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ABSTRACT 

The expression patterns of key membrane pumps and ion channels involved in endolymph cycling have been studied in the 
rodent inner ear and the developing and adult human cochlea. However, little is known about their expression during the 
development of the human vestibular system. In this study, we provide a comprehensive overview of expression profiles of 
ion pumps, cotransporters, and exchangers in the developing human utricle and ampullae from fetal week (FW) 8 to 17. 
Immunohistochemistry analysis revealed that ATP1A1 and ATP1B2 co-localize at the basolateral membranes of dark cells. In 
addition, BSND expression was observed in transitional cells and dark cells in both the ampulla and utricle from FW10. We further 
characterized the expression of gap junction proteins (GJA1, GJB2, and GJB6) and found that KCNQ1 was expressed by transitional 
cells and dark cells starting from FW14. SLC12A2 immunostaining was detected in dark cells around FW10. Lastly, we investigated 
the spatiotemporal expression of pendrin. These detailed observations of protein expression during human inner ear development 
enhance our understanding of endolymph homeostasis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Electrolyte homeostasis of vestibular endolymph and perilymph
is crucial for the proper functioning of the vestibular organs,
that is, the saccule, utricle, and the ampullae of the semicircular
canals. These fluids are separated by specialized epithelia con-
taining sensory cells (hair cells) and various non-sensory cells
involved in electrolyte regulation (Figure 1 ). Non-sensory cells
surround the sensory epithelium and can be categorized into a
transitional zone containing transitional cells, and a dark cell area
containing dark cells (absent in the saccule) and subepithelial
melanocytes. In early developmental stages, a prosensory domain
is defined, fated to generate sensory hair cells and associated
supporting cells. Together, these epithelia delineate a loosely
connected mesenchyme, through which perilymph flows (Köppl
This is an open access article under the terms of the Creative Commons Attribution License, which perm
cited. 
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et al. 2018 ). Each cell type exhibits a unique expression pattern
of ion pumps, ion channels, and gap junctions involved in
electrolyte cycling. 

The significance of electrolyte regulation in endolymph home- 
ostasis is underscored by mutations in genes coding for proteins
involved in the recycling process, resulting in sensorineural
hearing loss (SNHL) and/or balance disorders (Table 1 ). Genes
include ATP1A1, ATP1B2, GJB2, GJB6, GJA1, KCNQ1, SLC26A4, 
SLC12A2, and BSND. 

While the distribution of key ion pumps and channels involved in
ion transport has been extensively studied in the mouse cochlea
(Wangemann and Marcus 2017 ) and during fetal development of
the human cochlea (Locher et al. 2015 ), the expression patterns
its use, distribution and reproduction in any medium, provided the original work is properly 
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FIGURE 1 Schematic detail of the cell types involved in potas- 
sium recycling in the human ampulla . Potassium recycling in the 
adult vestibular organs occurs through a sophisticated set of ion trans- 
porters, including ion pumps (active transport), ion channels (passive 
transport), and gap junctions (simple and facilitated diffusion). Stereocilia 
in the apical membranes of the hair cells (#1) contain mechanoelectrical 
transduction channels that open upon deflection of the stereociliary 
bundles, thereby allowing influx of K+ and subsequent depolarization of 
the hair cell. Voltage-gated Ca2 + channels in the basolateral membranes 
open and the subsequent influx of Ca2 + causes release of neurotransmitter 
molecules into the synaptic cleft, resulting in excitation of the afferent 
neurons (#3). The membrane potential returns to its resting phase by 
the release of K+ into the intercellular space through voltage-gated 
K+ channels (#5), from which it diffuses to neighboring cells: The 
subepithelial melanocytes (#6), transitional cells (#4) and dark cells 
(#7). Transitional cells and dark cells take up K+ by active transport 
at their basolateral membranes via Na+ /K+ -ATPases and Na+ -K+ -2Cl− 

cotransporters. Ultimately, K+ is recycled to the endolymph by means of 
K+ channels, thereby concluding the cycle (Wangemann 2002 ). 
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in the developing human vestibular system remain, to the best of
our knowledge, unexplored. Addressing this gap has implications
for advancing translational research since mutations in genes 
associated with deafness often also lead to vestibular dysfunc-
tion, reflecting shared protein expression patterns between the 
auditory and vestibular system (Mei et al. 2021 ). We examine
the expression of key ion pumps, cotransporters, and exchangers
involved in endolymph production in the human vestibular 
system from FW8 to FW17. 

