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Early appearance of key transcription factors influence
the spatiotemporal development of the human inner ear
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Abstract
Expression patterns of transcription factors leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5), transforming
growth factor-β-activated kinase-1 (TAK1), SRY (sex-determining region Y)-box 2 (SOX2), and GATA binding protein 3
(GATA3) in the developing human fetal inner ear were studied between the gestation weeks 9 and 12. Further development of
cochlear apex between gestational weeks 11 and 16 (GW11 and GW16) was examined using transmission electron microscopy.
LGR5 was evident in the apical poles of the sensory epithelium of the cochlear duct and the vestibular end organs at GW11.
Immunostaining was limited to hair cells of the organ of Corti by GW12. TAK1 was immune positive in inner hair cells of the
organ of Corti by GW12 and colocalized with p75 neurotrophic receptor expression. Expression for SOX2 was confined
primarily to the supporting cells of utricle at the earliest stage examined at GW9. Intense expression for GATA3 was presented
in the cochlear sensory epithelium and spiral ganglia at GW9. Expression of GATA3 was present along the midline of both the
utricle and saccule in the zone corresponding to the striolar reversal zone where the hair cell phenotype switches from type I to
type II. The spatiotemporal gradient of the development of the organ of Corti was also evident with the apex of the cochlea
forming by GW16. It seems that highly specific staining patterns of several transcriptions factors are critical in guiding the
genesis of the inner ear over development. Our findings suggest that the spatiotemporal gradient in cochlear development extends
at least until gestational week 16.
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Abbreviations
DAB Diaminobenzidine
GATA3 GATA binding protein 3
GER Greater epithelial ridge
GW Gestational week
HE Hematoxylin/eosin
IHC Inner hair cells
KO Kölliker’s organ
LER Lower epithelial ridge
LGR5 Leucine-rich repeat-containing G

protein-coupled receptor 5
OHC Outer hair cells
PAN Primary auditory neurons
PBS Phosphate-buffered saline
PFA Paraformaldehyde
SOX2 SRY (sex-determining region Y)-box 2
SG Spiral ganglia
SGC Satellite glial cells
TAK1 Transforming growth factor-β-activated kinase-1

* Anneliese Schrott-Fischer
Annelies.Schrott-Fischer@i-med.ac.at

1 Department of Otorhinolaryngology, Medical University of
Innsbruck, Anichstrasse 35, 6020 Innsbruck, Austria

2 Department of Laboratory Medicine and Pathology and Department
of Pediatrics, University of Alberta, 8440 112 St, NW,
Edmonton, AB T6G 2B7, Canada

3 Department of Surgical Sciences, Head and Neck Surgery, Section of
Otolaryngology, Uppsala University Hospital, SE-751
85 Uppsala, Sweden

4 Department of Anatomy, Histology & Embryology, Division of
Clinical & Functional Anatomy, Medical University of Innsbruck,
Muellerstrasse 59, 6020 Innsbruck, Austria

5 University Clinics Innsbruck, Tirol Kliniken, Anichstrasse 35,
6020 Innsbruck, Austria

Cell and Tissue Research (2020) 379:459–471
https://doi.org/10.1007/s00441-019-03115-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s00441-019-03115-6&domain=pdf
http://orcid.org/0000-0002-4514-9867
mailto:Annelies.Schrott-Fischer@i-med.ac.at


Introduction

Hearing impairments and balance disorders are major
health conditions estimated to affect significant sections
of the global population (Agrawal et al. 2009; Bowl and
Dawson 2018). Because of the lack of regenerative capac-
ity in the adult human cochlea, preservation of every sin-
gle hair cell and spiral ganglion cell is vital (Liu et al.
2015; Smeti et al. 2012). Although vestibular hair cells do
possess low levels of regenerative capacity, this, however,
declines with aging and is not adequate to cope with hair
cell loss (Burns and Stone 2017; Rauch et al. 2001).
Sustained efforts to understand processes underlying inner
ear development using murine models have revealed roles
for several quintessential transcription factors like
leucine-rich repeat-containing G protein-coupled receptor
5 (LGR5) (Bramhall et al. 2014), transforming growth
factor-β-activated kinase-1 (TAK1) (Parker et al. 2011),
SOX2 (Dvorakova et al. 2016), and GATA binding pro-
tein 3 (GATA3) (Karis et al. 2001). The expression pro-
files of these transcriptional factors and their functionality
in human inner ear development are not currently clear.
Previous research had examined the expression profiles of
the transcription factors SOX2, S0X9, and SOX10 in the
cochlea anlage (Locher et al. 2013).

