, b–g), which suggested that DAPT treatment alone did not affect the number
of DCs. In the T3 and T3 combined with DAPT (T3+DAPT) treatment groups, four rows of DCs were
observed in the apical and middle turns (Fig. 9H, I, K, L). Quantitative results showed no signi�cant



Page 9/29

difference in the number of DCs between the groups treated with T3 or T3+DAPT (Fig. 9N). In addition, we
measured the distance between the feet of the IPCs and OPCs and found that the distance did not
signi�cantly differ between the groups treated with T3 and with T3+DAPT (Fig. 9M). These results
suggest that T3 combined with inhibition of Notch signaling did not aggravate the overproduction of DCs
induced by T3.

Effects of excessive T3 combined with down-regulated
Sox2 on the remodeling of organ of Corti
Recent studies have shown that Sox2-CreER mice exhibit Sox2 haploid de�ciency due to one of the
alleles being replaced by CreER[25]. Using this characteristic, Sox2CreER/+ mice were injected with T3 to
explore the effect of T3 combined with Sox2 downregulation on the development of SCs in the inner ear
(Fig. 10A). In Sox2CreER/+ mice, three rows of DCs were neatly arranged, and Cx30 was observed at the
edge of all DCs, almost as in the control group (Fig. 10B–G, b–g). In the T3 and the Sox2CreER/+ + T3
groups, four rows of DCs were observed in the apical and middle turns, and the quanti�ed results showed
no signi�cant difference in the number of DCs between the T3 and the Sox2CreER/+ + T3 groups (Fig.
10N). However, two rows of OPCs were observed in the apical and middle turns of the Sox2CreER/+ + T3
group (Fig. 10K, k, L, l). Statistical analysis showed that the number of OPCs was signi�cantly increased
in the apical and middle turns of the Sox2CreER/+ + T3 group (n = 4, P < 0.01) (Fig. 10O). These results
suggest that T3 combined with Sox2 downregulation did not aggravate the overproduction of DCs
induced by T3, but did induce overproduction of OPCs. In addition, additional OPCs appear to form new
TC (Fig. S1F).

Discussion

T3 is an exogenous factor involved in the stereocilia
formation of cochlear hair cell
Over recent decades, a series of studies have focused on the role of thyroid hormones in fetal tissue
differentiation and development[26]. Fetal nervous system development is highly sensitive to thyroid
hormones, and maternal thyroid hormone disorder can cause fetal central nervous system symptoms
including hearing, speech impairments, and squint[27]. Thyroid hormone-mediated apoptosis plays an
important role in mammalian neurodevelopment. Apart from promoting maturation of the GER of mouse
cochlea, thyroid hormone modi�es the maturation and survival of cone photoreceptors responsible for
color vision[28]. In this study, our results indicated that excessive administration of T3 in early postnatal
day (P0 or P1) cans induce severe hearing loss in mice (Fig. 1). However, we did not observe signi�cant
degeneration of HC, suggesting that excessive T3 does not interferes with the survival of cochlear HC
(Fig. 2A–L). In addition, caspase-3+ cells were detected in the GER of P0 group at P6, while apoptosis of
the GER in the control group was not triggered at this time. Premature degeneration of GER triggered by
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T3 resulted in advance opening of tunnel of Corti. However, it remains unclear whether pre-maturation of
the OC is directly related to hearing loss.

Stereocilia are mechanical sensors located in the cochlear sensory cells that convert sound stimuli into
electrical signals, and normal auditory function depends on the organization and morphology of the
stereocilia, thus it is thought to be critical for mammalian hearing and balance[29, 30]. Disorders of the
stereocilia hair bundle structure are involved in various congenital or progressive hearing loss[31–33]. Our
study observed that administration of excessive T3 in the early postnatal stage (P0 or P1) caused
disturbance in the arrangement of the stereocilia of HC, while the stereocilia showed normal structure
when T3 was given at P3 (Fig. 3A–L). From the picture, the length of disordered stereocilia is longer than
that of control. It seems that excessive T3 accelerate the growth of stereocilia of OHC. In addition, we
observed that the reduced function of MET channels located at the apical junction of hair cell stereocilia
in P0 group (Fig. 3M–P). It indicated that the ability of mechanoelectrical transduction of OHC was
signi�cantly impaired. Combined with analysis of the audiological phenotype and pathological
phenotype, it was suggested that the disturbance of HC stereocilia was the main cause of hearing loss
caused in P0 and P1 group. Based on the above results, excessive T3 at the early stage after birth does
not affect HC survival but does cause dysfunction of HCs with the abnormal development of stereocilia,
which would be a new mechanism of thyroid hormone-induced hearing loss.