2 Material and Methods 

2.1 Ethics Statement 

Use of human embryonic and fetal specimens was in accordance
with Dutch legislation and the WMA Declaration of Helsinki
Developmental Neurobiology, 2026
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guidelines, and approval for this project was obtained from
the Medical Research Ethics Committee of Leiden University
Medical Center (protocol registration number B18.044). Written
informed consent of the donors was obtained following the
Guidelines on the Provision of Fetal Tissue set by the Dutch
Ministry of Health, Welfare and Sport (revised version, 2018). For
privacy and ethical reasons, the motivation for termination was
not recorded in the dataset. 

2.2 Specimen Collection and Processing 

Intact human embryonic and fetal inner ears were collected
after elective termination of pregnancy by vacuum aspiration.
Embryonic or fetal age (in weeks, FW), defined as the duration
since fertilization, was determined using obstetric ultrasonogra-
phy based on the Crown-Rump Length measurement prior to
termination, with two weeks subtracted to estimate fetal age. This
method has a standard error of ± 2 days. Specimens with known
or visible developmental abnormalities were excluded. Tissue was
obtained at the following developmental stages: FW8 ( n = 2),
FW10 ( n = 3), FW12 ( n = 4), FW14 ( n = 2), FW16 ( n = 1), and
FW17 ( n = 1). Time between termination and collection was kept
to a minimum of several minutes. Inner ears were processed as
previously described (Locher et al. 2013 ). Briefly, inner ears were
harvested from vacuum-aspirated tissue, collected in phosphate-
buffered saline pH 7.4 (PBS), transferred to 4% formaldehyde
(prepared from paraformaldehyde) in 0.1 M Na+ /K+ -phosphate
buffer (pH 7.4) and fixed for at least one night at 4◦C. Inner
ears from FW12 and older were decalcified for 1–3 weeks in 10%
EDTA.2Na (Sigma-Aldrich, St. Louis, MO, USA) in distilled water
(pH 7.4) at 4◦C. All specimens were subsequently dehydrated in
an ascending ethanol (70%–99%) series, cleared in xylene and
embedded in paraffin wax. 

2.3 Histology and Immunohistochemistry 

Sections (5 µm) were cut using an HM 355 S rotary microtome
(Thermo Fisher Diagnostics B.V., Landsmeer, the Netherlands)
and transferred to aminosilane-coated glass slides and air-dried
overnight at room temperature. Sections were deparaffinized in
xylene and rehydrated in a descending series of ethanol (96%–
50%) and several rinses in deionized water. Every 10–20 sections,
one section was selected for routine staining with hematoxylin
and eosin (H&E). 

Antigen unmasking was performed in 10 mM sodium citrate
buffer (pH 6.0) for 12 min in a microwave oven set at 97◦C.
After rinsing in washing buffer (0.05% Tween-20 [Promega,
Madison, WI, USA] in PBS), sections were incubated for 30
min with blocking solution (5% bovine serum albumin [BSA;
Sigma-Aldrich, St. Louis, MO, USA] and 0.05% Tween-20 in
PBS) followed by overnight incubation at 4◦C with the following
primary antibodies, appropriately diluted in blocking solution,
either as single, double or triple immunostainings: mouse
anti-ATP1A1 (1:200, Novus Cat# NB300-146, RRID:AB_2060979),
rabbit anti-ATP1B2 (1:100, Novus Cat# NBP2-97186), rabbit
anti-BSND (1:1000, Novus Cat# NBP2-49101), mouse anti-GJA1
(CXN-6, 1:100, Thermo Fisher Scientific Cat# MA1-25097,
RRID:AB_779902), rabbit anti-GJB2 (1:100, Alomone Labs
Developmental Neurobiology, 2026
Cat# ACC-212, RRID:AB_11124274), rabbit anti-GJB6 (1:100, 
Thermo Fisher Scientific Cat# PA5-11640, RRID:AB_2111053), 
rabbit anti-KCNQ1 (1:20, Atlas Antibodies Cat# HPA048553, 
RRID:AB_2680438), chicken anti-SLC12A2 (1:200, Novus 
Cat# NB100-75623, RRID:AB_1049234), and rabbit anti- 
SLC26A4 (1:100, Novus Cat# NBP1-85237, RRID:AB_11032075) 
immunoglobulins. Next, the sections were incubated for 2 h at
room temperature with the following Alexa Fluor-conjugated 
secondary antibodies: AF488 donkey anti-rabbit (Abcam Cat# 
ab150061, RRID:AB_2571722), AF488 donkey anti-goat (Abcam 