Spontaneous hair cell regeneration observed in neonatal
murine cochlea suggest continuous availability of Wnt-
responsive progenitor cells positive for LGR5 (Chai et al.
2012). Cells positive for transcription factor LGR5 serve as
hair cell progenitors in neonatal mammalian cochlea follow-
ing hair cell injury with fresh hair cell regeneration promoted
by blockage of Notch signaling (Bramhall et al. 2014). A
small-molecule approach using LGR5+ supporting cells was
able to generate inner ear organoids, which differentiated into
hair cells (McLean et al. 2017). Distinct progenitor popula-
tions in neonatal sensory epithelia differentiated into cell types
specific to the vestibulum and the cochlea (McLean et al.
2016). The other similar G protein coupled receptor LGR6,
a WNT signaling mediator is, however, able to generate more
hair cells than LGR5+ progenitors (Zhang et al. 2018). In situ
hybridization probes specific for LGR5 have been able to
localize LGR5 mRNA in the prosensory domain of the devel-
oping human cochlea at gestational week 9 (Roccio et al.
2018).

Other known transcription factors like the TAK1, a
mitogen-activated protein kinase, play multiple roles in varied
biological processes. In prenatal murine inner ear specimens,
its expression although broadly expressed is gradually restrict-
ed to specific subpopulations of supporting cells (Parker et al.
2011). TAK1 signaling activation although dependent on the
expression of bone morphogenetic protein 7 (Bmp7) regulates
determination of frequency specificity of hair cells character-
istics along their tonotopic axis (Mann et al. 2014). Its

expression profile in the developing human inner ear is cur-
rently unknown.

In the developing human inner ear, the prosensory domain
constitutes a portion of the developing cochlear epithelium
selectively expressing the transcription factors SOX2,
SOX9/SOX10 (Locher et al. 2013). SOX2 expression is lim-
ited to the prosensory domain of the developing murine inner
ear (Kiernan et al. 2005) although supporting cells of the de-
veloping organ of Corti express the SOX2 (Mak et al. 2009).
Differentiating hair cells were present at gestational week 10
in the fetal prosensory domain (Johnson Chacko et al. 2017)
where the high-mobility transcription factor SOX2
downregulates it at gestational week 12 (Locher et al. 2013).
This sets the stage for the cessation of the prosensory domain
formation. Immediately before this, the cell cycle exit progres-
sion of spiral ganglion neurons from base to apex of the co-
chlear occurs (between gestational weeks 8 and 12) (Fritzsch
et al. 2019; Matei et al. 2005; Roccio et al. 2018). Scant in-
formation currently exists on the expression profile of the
SOX2 transcription factor in the developing human vestibule.
Mutations in SOX2 cause sensorineural hearing loss in
humans (Hagstrom et al. 2005) while decreased SOX2 expres-
sion in murine causes overproduction of inner hair cells.
SOX2 has a dynamic role in prosensory domain formation
where a mutually antagonistic relationship with Atoh1 exists.
This antagonistic relationship prevents overproduction of in-
ner ear hair cells (Dabdoub et al. 2008). Additionally, SOX2
expression enables induction of neuronal fate in non-sensory
regions of the cochlea (Puligilla et al. 2010).

Mutations causing haploinsufficiency for the transcription
factor GATA3 cause sensorineural hearing loss in humans
(Van Esch et al. 2000). GATA3 expression is widespread in
all developing neurons but declines in the type I primary au-
ditory neurons (PAN) as they keep maturing before hearing
onset (Nishimura et al. 2017). GATA3 expression is wide-
spread throughout the murine auditory sensory epithelium
while being limited to the striola reversal zone of the utricle
(Alvarado et al. 2009; Karis et al. 2001). During murine inner
ear development, GATA3 guides signaling of prosensory
genes while directing differentiation of cochlear neurosensory
cells (Duncan and Fritzsch 2013). Other studies have evi-
denced that GATA3 expression is crucial towards the devel-
opment of the otic vesicle and the semicircular canals
(Moriguchi et al. 2018) while activating FGF10 in the early
inner ear (Economou et al. 2013; Pauley et al. 2003). In the
developing human fetus, the expression of GATA3 presents in
the cochlear duct and the spiral ganglion between gestational
weeks 8 and 12 (Roccio et al. 2018).