T3 can regulated the production of SCs during critical
periods of cochlear development
Thyroid hormone receptor, deiodinase and thyroid hormone transporter are widely expressed in the
cochlea[34, 35], which suggest that cochleae are the targets of thyroid hormone regulation of inner ear
development. Forrest et al. reported that T3 regulates cochlear remodeling, which involves premature
regression of the GER [20]. However, the effect of T3 on remodeling of the OC during early development
has not been further explored. Here, we observed that treatment with T3 in the early development stage
(P0 or P1) resulted in overproduction of DCs. Immunostaining results showed that these cells were
connected with adjacent DCs by gap junction. The microtubule, labeled by acetylated α-tubulin, was
found in the body and phalangeal processes of the cell. It indicated that these Deiter-like cells may be
functioning normally and can display intercellular communication with surrounding cells. Further
speculation, it may be used as the preserve of DCs which can support new regenerated OHCs. Previous
studies mainly focused on regulating SCs proliferation by regulating proliferation-related genes. Our
study showed that endocrine signals also contribute to the regulation of SCs’ proliferation. In addition, T3
administration at P3 did not affect the number of DCs, suggesting that there was a narrow time window
during which T3 regulated the proliferation of SCs.

In adult mammals, damage to sensory cells in the inner ear causes permanent hearing loss because
degeneration of HCs is irreversible, whereas HCs can spontaneously regenerate from supporting cells
(SCs) after injury in birds and �sh[36]. Recent studies have shown that HCs can also be regenerated from
SCs in newborn mice[37–39], but this spontaneous regenerative ability rapidly diminishes with age.
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Current research suggests that there are two mechanisms for HC regeneration in mammals, one of which
is the direct trans-differentiation of SCs into new HCs[21]. In addition, the SCs or progenitor cells of the
inner ear proliferate and then differentiate into new HCs[40–42]. The common feature of both pathways
is that the new HCs are derived from SCs, which suggest that SCs in the inner ear are the key factor
necessary for HC regeneration. Therefore, increasing the number of SCs is an important step in achieving
HC regeneration. Multiple signaling pathways (Wnt, Notch, FGF, IGF and Shh) have been found to be
involved in the development and proliferation of SCs, and down-regulation of related genes lead to an
increase in the number of SCs in the inner ear[43–45]. Our results reveal that endocrine signals regulate
the proliferation of inner ear SCs during critical periods of cochlear development, providing a reference to
coordinate the multi-factor regulation of SC proliferation and HC regeneration.

Recent studies have shown that multiple signaling pathways are involved in regulating the development
of HCs and SCs, among which the Notch signaling pathway plays an important role in this process [46].
In the sensory epithelium of the inner ear, HCs express the Notch ligands Dll1, Dll3, Dll4, Jag1 and Jag2,
while SCs express Notch downstream genes including Hes1, Hes5, Hey1, Hey2, and HeyL. Notch-
mediated lateral inhibition maintains SCs in a quiescent state, and suppression of Notch signaling by
drugs or genetic ablation of Notch effector genes leads to excessive formation of HCs or overproduction
of SCs[47, 48]. In our study, real-time quantitative PCR results showed that the expression of genes
related to the Notch signaling pathway was signi�cantly down-regulated, which might be involved in the
overproduction of SCs. Furthermore, a combination of Notch inhibitors did not promote T3-induced
overproduction of SCs, suggesting that Notch signaling is involved in T3-induced DC overproduction but
its role is limited.

The combination of T3 and Sox2 can regulates not only the
number of SCs but also the structure of OC
The expression of transcription factor Sox2 was signi�cantly down-regulated in T3 group. Base on the
characteristic of Sox2CreER/+ mice with Sox2 haploinsu�ciency[25], we constructed a mouse model of T3
combined with down-regulation of Sox2 by giving T3 to Sox2CreER/+ mice. The results showed that
excessive T3 treatment combined with downregulation of Sox2 not only resulted in overproduction of
DCs, but also led to large number of OPCs. The exciting thing is that this extra OPC obviously in a more
mature state with plenty of microtubules. In addition, extra TCs, which is a milestone for mature OC, can
be formed to provide structural support for whole OC. This phenomenon indicates that T3 combined local
transcription factors (such as Sox2) may regulate and even induce the formation of complex spatial
structure of OC. Our �ndings may provide a theoretical basis for global OC regeneration. The key
signaling pathway mediating SCs’ proliferation and remodeling of OC’s �ne structure induced by T3 still
needs further study. The idea that endocrine signaling may combine with gene programming to regulate
cochlear development and support cell proliferation is a novel proposal which will open up new aspects
of study and potentially lead to development of new therapies.
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Conclusion
In conclusion, our results suggest that (I) T3 is an exogenous factor involved in the stereocilia formation
of HC; (II) T3 regulated the production of SCs during critical periods of cochlear development; (III) The
combination of T3 and Sox2 can regulates not only the number of SCs but also the structure of OC. Our
�ndings provide new evidence for the role of endocrine signaling in regulating the development of
cochlear sensory epithelium in the neonatal mice.
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Figure 1