Cat# ab150133, RRID:AB_2832252), AF594 donkey anti-mouse 
(Thermo Fisher Scientific Cat# A-21203, RRID:AB_2535789) 
and AF680 donkey anti-rabbit (Thermo Fisher Scientific 
Cat# A10043, RRID:AB_2534018) immunoglobulins, diluted 
at 1:500 in blocking solution. Nuclei were stained with 4 ′ ,6-
diamidino-2-phenylindole (DAPI; 1:1000, Vector Laboratories 
Ltd., Peterborough, UK). Sections were mounted with ProLong 
Gold Antifade Mountant (Thermo Fisher Scientific, Waltham, 
MA, USA). Negative controls were carried out by matching
isotype controls and also by omitting primary antibodies. Positive
controls were carried out by staining sections of known positive
human tissue samples. At least three separate immunostainings
were performed with each primary antibody. 

2.4 Image Acquisition and Processing 

Sections stained with H&E were digitized using a Pannoramic
MIDI scanner and viewed with CaseViewer software (3DHIS- 
TECH, Budapest, Hungary). Pseudocolor images of immunos- 
tained sections were acquired with a Leica SP8 confocal laser
scanning microscope using Leica objectives (20x/0.7 dry HC PL
Apo, 40x/1.3 oil HC PL Apo CS2, 63x/1.4 oil HC PL Apo and
100x/1.3 oil HC PL Fluotar), operating under Leica Application
Suite X microscope software (LAS X, Leica Microsystems, Buffalo
Grove, IL, USA). Maximal projections were obtained from image
stacks with optimized z-step size. Brightness and contrast adjust-
ments were performed with Fiji (ImageJ version 1.52p) or Adobe
Photoshop CC 2018. Colors were adjusted for colorblindness. If
not shown, separate channels of merged immunostaining images 
can be provided by the corresponding author upon request. 

3 Results 

Expression patterns of investigated proteins were identical 
between utricle and ampulla, unless otherwise stated. Figures
show expression in either utricle or ampulla based on most
representative results. 

3.1 Membrane Pump Subunits ATP1A1 and 

ATP1B2 Co-Localize at the Basolateral Membranes 
of Dark Cells in the Utricle and Ampulla 

At FW10, immunostaining for ATP1A1 was seen in the sensory
domains, the dark cell epithelia and, to a lesser degree, in the
transitional cells and subepithelial mesenchyme of the utricle and
ampulla (Figure 2A–C ; Figure S1A,C ). At this stage, expression
of ATP1B2 was most evident in dark cells, but transitional cells
showed some expression as well (Figure 2B,C ; Figure S1B,D ).
3 of 14
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FIGURE 2 Expression of ATP1A1 and ATP1B2 in the developing utricle and ampulla. (A) H&E overview of the developing vestibular system at 
FW10. (B–C) At FW10, immunostaining for ATP1A1 was observed in the sensory domain, non-sensory epithelia and the subepithelial mesenchyme of 
the utricle and the ampulla. Expression of ATP1B2 was seen in the dark cells and transitional cells of the utricle and the ampulla. B–C correspond to 
areas B’-C’ in the H&E overview. (D) At FW14, expression of ATP1A1 in the ampulla was predominantly seen in the basolateral membranes of the dark 
cells. Some immunostaining was visible in the transitional cells, whereas immunostaining of ATP1B2 was confined to the basolateral membranes of the 
dark cells. (E) Immunostaining of ATP1A1 and ATP1B2 co-localize at the basolateral membranes of the dark cells. Amp, sensory domain of the ampulla; 
DC, dark cells; OC, otic capsule; TC, transitional cells; Utr, sensory domain of the utricle. Cyan: ATP1B2; red: ATP1A1. Scale bars: 200 µm (A), 50 µm 