Recent studies have identified fetal human cochlear hair
cells exit cell cycle in an apical to the basal direction (using
the cell cycle inhibitor p27Kip1) during gestational weeks
(GW) 8 to 12 (Roccio et al. 2018). In the developing murine
inner ear, the same was previously observed in apex to base in
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hair cells and base to apex cell cycle exit in spiral ganglion
neurons by analyzing terminal mitosis using BrdU (Kopecky
et al. 2013; Matei et al. 2005). The hair cell differentiation
progresses from the cochlear base towards the cochlear apex
during the same time point (Johnson Chacko et al. 2017;
Locher et al. 2013; Roccio et al. 2018). Hence, several tran-
scription factors are active in the developing murine inner ear.
The aim of the present investigation was to identify their ex-
pression pattern and functional relevance in connection with
the development of auditory and vestibular receptors in the
human inner ear. To evaluate inner ear development during
the GW9–12, we focused on the immune staining for the
selected markers on the sensory epithelia of the cochlea and
the vestibular organ.

Materials and methods

Embryonic fetal specimens

Eight human fetuses of varying gestational ages (2/GW9,
1/GW10, 2/GW11, 1/GW12, 1/GW14, and 1/GW16) were
utilized for this study.

Trained anatomists and embryologists assessed these to
ascertain that the specimens used in this study were de-
void of any clinical abnormalities or malformations.
Quantification of features like crown-rump length, exter-
nal and internal morphology enabled differentiation of
gynecological age.

Specimens aged between GW9 and GW12 used in this
study were obtained immediately after legally permitted
abortion procedures according to the Austrian law
(§97StGB of the Austrian Criminal Law as promulgated
on 13th November 1998, Federal Law Gazette I). Cadaver
donations to the Division of Clinical and Functional
Anatomy of the Medical University of Innsbruck for sci-
entific and educational purposes occur only with the in-
formed consent of the donor collected before death. The
donors declare during their lifetime that their dead bodies
are to be consigned to the anatomical institute for research
purposes and the education and advanced training of med-
ical doctors. All embryological body and tissue donations
(between the gestational ages 8 and 12) are also released
to the anatomical institute by the legally entitled person
(mother) accompanied by written consent. In Austria, re-
search projects using these anatomical tissue samples do
not need any further approval by an ethics committee of
the University.

The other samples (GW14 and older) are from the fil-
ing system of the Institute of Pathology of the Medical
University of Innsbruck. For the usage of these speci-
mens, an ethical commission vote was obtained before
commencing this research. This study was approved by

the Ethical Commission of the Medical University of
Innsbruck (Studienzahl UN2817 Sitzungsnummer 249/
4 . 5 ; o r i g i n a l t i t l e o f t h e r e s e a r c h p r opo s a l :
Immunhistochemische Untersuchung von Felsenbeinen
mit dazugehöriger Hörbahn). In Austria, there is no re-
quirement for a consent of the parents or relatives for a
clinical autopsy performed in a medical institution § 25
KAKuG Leichenöffnung (Obduktion) (Krankenanstalten-
und Kuranstaltengesetz). [(1) The corpses of deceased pa-
tients in public hospitals are to be autopsied if the autopsy
has been ordered by sanitary or criminal prosecutors, or if
it is necessary for public or scientific interests, in the
situation of diagnostic uncertainty of the case or after
surgical intervention.

(2) If none of the cases mentioned in paragraph 1 is present
and the deceased has not consented to an autopsy during his
lifetime, an autopsy may only be carried out with the consent
of the next of kin.

(3) A copy of the medical history shall be recorded for each
autopsy and kept in accordance with § 10, 1 Z. 3.

In the past, § 25 KAKuG was labeled as § 25 KAG
(Krankenanstaltengesetz).]

However, in specific cases, a limited autopsy or a post-
mortem biopsy of one or two organs with closed body
was performed in lieu of a full autopsy. In Austria, this
autopsy procedure allows institutions to keep the autopsy
rate to a higher level than the level of other Western
countries permitting high standards of quality assurance
and quality controls in most of the healthcare institutions
(Beat et al. 2012; McHanwell et al. 2008).

Tissue preparation for histology
and immunohistochemistry on paraffin sections

Temporal bone specimens were excised immediately fol-
lowing abortions and then fixed via immersion in a solu-
tion of 4% paraformaldehyde (PFA) in phosphate-buffered
saline (PBS, 0.1 M) at a pH of 7.4 overnight. PBS was
used to rinse the specimens following which they were
dehydrated and embedded in paraffin utilizing a histolog-
ical infiltration processor (Miles Scientific Inc.,
Naperville, IL, USA). Using an HM 355S microtome
(Microm, Walldorf, Germany), embedded specimens were
then serially sectioned at 4 μm thickness and mounted
onto SuperfrostTM Plus slides (Menzel, Braunschweig,
Germany). The sections were then dried overnight at
room temperature, following which the slides were incu-
bated at 60 °C for 2 h to enable the sections to adhere
firmly to the glass surface. Every tenth section was
stained with hematoxylin/eosin (HE) (Shandon Varistain
24-4, Histocom Vienna, Austria). This enabled both ori-
entation and identification of the anatomical landmarks.
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Antisera

The hosts, dilutions, and sources of primary antibodies uti-
lized are listed in Table 1.