Excessive T3 in the early postnatal days can induce hearing loss in mice. (A) ABR-click thresholds in
control and different treatment groups. (B) Comparison of tone-burst thresholds in different groups. ns:
not signi�cant, *P < 0.05, *** P < 0.001.
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Figure 2

Excessive T3 accelerate the maturation of GER. (A-L) Representative confocal images of HCs (Myosin7a,
green) of apical, middle and basal turns in different group at P18. White arrows indicate the sporadic
missing OHCs (F). (M) Quanti�cations of OHCs survival in three turns of different groups at P18. (O, P)
Representative images of caspase3+ cells in GER of apical turns in control group at P6. (Q, R)
Representative images of caspase3+ cells in GER of apical turns in T3 treatment group at P6. (S-V)
Representative images of caspase3+ cells in GER of apical turns in different group at P11. (N)
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Quanti�cations of caspase3+ cells of GER in the apical turn of different groups at P6 and P11.
*Signi�cantly different from control group (** P<0.01, ***P <0.001). Scale bar: 40 μm (A, Q, U).

Figure 3

Excessive T3 interferes with the morphology of HC’s stereocilia and function of MET channel (A-C) The
morphology of the hair cells stereocilia in different turns of control group. (a-c) Magni�cations of the
stereocilia in different turns of control group. (D-L) Representative images of the hair cells stereocilia in
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the apical, middle, and basal turns of different T3 treatment group. (d-l) Magni�ed images show the
morphology of the stereocilia in different group. (M-P) Representative images of FM1-43 uptake by OHCs
in the control and P0 T3 treatment group. (Q) Quanti�cation of FM1-43 �uorescence in OHCs in different
group. *Signi�cantly different from control group (* P<0.05). The scales in panel A and M represent 10
and 40 μm, respectively.

Figure 4
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Excessive T3 can induced overproduction of DCs. (A, C, E) Representative images of DCs (F-actin, red) of
different turns in control group at P18. (a, c, e) Magni�ed images of yellow boxes in panel A, C, E. (B, D, F)
Representative images of SCs (Sox2, white) of different turns in control group at P18. (G, I, K)
Representative images of DCs (F-actin, red) of apical, middle and basal turns in T3 treatment group at
P18. White arrowheads indicate the extra DCs in the T3 treatment group (G and I). (g, i, k) Magni�ed
images of yellow boxes in panel G, I, K. The asterisk indicates that DCs are arranged in four rows in apical
and middle turn of T3 treatment group (g, i). (H, J, L) Representative images of SCs of different turns in
T3 treatment group at P18. (M) Comparison of the number of DCs at speci�c cochlear locations in
control and T3 treatment groups. (N) Comparison of the distance between the foot of IPCs and OPCs in
the different groups. ns: not signi�cant, *** P<0.001. Scale bar: 40 μm (A).
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Figure 5

Extra DCs express gap junctions. (A-F) F-actin (red) and Cx30 immunolabeling (green) in different turns of
the control group, respectively. (b, d, f) Magni�ed images of yellow boxes in panel B, D, F. Asterisk
indicates DCs were arranged in three rows in control group (b). (G-L) F-actin and Cx30 immunolabeling in
all three turns of the T3 treatment group, respectively. (h, j, l) Magni�ed images of yellow boxes in panel
H, J, L. The asterisk indicates the region that DCs were arranged in four rows in the apical and middle
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turns of T3 treatment group (h, j). (M) Quanti�cations of Cx30+ DCs number at speci�c cochlear
locations in the different groups at P18. ns: not signi�cant, *** P<0.001. Scale bar: 40 μm (A).