(B–E). 
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From FW14-16, expression of ATP1A1 was predominantly seen at
the basolateral membranes of the dark cells, whereas expression
in the sensory domain of the ampulla and the transitional zone
gradually diminished (Figure 2D–E ; Figure S1E,G ). At this stage,
ATP1B2 was confined to the basolateral membranes of the dark
cells (Figure 2D–E ; Figure S1F,H ). ATP1A1 and ATP1B2 co-
localize at the basolateral membranes of the dark cells in the
utricle and ampulla. 

3.2 Transitional Cells and Dark Cells in the 
Ampulla Express Barttin Protein BSND From FW10 

Onwards 

At FW8, diffuse and punctuated immunostaining for BSND was
observed in the prosensory domain of the ampulla and in the
surrounding epithelia (Figure 3A–B’ ). The punctuated pattern
was consistently visible in the ampullary sensory domain from
FW8 up through FW16 (Figure 3B–E’ ). At FW10, expression
was also seen at the basolateral membranes of both transitional
cells and dark cells in the ampulla (Figure 3C–C’ ). At FW14,
the transitional cells and dark cells strongly immunostained for
BSND at their basolateral membranes (Figure 3A,D–D’ ), whereas
at FW16 the expression in the transitional cells had diminished
(Figure 3E–E’ ). 

3.3 Distribution of Gap Junction Proteins GJA1, 
GJB2, and GJB6 in the Developing Vestibular Organs 

We studied the temporal expression of several gap junction
proteins on fetal inner ears from FW8-17. Of these proteins, only
GJB2 (connexin 26) has been shown to be present in the human
vestibular system, but GJB6 (connexin 30) and GJA1 (connexin
43) have not been investigated. 

Expression of GJA1 was seen in a variety of vestibular cells
(Figure 4 ). At FW8, few epithelial cells surrounding the pros-
ensory domain of the ampulla and utricle and in the ampullar
roof immunostained for GJA1, as well as the subepithelial mes-
enchyme (Figure 4A,B ). At FW10, expression of GJA1 was seen in
the developing dark cells surrounding the ampulla, in the sensory
domain of the ampulla, and in some non-specific epithelial cells.
Faint immunostaining was seen in the transitional zone and some
periotic mesenchyme (Figure 4C ). At FW12, expression of GJA1
was more defined in the dark cell area, as compared to earlier
weeks. Punctuated expression was seen in the subepithelial
mesenchyme (Figure 4D ). At FW14, expression was first seen in
melanocytes underneath the dark cell epithelium (Figure 4E ).
At FW17, strong immunostaining was obvious in the sensory
domain, the subepithelial melanocytes and mesenchyme, and the
transitional cells (Figure 4A,F–F’ ). 

At all developmental stages, GJB2 and GJB6 showed identical
expression patterns (Figures 5 and 6 ). At FW8, immunostaining
for GJB2 and GJB6 showed a diffuse and punctuated pattern in
the sensory and extrasensory epithelia of the ampulla (Figure 5A–
B’ and Figure 6A–A’ ). At FW10, immunostaining increased in
the basolateral and apical membranes of the sensory domain
(Figure 5C–C’ , Figure 6B–B’ ). From FW12-16, expression of GJB2
and GJB6 (FW16 data not shown) remained consistently visible
Developmental Neurobiology, 2026
in the sensory domain of the ampulla and the subepithelial
mesenchyme (Figure 5D–E’ ; Figure 6C–D’; 6C’–D’ ). Expression
patterns of both connexins were similar at FW16 and FW17 in the
developing utricle (data not shown). 