Immunohistochemistry

Immunohistochemistry was performed utilizing a Ventana
Roche® Discovery XT Immunostainer (Mannheim,
Germany), applying a DAB-MAP discovery research stan-
dard procedure. When required, antigen retrieval was per-
formed by epitope unmasking via a heat induction methodol-
ogy performed while the sections were immersed in EDTA
buffer (Cell Conditioning Solution CC1, Ventana 950-124).

The sections were incubated with the appropriate primary
antibodies at 37 °C for 1 h and then with the Discovery
Universal Secondary Antibody, Ventana 760-4250, at room
temperature for 30 min. Antibody detection was then attained
employing the DAB-MAP Detection Kit (Ventana 760-124)
utilizing a combinatorial approach involving the diaminoben-
zidine (DAB) development method with copper enhancement
followed by counterstaining with hematoxylin (Ventana 760-
2021) for 4 min. The stained sections were then dehydrated
using an upgraded alcohol series, cleared with xylene, and
mounted permanently with Entellan® (Merck, Darmstadt,
Germany).

Positive controls (e.g., small intestine, brain, and pan-
creas) were supplemented to each experiment. Negative
controls were acquired by replacing the primary antibod-
ies with reaction buffer or substituting them with isotype-
matching immunoglobulins. These controls never yielded
any immunostaining.

Image analysis of the HE staining
and immunohistochemistry

All sections were imaged using a Zeiss AxioVision 4.1
microscope software coupled to an AxioCam HRc color
camera and an AxioPlan2 microscope (Zeiss, Jena,
Germany). The immune-stained sections were analyzed
at × 20 magnification utilizing a TissueFaxs Plus System
coupled onto a Zeiss® Axio Imager Z2 Microscope (Jena,
Germany). Analyzed sections were then acquired using
the TissueFaxs (TissueGnostics®, Vienna, Austria).

Fluorescence immunohistochemistry

Fluorescence immunohistochemistry was performed uti-
lizing a Ventana Roche® Discovery XT Immunostainer
(Mannheim, Germany). The sections were incubated with
the primary and secondary antibodies for 1 h. The sec-
ondary antibodies used were the donkey anti-rabbit Alexa
Fluor® 488 (ThermoFischer Scientific #A-21206),

Table 1 Antibodies used for
immunohistochemistry Ab clone Localization

pattern
Host
description

Background Ab dilution
pre-treatment

Supplier cat. no.

Monoclonal anti-nerve
growth factor receptor
(NGFR p75) clone
ME20.4

Diffuse
cytoplas-
mic

Mouse
mono-
clonal

Dudas et al.
2018

1:200 CC1
standard

Sigma N 5408

LGR5 Diffuse
cytoplas-
mic

Rabbit
poly-
clonal

Kim et al.
2018

1:100 Novus
Biologicals
NB-
P1-28904G

TAK1 (Thr184) Diffuse
cytoplas-
mic

Rabbit
poly-
clonal

N/A 1:100 Bioss bs-3436R
A555

SOX2 Diffuse
cytoplas-
mic

Rabbit
mono-
clonal

Okita et al.
2007

1:100 Cell Signaling
#3579

GATA3 (L5-823) Diffuse
cytoplas-
mic

Mouse
mono-
clonal

Higgins
et al.
2007

Ready-to-use
CC1
standard

Ventana Roche
Mannheim,
Germany
760-4897

Myosin VIIa Diffuse
cytoplas-
mic

Rabbit
poly-
clonal

Soni et al.
2005

1:800 CC1
standard

Proteus
Biosciences,
CA, USA

#25-6790

IgG2a kappa isotype
control (eBM2a),
Alexa Fluor 488

Mouse Lindsay
et al.
2016

1:100 eBioscienceTM

#53-4724-80
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donkey anti-rabbit Alexa Fluor® 594 (ThermoFischer
Scientific #R37119), and donkey anti-mouse Alexa
Fluor® 488 (ThermoFischer Scientific #R37114).

Image analysis of fluorescence IHC sections

The immune-stained sections were digitized at × 40 and × 63
magnifications using a TissueFAXS Plus System coupled onto
a Zeiss®Axio Imager Z2microscope (Jena, Germany). Image
acquisition was performed using the TissueFAXS software
(TissueGnostics®, Vienna, Austria).