Figure 6

Extra DCs can be only induced by T3 in early postnatal day. (A-C) F-actin (red) and Cx30 immunolabeling
(green) in all turns of the control group, respectively. (a-c) Magni�ed images of yellow boxes in panel A-C.
Asterisk indicates DCs were arranged in three rows in control group (a). (D-F) Representative images of
DCs and Cx30 expression patterns of different turns in T3 treated at P1(P1 T3) group, respectively. (d-f)
Magni�ed images of yellow boxes in panel D-F. The asterisk indicates the region that DCs were arranged
in four rows in the apical and middle turns (d, e), and White arrowheads indicate the arrangement of
OPCs were jagged in the T3 treatment group. (G-I) Representative images of DCs and Cx30 expression



Page 24/29

patterns of apical, middle and basal turns of T3 treated at P3(P3 T3) group, respectively. (g-i) Magni�ed
images of yellow boxes in panel G-I. The asterisk indicates that the DCs were arranged in three rows (g,
h), which similar to the control group. (J) Quanti�cations of the number of DCs at speci�c cochlear
locations in the different groups at P18. (K) Comparison of the distance between the foot of IPCs and
OPCs in the different groups. ns: not signi�cant, ** P<0.01, *** P<0.001. Scale bar: 40 μm (A).

Figure 7
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Ultrastructural observation of extra DCs (DC4) induced by T3. (A, C) The morphology of the OC in the
apical of the control group and T3 treatment group at P18. (B, D) Magni�ed images of black boxes in
panel A and C. (E, F). (G) The ultrastructure of OC in apical turns from control group. (H, I) Magni�ed
images show the ultrastructural of DCs in control group. (J) The ultrastructure of OC in apical turns from
the T3 treatment group. The black arrowhead in panel J indicates the extra DCs (DC4). (K, L) Magni�ed
images show the ultrastructural of DC4 in the T3 treatment group. The scales in panel A, G, H and I
represent 40, 20, 5 and 0.5 μm, respectively. N: nucleus, MT: microtubule, Mit: mitochondria.
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Figure 8

Characterization of gene expression changes in the cochlea of T3 treated mice. (A-F) Relative mRNA
expression levels of genes related to SCs development (A), Notch signaling (B), FGF signaling (C), TGFβ
signaling (D), Wnt signaling (E) and cell cycle pathways (F). *P <0.05, ** P<0.01, ***P <0.001.

Figure 9
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Effects of T3 combined with inhibition of Notch signaling pathway on DCs. (A) T3 was injected at P0 and
P1, meanwhile, DAPT was injected at P0-P3 and was sacri�ced at P18. (B-D) F-actin (red) and Cx30
immunolabeling (green) in different turns of the control group. (b-d) Magni�ed images of yellow boxes in
panel B-D. (E-G) Representative images of DCs and Cx30 expression patterns of different turns of DAPT
treated group, respectively. (e-g) Magni�ed images of yellow boxes in panel E-G. Asterisk indicates DCs
were arranged in three rows in DAPT treatment group. (H-J) Representative images of DCs and Cx30
expression patterns of all three turns of T3 treatment group, respectively. Asterisk indicates DCs were
arranged in four rows in apical and middle turns of T3 treatment group (h, i). (K-L) Representative images
of DCs and Cx30 expression patterns in different turns of T3 combined with DAPT treatment group.
Asterisk indicates DCs were arranged in four rows in apical and middle turns (k, l), which was similar to
treated with T3 alone. (N) Comparison of the number of DCs at speci�c locations in the different groups.
(O) Comparison of the distance between the foot of IPCs and OPCs in the different groups. ns: not
signi�cant, *** P<0.001. Scale bar: 40 μm (B).
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Figure 10

Effects of T3 combined with down regulating Sox2 on the remodeling of OC. (A) Sox2-CreER mice were
injected with T3 at P0 and P1, and sacri�ced at P18. (B-D) F-actin (red) and Cx30 immunolabeling (green)
in different turns of the control group. (E-G) Representative images of DCs and Cx30 expression patterns
of different turns of Sox2-CreER mice. (b-g) Magni�ed images of yellow boxes in panel B-G. (H-J)
Representative images of DCs and Cx30 expression patterns of apical, middle and basal turns of alone
treated with T3 group, respectively. Asterisk indicates DCs were arranged in four rows in apical and



Page 29/29

middle turns of T3 alone treated group (H, I, h, i). (K-L) Representative images of DCs and Cx30
expression patterns in different turns of T3 combined with down regulating Sox2 group. Asterisk
indicates DCs were arranged in four rows in apical and middle turns (K, L, k, l), and White arrowheads
indicate the regions that OPCs were arranged in two rows in apical and middle turns (K, L). (N)
Comparison of the number of DCs at speci�c cochlear locations in the different groups. (O) Comparison
of the number of OPCs at speci�c cochlear locations in the different groups. ns: not signi�cant, ***
P<0.001, ** P<0.01, * P<0.05. Scale bar: 40 μm (B).
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