3.4 Transitional Cells and Dark Cells Express K+ 

Channel Protein KCNQ1 at Their Apical Membranes 
Around FW14 

From FW8-12, expression of KCNQ1 was not seen in the develop-
ing vestibular organs (Figures 7A–C ). At FW14, both dark cells
and transitional cells of the ampulla showed immunostaining
of KCNQ1 at their apical membranes (Figure 7D ). At FW16,
expression was confined to the apical membranes of the dark
cells in the ampulla (Figure 7F ) and utricle (data not shown). No
expression of KCNQ1 was seen in other epithelial cells (data not
shown). 

3.5 Na+ /K+ /2Cl− Cotransporter Protein SLC12A2 
Is Expressed by Dark Cells Around FW10 

From FW8-10, diffuse and punctuated immunostaining for 
SLC12A2 (NKCC1) was seen in the subepithelial mesenchyme of
the ampulla (Figure 7A,B ). Immunostaining at the basolateral
membranes of the dark cells surrounding the ampulla was first
seen around W10 (Figure 7B ). From FW12-16, the expression
pattern of the basolateral membranes of the ampullar dark cells
became more evident (Figure 7C–E ). No immunostaining was
seen in the sensory domain of the ampulla (Figure 7D,E ). 

3.6 Temporal Expression of Pendrin Protein 

SLC26A4 in the Developing Vestibular Organs 

At FW8, some epithelial cells in the ampullar roof expressed
SLC26A4 (pendrin) at their basolateral and apical membranes 
(Figure 8A ). At FW10, expression was more evident and was
observed at the apical and basolateral membranes of dark cells
located in the area between the utricle and ampulla as well as
in the ampullar roof (Figure 8B ). At FW12, immunostaining was
intense and restricted to the apical and lateral membranes of
the dark cell epithelia, and faint expression was observed at the
apical membranes of the transitional cells (Figure 8C ). At FW14,
immunostaining for SLC26A4 was seen at the apical membranes
of dark cells and to a lesser degree in the apical membranes of
transitional epithelia (Figure 8D ). 

The spatio-temporal expression patterns of the investigated 
proteins are summarized in Table 2 . 

4 Discussion 

4.1 Expression of Gap Junctions in the 
Developing Vestibular System 

Mutations in the genes GJA1 , GJB2 , and GJB6 that code for gap
junction proteins Cx43, Cx26, and Cx30, respectively, are related
to hearing loss (Abitbol et al. 2018 ; X. Z. Liu et al. 2001 ; Shearer
5 of 14

C
om

m
ons L

icense



FIGURE 3 Expression of BSND in the developing ampulla. (A) H&E overview of the developing vestibular system at FW10. (B–B’) At FW8, 
punctuated expression of BSND can be observed in epithelial cells of the ampulla. (C–C’) At FW10, the sensory domain continues to express BSND, 
whereas some transitional cells and the dark cells express immunostaining at their basolateral membranes. (D–D’) At FW14, strong immunostaining 
is obvious along the basolateral membranes of both transitional cells and dark cells. The sensory domain continues to show punctuated expression 
of BSND. (E–E’) At FW16, only dark cells show immunostaining at their basolateral membranes. The sensory domain expresses minor punctuated 
immunostaining for BSND. Amp, sensory domain of the ampulla; DC, dark cells; TC, transitional cells. Cyan: BSND; blue: DAPI. Scale bars: 100 µm (A), 
50 µm (B–E’). 
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FIGURE 4 Expression of GJA1 is seen in a variety of vestibular cells. (A) H&E overview of the developing ampulla at FW17. (B) At FW8, low 