Tissue preparation for transmission electron
microscopy analysis

Four fetal inner ear specimens (1/GW/09, 1/GW11, 1/GW14,
and 1/GW16) were detached and divided mid-modularly and
were fixed in 2.5% glutaraldehyde and 2% paraformaldehyde
buffered in sodium cacodylate (0.1 M, pH = 7.4) overnight at
4 °C. Since the development of the principal fluid spaces in
the fetal inner ear was not yet complete, this partitioning of the
cochleae allowed for excellent fixation quality for ultrastruc-
ture analysis. Subsequently, it was rinsed in sodium
cacodylate buffer and post-fixed in 1% osmium tetroxide in
distilled water for 3–4 h at 4 °C. Again, samples were rinsed
again then dehydrated in graded ethanol series and embedded
in EPON resin.

Ultrathin sections (90 nm) were cut on a Reichert Ultracut
S microtome (Leica Microsystem, Wetzlar, Germany) with an
ultra-diamond knife, mounted on dioxan-formvar-coated slot
grids (#G2500C, Christine Gröpl, Elektronenmikroskopie,
Tulln, Austria), and stained 35 min with 0.5% (w/v) uranyl
acetate, pH 4.4, and 10 min with 3% (w/v) lead citrate, pH 12
(Leica Ultrostainer, Leica Microsystem, Wetzlar, Germany).
The ultrathin sections were examined with a Philips CM 120
transmission electron microscope at 80 kV (FEI, Eindhoven,
Netherlands) equipped with a MORADA digital camera
(Olympus SIS, Münster, Germany).

Results

Expression of the adult stem cell marker LGR5 was apparent
in the fetal cochlea from the gestational week (GW) 11 and
onwards (Fig. 1a–c). The immunostaining was restricted to
the apical poles of the cells of the cochlear duct as well as to
the satellite glial cells (SGC) of spiral ganglia (SG) at this
stage. LGR5 expression was also apparent in the apical poles
of the vestibular hair cells of the fetal cristae ampullaris (Fig.
1d–f). The erythrocytes projecting towards the cristae
ampullaris were immune positive for the hematopoietic stem
cell marker, LGR5, and served as an internal control (Fig. 1d–
f). Parallel expression profiles for this marker were also

apparent in the human fetal utricle (Fig. 1g–i) with the apical
poles immune stained. Towards GW12, the expression for the
LGR5 is limited to the inner hair cells of the maturing organ of
Corti (Fig. 1j–l). The immune staining for this antibody is
apparent in the apical and basal poles of the inner hair cells
(IHCs) at this stage of development.

The expression of the kinase moiety TAK1 first presents at
GW12 in the IHC of the developing hearing organ (Fig. 2f).
Immune staining for this transcription factor is absent in the
surrounding supporting cells of the fetal cochlea during this
stage of development. The expression for the neurotrophin
receptor, p75NTR, is apparent at all the stages (GW9–12).
As previously reported (Johnson Chacko et al. 2017), we ex-
amined the expression (Fig. 2c, g, k) of this low-affinity
neurotrophin receptor colocalizing with TAK1 (Fig. 2h) in
both the IHC and outer hair cells (OHCs) at GW12. Nerve
fibers immune positive for p75NTR project towards the mid-
dle turn of the future organ of Corti and penetrate the sensory
epithelia. This low-affinity receptor expression was also pres-
ent in the cells surrounding the spiral ganglions (Fig. 3b, d).
Myosin VIIa immune-positive cells are present in the sensory
epithelia at GW12 (Fig. 3c, d) with the p75NTR immune
staining appearing even in the hair cells at GW12 (Fig.
2g, h). The high-mobility transcription factor SOX2 (Fig.
4c), previously described in the cochlear duct epithelium at
GW10 (Locher et al. 2013) was expressed in the supporting
cells and a few of the hair cells of the maturing utricle.

Immune staining for the transcription factor GATA3
occurred in the cochlear sensory epithelia as well as the
maturing spiral ganglia (Fig. 5(a’)). Expression for this
transcription factor presents in the hair cells of striolar
region of both the saccule (Fig. 5(a”)) and the utricle
(Fig. 5(a”’)) at GW11. High expression for the transcrip-
tion factor myosin VIIa first showed up in the vestibular
hair cells at GW9 (Fig. 5(b)) and later in the cochlear hair
cells at GW11 (Fig. 5(c)).

Electron microscope images (GW9 to GW16)

At GW9, the cochlear hair cells are still absent and undif-
ferentiated cells were only observed overall in the cochle-
ar duct (Fig. 6a). At GW11, the future hair cells can be
already be recognized (Fig. 6b). Ongoing morphologic
differentiation was seen in the future organ of Corti such
as dense cytoplasmic aggregations. The first signs of entry
of nerve fibers in the sensory epithelia are evident at this
stage. The fibers course between future cochlear hair
cells. At higher magnification, the nerve fibers penetrate
the sensory epithelium beneath developing hair cells (Fig.
6c arrowheads).

There is a basal to the apical gradient in the development of
the organ of Corti with differentiation progressing faster along
the basal turn of the cochlea. The OHCs and IHCs are quite
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distinct in the prosensory domain at GW12 (Johnson Chacko
et al. 2017; Locher et al. 2013; Pechriggl et al. 2015). At
GW14, the development of the organ of Corti has not yet
reached the apex of the cochlea (Fig. 7a). At GW16, the
OHCs in the cochlear apex have matured (Fig. 7b). At this
time, electronmicroscopy shows nerve fibers at the base of the
IHCs and the cuticular plate and stereocilia are present in the
apex of the cochlea (Fig. 7c).

Discussion

Damage or loss of IHCs and spiral ganglion cells severely
affects hearing and is generally irreversible in mammals.
Injury to the adult organ of Corti—the hearing organ—
causes hearing loss and deafness in humans resulting in
lowered quality of life. Identification of critical transcription
factors and their associated signaling pathways during inner

Fig. 1 Immune-stained sections
of the developing inner ear during
the gestational weeks 11 to 12. a,
d, g, j Cell nuclei stained with
DAPI. b, c Immune staining for
the LGR5 antibody presents at
GW11 in the apical pole of the
cochlear duct and the satellite
glial cells of the spiral ganglia. e, f
Immune staining for LGR5 at the
apical pole of the cristae
ampullaris. h, i Immune staining
for LGR5 at the apical pole of the
cristae ampullaris. k, l Inner hair
cells immune positive for the
LGR5 marker at GW12.m–o
Positive control section of the
human intestine with the LGR5
immune staining present in the
intestinal epithelial cells. Scale
bars: a–c 50 μm; d–i 100 μm; j–l
50 μm; m–o 50 μm
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ear development could lead to novel strategies to revitalize
hair cell receptors in the adult human organ of Corti.

Expression of LGR5, a known Wnt signal enhancer (de
Lau et al. 2014), was found to increase from GW8 to 12 in
all the fetal inner ear specimens examined. The data seem to
parallel previous observations in the fetal cochlea (Roccio
et al. 2018) suggesting the presence of a heterogeneous

population of progenitor cells. The LGR5 protein complex
was localized in the apical poles of the cochlear sensory epi-
thelia and the SGCs at GW11. At GW12, LGR5 dissipates and
limits to cochlear hair cells. Meanwhile, in the vestibulum, the
expression was more widespread in the apical poles of the
vestibular hair cells lining the cristae ampullaris and the
utricle.

Fig. 2 Immune-stained sections of the developing inner ear during the
gestational weeks 10 to 12. a, e, i Cell nuclei immune stained with DAPI.
b–d Immune staining for the TAK1 antibody is absent at this stage; p75
neurotrophic receptor is present at this stage in the vestibular hair cells
and nerve fibers of the cristae ampullaris. f–h TAK1 first presents in the

inner hair cells of the developing organ of Corti at GW12 whereas p75
presents in both inner and outer hair cells at this stage. j–lControl sections
lack positive immune staining with the exception of the auto-fluorescence
seen in the blood cells. Scale bars: a–d 100 μm; e–l 50 μm

Fig. 3 Immune-stained section of the middle turn of the developing
cochlea during the gestational week 12. a Cell nuclei immune stained
with DAPI. b p75NTR immune staining presents in the cochlear nerve
fibers. The stained fibers penetrate the cochlear sensory epithelia towards
the future hair cells. c Myosin VIIA immune staining positive in the

maturing hair cells of the sensory epithelia. d Merged image with
myosin VIIa immune reactivity colocalizing with the p75NTR in the
maturing hair cells. Insets (a’–d’): higher magnification view of the
sensory epithelia. Scale bars: a–d 100 μm; a–d insets 20 μm
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Immunostaining for the transcription factor TAK1 was ab-
sent in the vestibular hair cells but present in both the IHCs

and OHCs of the fetal cochlea at GW12. The expression
colocalized with the p75NTR at GW12 in the cochlear hair