expression levels are seen at the edges of the prosensory domains of the ampulla and utricle. (C) At FW10, GJA1 is expressed by the dark cells. The 
sensory domain shows faint immunostaining. (D) At FW12, both the sensory domain and the dark cells show immunostaining at their apical membranes. 
Punctuated immunostaining is visible in the subepithelial mesenchyme. (E) At FW14, the dark cells show faint expression, whereas expression in 
subepithelial melanocytes and the sensory domain increases. (F–F’) At FW17, strong expression of GJA1 is seen in the sensory domain, the subepithelial 
mesenchyme and in the subepithelial melanocytes underneath the dark cell epithelium. Amp, sensory domain of the ampulla; DC, dark cells; TC, 
transitional cells Utr, sensory domain of the utricle. Cyan: GJA1; blue: DAPI. Scale bars: 100 µm (A), 50 µm (B–F’). 
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FIGURE 5 Expression of GJB2 is mostly restricted to the sensory domain of the ampulla and only diffusely present in the subepithelial mesenchyme 
underneath the transitional cells and the dark cells. (A) H&E overview of the developing inner ear at FW8. (B–B’) At FW8, only limited punctuated 
expression can be observed in the epithelial cells (C–C’). At FW10, immunostaining is visible in the sensory domain, whereas it is absent in the transitional 
cells and dark cells. (D–D’) At FW12, expression of GJB2 is seen in the sensory domain and the subepithelial mesenchyme. (E–E’) At FW14 (data not 
shown) and FW16, expression of GJB2 remains unchanged as compared to FW12. Amp, sensory domain of the ampulla; Coch, cochlea; DC, dark cells; 
Endol, endolymphatic (duct/sac/valve); Sac, sensory domain of the saccule; SCC, semicircular canal; TC, transitional cells; Utr, sensory domain of the 
utricle. Cyan: GJB2; blue: DAPI. Scale bars: 500 µm (A), 50 µm (B–E’). 
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FIGURE 6 Expression of GJB6 is mostly restricted to the sensory domain of the ampulla and diffusely distributed to the subepithelial mesenchyme 
underneath the transitional cells and dark cells. (A, A’) At FW8, only few punctae are visible in the ampullar epithelial cells. (B, B’) At FW10, more 
immunostaining is visible in the sensory domain, whereas expression is absent in the developing transitional cells and the dark cells. (C, C’) At FW12, 
expression of GJB6 is seen in the sensory domain and subepithelial mesenchyme. (D, D’) The expression pattern of GJB2 remains unchanged as compared 
to FW12. Amp, sensory domain of the ampulla; DC, dark cells; TC, transitional cells. Cyan: GJB2; blue: DAPI. Scale bars: 50 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1932846x, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dneu.70010 by L

eiden U
niversity L

ibrary, W
iley O

nline L
ibrary on [18/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative
et al. 1993 ) but so far only mutations in GJB2 have been associated
with vestibular symptoms in humans (Dodson et al. 2011 ; Kasai
et al. 2010 ; Tsukada et al. 2015 ). While the expression patterns
of these proteins have been studied in the human cochlea (W.
Liu et al. 2009 ; Locher et al. 2015 ), they remain unexplored in
human vestibular organs. In this study, we have investigated
the expression of GJA1, GJB2, and GJB6 in the developing
human vestibular organs, from FW8-17. Given that cochlear
expression patterns of these genes generally do not significantly
differ between rodent species and humans, we anticipated similar
Developmental Neurobiology, 2026
findings in human vestibular organs as previously described in
mice, gerbils, and guinea pigs (Forge et al. 2003 ). Indeed, our
results showed that GJB2 and GJB6 exhibited identical expression
patterns in the developing human vestibular organs, consistent
with earlier findings demonstrating their co-localization and 
heteromeric and heterotypic combinations (Lautermann et al. 
1998 ). 