Fig. 5 (a) Overview of the
developing inner ear at gestational
week 11. GATA3 immune
staining is evident in the sensory
epithelia of the cochlear
epithelium of the apical (at),
middle (mt), and basal turns (bt)
and the spiral ganglia (spg). The
striolar cells in the utricle (U) and
the saccule (S) are immune
stained by this antibody. (a’)
Regions corresponding to the
greater epithelial ridge (GER),
lower epithelial ridge (LER)
region, and the Kölliker’s organ
(KO) in the cochlear sensory
epithelia of the basal turn are
immune stained. The developing
stria vascularis lack staining for
this antibody. (a”) Higher
magnification of the saccule (S)
with the supporting cells of the
striolar region being immune
stained; immune staining for this
antibody is absent in the extra-
striolar region. (a”’) Higher
magnification of the utricle (U)
with the supporting cells of the
striolar region being immune
stained; immune staining for this
antibody is present also among
the transitional cells (TC). Note:
GATA3 immune staining extends
via the midline of the utricle to the
striolar part of the utricle. (b)
Myosin VIIa immune staining in
the cristae ampullaris at GW9,
with the vestibular hair cells
immune stained at this stage. (c)
In contrast to the vestibulum, the
myosin VIIa immune staining in
the fetal organ of Corti (OC)
appears at GW11 with both the
inner and outer hair cells immune
stained. Scale bars: (a) 200 μm;
(a’, a”, a”’, b) 50 μm; (c) 20 μm

Fig. 4 Immune-stained section of
the developing inner ear during
the gestational week 9. First
evidence for the SOX2 immune
staining in the utricle with the
supporting cells immune stained.
aCell nuclei immune stainedwith
DAPI. b, c SOX2 immune
staining in the vestibular
supporting cells. Scale bars: a–c
50 μm
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cells. The pillar cells are positive in the murine cochlea for
p75NTR, and we had previously reported positive immune
staining for this marker in the inner pillars at GW12
(Johnson Chacko et al. 2017). Expression for p75NTR in the
pillar cells are not apparent in this section plane at the basal
turn of the cochlea. Using a myosin VIIa immune staining, we
were able to clearly demonstrate expression for p75NTR to
colocalize with hair cells expressing myosin VIIa in the mid-
dle turn of the developing cochlea at GW12.

In contrast to the SOX2 expression observed previous-
ly in the prosensory domain of the cochlea previously
(Locher et al. 2013), immune staining for this transcrip-
tion factor occurred primarily in the vestibular supporting
cells of the fetal utricle. This suggests a regulatory role for
SOX2 in guiding vestibular supporting cell differentia-
tion. SOX2 also plays a role in maintaining stem cell
pluripotency in concert with other transcription factors
like Nanog (Boyer et al. 2005; Kempfle et al. 2016),
whose expression we could not verify in the developing
fetal inner ear. The Nanog antibody positively stained
tumor cells from head and neck carcinomas acting as pos-
itive controls. This absence of Nanog expression may
suggest that the inner ear cells are multipotent rather than
pluripotent by this stage of development.

The localization of the GATA3 transcription factor in
the striolar region of the utricle and the saccule indicates
an early maturation of the vestibular hair cells. This tran-
scription factor is the only known marker for the striolar
reversal zone (Alvarado et al. 2009). Vestibular hair cells
undergo an 180° shift in orientation in this zone (Flock
1964) with type I hair cells lining the striolar zone and
type II hair cells the extra-striolar regions (Lysakowski
and Goldberg 1997). Calyx-only innervated afferents exist
in the striolar regions (Desai et al. 2005a; Desai et al.
2005b). Early onset of this switch in hair cell phenotype
would suggest the beginning of vestibular functionality at
GW18 as evidenced by the presence of mature vestibular
calyxes (Lim et al. 2014). The earliest time point for fully
adult-like vestibular hair cells immune stained for myosin
VIIa was in the cristae ampullaris at GW9. We previously
observed positive immune staining for glutamine synthe-
tase (Johnson Chacko et al. 2016), a metabolic regulator
of glutamate in the transitional cells of the vestibular end
organs. Lineage-specific expression of glutamine synthe-
tase in luminal cells of breast epithelia enables cellular

survival (Kung et al. 2011). Expression of GATA3 in the
transitional cells of the vestibular end organs could have a
similar effect.