Furthermore, vestibular melanocytes, but not dark cells, in 
the human adult inner ear have been shown to express GJB2
9 of 14
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FIGURE 7 Ampullar dark cells start to express SLC12A2 around FW10 and KCNQ1 around FW14. (A) At FW8, expression of SLC12A2 is obvious 
as diffuse punctae in the subepithelial mesenchyme. (B) At FW10, some epithelial cells in the dark cell area start to express SLC12A2 at their basolateral 
membranes. (C). At FW12, expression in membranes of dark cells is increased as compared to FW10. KCNQ1 is not seen at this stage. (D) At FW14, 
strong immunostaining of SLC12A2 is seen in the basolateral membranes of the ampullar dark cells. At this stage, KCNQ1 is first observed in the apical 
membranes of the dark cell epithelium. (E) At FW16, expression of SLC12A2 is unchanged compared to FW14. No immunostaining of sensory epithelia 
is seen. (F) Apical membranes of ampullar dark cells immunostain intensely for KCNQ1 at FW17. Amp, ampulla; DC, dark cells; TC, transitional cells. 
Cyan: SLC12A2; red: KCNQ1; blue: DAPI. Scale bars: 50 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1932846x, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dneu.70010 by L

eiden U
niversity L

ibrary, W
iley O

nline L
ibrary on [18/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative
(Masuda et al. 2001 ; Wang et al. 2024 ). We did not find any
expression of GJB2 in vestibular melanocytes until FW17. This
suggests that its expression occurs at later developmental stages.
In addition, developing vestibular epithelia, both sensory and
extrasensory, expressed GJA1, contrasting with the expression
in developing cochlear epithelia (Locher et al. 2015 ). At FW17,
melanocytes expressed GJA1, unlike the intermediate cells (i.e.,
melanocytes of the stria vascularis) in the cochlea at the same
developmental stage (Locher et al. 2015 ). GJA1 has been shown
to be functionally significant in hearing (X. Z. Liu et al. 2001 ),
suggesting that its cochlear expression occurs at later stages of
development. 
10 of 14
4.2 Dark Cells: Developmental Expression of Ion 

Transporters and Channels 

From FW10 onwards, ATP1A1 and ATP1B2 co-localized in the
basolateral membranes of dark cells. In addition, BSND and
SLC12A2 were first observed in the basolateral membranes of
transitional and dark cells at FW10, with increasing intensity
over time. Our observations are consistent with previous studies
conducted by our group, which demonstrate that the vestibular
system exhibits a developmental progression that precedes that 
of the cochlea by 2–3 weeks (Locher et al. 2013, 2015 ; van Beelen
et al. 2020 ; van der Valk et al. 2023 ). 
Developmental Neurobiology, 2026
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TABLE 2 Spatio-temporal expression patterns of investigated proteins in the developing human vestibular organs. 

ATP1A1 
FW10-14: sensory domain, transitional cells, dark cells, subepithelial mesenchyme 

FW16: sensory domain, dark cells, subepithelial mesenchyme 

ATP1B2 FW10: dark cells, transitional cells 
FW14-16: dark cells 

BSND FW8: prosensory domain, extrasensory epithelia 
FW10-14: transitional cells, dark cells, sensory domain 

FW16: dark cells, faint expression in sensory domain and transitional cells 
GJA1 FW8: extrasensory domain, mesenchyme 

FW10-12: sensory domain, mesenchyme, transitional cells, dark cells 
FW14: as above, including melanocytes 

FW17: sensory domain, transitional cells, mesenchyme, melanocytes 
GJB2 FW8: prosensory domain, extrasensory epithelia 

FW10: sensory domain 
FW12-16: sensory domain, mesenchyme 

GJB6 FW8: prosensory domain, extrasensory epithelia 
FW10: sensory domain 

FW12-16: sensory domain, mesenchyme 
KCNQ1 FW8-12: no expression 

FW14: dark cells, transitional cells 
FW16: dark cells 

SLC12A2 FW8-10: mesenchyme 
FW10-16: dark cells, mesenchyme, transitional cells 

SLC26A4 FW8-14 dark cells, transitional cells 

FIGURE 8 Immunostaining of SLC26A4 follows a dynamic pattern. 
(A) At FW8, apical membranes of epithelial cells in the ampullar roof 
immunostain for SLC26A4 (arrow). (B) At FW10, expression becomes 
more evident in both apical and basolateral membranes of utricular and 
ampullar dark cells. (C) At FW12, apical and lateral membranes of the 
dark cells immunostain for SLC26A4. (D) At FW14, dark cells (arrows) 
and transitional cells show apical expression. Amp, ampulla; DC, dark 
cells; TC, transitional cells. Cyan: SLC26A4; blue: DAPI. Scale bars: 50 µm. 
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Interestingly, KCNQ1 expression in the apical membranes of
dark cells was not detected until FW14, corresponding to
its temporal expression pattern in cochlear marginal cells
Developmental Neurobiology, 2026
(melanocytes), which begins at FW16 (Locher et al. 2015 ).
In addition, SLC26A4 expression was detected in the apical
membranes of dark cells as early as FW8, reaching a peak
at FW12 before declining. In the developing mouse inner ear,
pendrin plays a crucial role in maintaining a balanced endolymph
pH and regulating fluid absorption and secretion (Wangemann 
2011 ). In humans, mutations in SLC26A4 cause hearing loss
and vestibular dysfunction manifesting at an early age (Honda
and Griffith 2022 ). The observed gradient of expression in the
human vestibular system might suggest a critical window for
SLC26A4. 

4.3 Transitional Cells: Contribution to Early 
Endolymph Homeostasis and K+ Regulation? 

During early development, ion transporters and channels exhibit 
broader expression patterns, observed also in transitional cells 
before becoming restricted to dark cells. In mice, transitional cells
contribute to early endolymph homeostasis when dark cells have
not reached their mature phenotype yet (Bartolami et al. 2011 ).
In this study, we found that ATP1A1, ATP1B2, BSDN, SLC12A2,
and SLC26A4 were expressed by both transitional cells and dark
cells during early development, similar to their developmental 
profile in mice. Previously, we have shown that early during
human vestibular development, melanocytes not only associate 
with dark cell epithelia, but with transitional cells as well (van
Beelen et al. 2020 ). Thus, it is possible that transitional cells play
a role in early endolymph homeostasis in the developing human
vestibular organs. 
11 of 14
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TABLE 3 Ion transporters and channels in rodents and rabbits. 

ATP1A1 ATP1B2 BSND KCNQ1 SLC12A2 SLC26A4 

Mouse (Schulte and 
Steel 1994 ) 

(Schulte and Steel 
1994 ) 

(Birkenhäger et al. 
2001 ; Estévez et al. 

2001 ) 

(Neyroud et al. 1997 ; 
Lee et al. 2000 ; 

Casimiro et al. 2001 ; 
Nicolas et al. 2001 ) 

(Delpire et al. 
1999 ) 

(Everett et al. 1999 ; 
Royaux et al. 2003 ; 
Yoshino et al. 2004 ) 

Rat (Yao et al. 
1994 ) 

(ten Cate et al. 1994 ; 
Fina and Ryan 1994 ; 
Peters et al. 2001 ) 

(Qu et al. 2007 ) (Liang et al. 2006 ) (Goto et al. 1997 ; 
Akiyama et al. 

2010 ) 
Gerbil (McGuirt and 

Chulte 1994 ) 
(Schulte and 
Adams 1989 ; 
McGuirt and 
Chulte 1994 ) 

(Sage and Marcus 
2001 ) 

(Crouch et al. 
1997 ; Sakaguchi 
et al. 1998 ) 

Guinea pig (Liang et al. 2006 ) 
Rabbit (Miuta et al. 1997 ) 
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4.4 Limitations 

The findings stated here are based on a limited number of spec-
imen. Specifically, for later stages of development, few samples
were successfully processed. During maturation of the inner ear,
the cartilaginous capsule ossifies, which poses challenges during
the collection process. Most samples from FW14 onwards are
damaged during the vacuum aspiration. We compensated for the
limited number of samples by using a robust internal control
system and contextualizing the results against a background of
extensive literature on ion channel development in rodent species
and rabbits (Table 3 ). These findings support the conclusion that
the most dynamic and critical spatiotemporal expression window
for ion transport occurs in early stages between FW8-14. 

5 Conclusion 

We described the developmental expression of several membrane
pumps and ion channels essential in vestibular function. The
observed dynamic profiles underscore the intricate process of
ion homeostasis in the developing vestibular system and might
suggest a critical window for each investigated protein. 
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