�Fig. 6 Transmission electron micrograph of the developing inner ear at
gestational weeks 9–11. a Undifferentiated epithelial cells lining the
cochlear duct apparent at GW9. b The future organ of Corti appears
differentiated and distinct from the prosensory region where cellular
differentiation is just starting at GW11. c The nerve fibers (arrowheads)
are just starting to enter the cochlear sensory epithelial lining at this stage.
BC blood cells, future OC future organ of Corti, Nv nerve. Scale bars: a
25 μm; b 10 μm; c 2 μm
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The expression of GATA3 observed in the cochlear sensory
epithelia at GW11 indicates a turnover of epithelial cells oc-
curring in the cochlea prior to its cochlear maturation. In the
murine inner ear, absence of GATA3 results in a cochlear duct
with undifferentiated cochlear hair cells and SG in the
modiolus. Expression of GATA3 is necessary for neurosenso-
ry development (Duncan and Fritzsch 2013) and preventing
initiation of apoptotic pathways (Tsarovina et al. 2010) at a
time point with most critical differentiation of cochlear senso-
ry epithelia and ganglia occurs. GATA3 expression could sig-
nal auditory specification via multiple gene expression cas-
cades, one of which could be the associated transcriptional
factor MAFB. We observed MAFB expression in the fetal
cochlear (Pechriggl et al. 2015) and vestibular ganglia
(Johnson Chacko et al. 2016) between the gestational weeks
8 and 12. MAFB was previously reported to be part of a
GATA3-MAFB transcriptional network directing post-
synaptic differentiation in auditory synapses (Yu et al. 2013),
an indication of its role in SG terminal differentiation. The
timely expression of the transcription factors GATA3 and
SOX2 observed here with MAFB (Johnson Chacko et al.
2016; Pechriggl et al. 2015) suggests the existence of a

cochlear prosensory gene-signaling cascade. This signaling
cascade could be similar to the cooperative interaction of
SOX2, SIX1, and EYA1 proteins in guiding ATOH1-
mediated hair cell specification (Ahmed et al. 2012).

There is a large number of undifferentiated epithelial cells
at GW9 in the cochlear duct at the electron microscopic level.
In addition, there is no differentiation of hair cells and typical
supporting cells. In a previous investigation using myosin
VIIA marker, the first sign of cochlear hair cell differentiation
was identified at GW10 (Johnson Chacko et al. 2017), which
was completed at GW12 in the cochlear basal turn. At GW11
and using transmission electron microscopy (TEM), the future
OHCs were visible while the prosensory region is still under-
going substantial cellular differentiation. TEM showed mi-
grating nerve fibers at the base of the OHCs. In a previous
study from our lab, the neurotransmitter glutamate immune
staining occurred as dots in the sensory neural epithelia in this
region at GW11 (Pechriggl et al. 2015) suggesting that these
are afferent fibers. Expression of the efferent neurotransmitter
GABAwas absent in the same region at this stage.

Hair cell differentiation from GW10 onwards (Johnson
Chacko et al. 2017) is not complete at the apex of the cochlea

Fig. 7 Transmission electron micrograph of the developing inner ear at
gestational weeks 14–16. a In the cochlear apex, the cochlear duct at
gestational week 14, the prosensory region of the organ of Corti is
distinct while the region corresponding to the cochlear hair cells is still
undifferentiated. In the stria vascularis, the basal cells are distinct and
appear bilayered. b By gestation week 16, one row of inner hair cells
and three rows of outer hair cells are evident with the tunnel of Corti

starting to form. One blood vessel (BV) is evident underneath the inner
hair cell and underlying the basilar membrane. c Higher magnification
imaging of the region of the inner hair cells at gestational week 16 reveals
the newly formed cuticular plate (Cp) with the stereocilia (Stc) lining it
evident at this stage. Arrows point towards the vacuoles, which will be
filled with the nerve fibers. Scale bars: a 25 μm; b 10 μm; c 2 μm
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at GW14. Electron microscopically, Kölliker’s organ presents
as a dense mass of undifferentiated cells at GW14 while the
prosensory region demonstrates signs of cellular patterning.
The future stria vascularis is bilayered with future intermedi-
ate cells invading. These intermediate cells are of neural crest
origin (Schrott and Spoendlin 1987). We can clearly distin-
guish the OHC, IHCs, and the stereocilia first at GW16 in the
apex. The stereocilia and the cuticular plate are also evident
with nerve fibers penetrating until the base of the inner pillar
cells. This completes hair cell differentiation in the cochlear
apex. The late differentiation is consistent with both mouse
(Kopecky et al. 2013) and human data (between GW9 and 12)
(Roccio et al. 2018) that show a counter gradient of cell cycle
exit (apex to base) and differentiation (base to apex). Using
higher vertebrate model systems with fetal hearing onset can
serve to correlate murine hair cell development and differen-
tiation pattern with human inner ear development (Wang et al.
2018).

We exploited the combined approach using light fluo-
rescence and electron microscopy to study the develop-
ment of the human fetal inner ear. Information gained
from these human investigations may help further charac-
terize significant time-dependent steps in the formation of
this complex cyto-architecture. It may also give valuable
insights into developmental disorders and pathogenesis of
malformations of the inner ear. These fascinating cellular
events including apoptosis and shaping involve enzymatic
degradation in the maturing Kölliker’s organ (Pechriggl
et al. 2015) just prior to its remodeling into the organ of
Corti.
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