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1 | INTRODUCTION

The inner ear of humans and other mammals is contained
within the temporal bone. It comprises the cochlea and the
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Abstract

Melanocytes are present in various parts of the inner ear, including the stria vas-
cularis in the cochlea and the dark cell areas in the vestibular organs, where they
contribute to endolymph homeostasis. Developmental studies describing the distri-
bution of vestibular melanocytes are scarce, especially in humans. In this study, we
investigated the distribution and maturation of the vestibular melanocytes in rela-
tion to the developing dark cell epithelium in inner ear specimens from week 5 to
week 14 of development and in surgical specimens of the adult ampulla. Vestibular
melanocytes were located around the utricle and the ampullae of the semicircular
canals before week 7 and were first seen underneath the transitional zones and dark
cell areas between week 8 and week 10. At week 10, melanocytes made intimate
contact with epithelial cells, interrupting the local basement membrane with their
dendritic processes. At week 11, most melanocytes were positioned under the dark
cell epithelia. No melanocytes were seen around or in the saccule during all inves-
tigated developmental stages. The dark cell areas gradually matured and showed
an adult immunohistochemical profile of the characteristic ion transporter protein
Na'/K*-ATPase ol by week 14. Furthermore, we investigated the expression of the
migration-related proteins ECAD, PCAD, KIT, and KITLG in melanocytes and dark
cell epithelium. This is the first study to describe the spatiotemporal distribution of
vestibular melanocytes during the human development and thereby contributes to
understanding normal vestibular function and pathophysiological mechanisms un-

derlying vestibular disorders.
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vestibular organs, which are involved in sound perception
and spatial orientation and balance, respectively. Apart from
these sensory systems, the inner ear contains a number of di-
verse accessory cells, among which are pigment-containing
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melanocytes. The existence of pigment in the inner ear
has long been known. It was first described in 1851 by the
Italian physician and early pioneer of inner ear microanatomy
Alfonso Corti, but it took 80 years before the pigment was
identified as melanin (Wolf, 1931). Studies investigating the
function of melanocytes in mice unraveled their role in gen-
eration of the endocochlear potential and hearing (Hilding &
Ginzberg, 1977; Igarashi, 1989; Schrott & Spoedlin, 1987;
Steel & Barkway, 1989; Steel et al., 1987) and balance (Marcus
& Wangemann, 2010; Palma et al., 2018). The functional im-
portance of melanocytes for hearing and balance is also sug-
gested by the wide dispersion of this cell type within the inner
ear: melanocytes can be found in the cochlea, the vestibular
organs (utricle, saccule, and the semicircular canals), and the
endolymphatic sac (Figure 1), not only in humans and pig-
mented animal species but also in albino animal species (see
also Table S1 for an extensive list on literature describing loca-
tions of melanocytes in the mammalian inner ear).

In the cochlea, melanocytes are most conspicuous in the
stria vascularis in which they form the intermediate cell layer.

Melanocytes have also been observed in other parts and tis-
sues of the cochlea: they have been identified within the spi-
ral ligament (LaFerriere et al., 1974; Savin, 1965; Wright &
Lee, 1989), the modiolus, and the osseous spiral lamina (Franz
et al., 1990; Glueckert et al., 2018; Roberts & Linthicum, 2015;
Savin, 1965; Wolf, 1931), in Reissner's membrane (De
Fraissinette et al., 1993; Felix et al., 1993; Glueckert et al., 2018;
Savin, 1965), and in the basilar membrane (Glueckert
et al., 2018; Roberts & Linthicum, 2015; Savin, 1965).

In the vestibular system, melanocytes can be found in the
dark cell area of the utricle and the ampullae of the semicircu-
lar canals ([Figure 1; Coppens et al., 2004; Escobar et al., 1995;
Igarashi, 1989; Igarashi et al., 1989; LaFerriere et al., 1974;
Masuda et al., 1994, 1995, 1997; Okuno & Nomura, 1996;
Palma et al., 2018). Dark cell epithelium and subepithelial
melanocytes are functionally comparable to the marginal and
intermediate cells of the stria vascularis, respectively, and are
essential for endolymph homeostasis (Ciuman, 2009; Marcus
et al., 2002; Wangemann, 2002). The majority of the vestibular
subepithelial melanocytes is closely aligned with the dark cell

FIGURE 1

Schematic overview of melanin-containing cells in the mammalian inner ear. Melanin-containing cells (melanocytes,

melanophages, and perivascular-resident macrophage-like melanocytes cells; all in green) are present in the vestibular organs (U, S, and A), the

cochlea (C), and the endolymphatic sac (ES). A: Cross-section of the ampulla of a semicircular canal (SSC). Subepithelial melanocytes (1) are

present underneath the dark cell epithelium (red). Also, perivascular-resident macrophage-like melanocytes (2) and subepithelial melanophages

(3) are present in the subepithelial connective tissue. Subepithelial melanocytes are also associated with the dark cell epithelium in the area of the

ampullar roof that connects to the opening of the utricle (4). In the semicircular canal proper (not shown), subepithelial melanocytes are present

within the loosely arranged connective tissue of the periotic (perilymphatic) spaces. U: Cross-section of the utricle. Subepithelial melanocytes (1)

are associated with the dark cell epithelium (red). Perivascular-resident macrophage-like melanocytes (2) and subepithelial melanophages (3) are

present in the subepithelial connective tissue as well as perineural melanocytes (4) surrounding the nerve fibers. Subepithelial melanocytes are also

associated with the dark cell epithelium in the utricular roof (5). S: Cross-section of the saccule. Perivascular-resident macrophage-like melanocytes

(1) are present in the subepithelial connective tissue. C: Cross-section of a quarter turn of the cochlea. In the lateral wall, intermediate cells, and

perivascular-resident macrophage-like melanocytes are present in the stria vascularis (1). In the spiral ligament, perivascular melanocytes are

mainly located in the region superior and inferior to the stria vascularis (2). In the modiolus, perivascular (3) and perineural (4) melanocytes are

present. Additionally, melanocytes are interspersed among the mesothelial cells in the modiolar wall facing the scala tympani (5) and scala vestibuli

(6). Melanocytes are also present between the basement membrane and mesothelial cells of the tympanic covering layer of the osseous spiral lamina

and basilar membrane (7), and on the mesothelial side of the basement membrane of the Reissner's membrane (8) [Color figure can be viewed at

wileyonlinelibrary.com]
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epithelium. Melanocytes have dendritic processes that protrude
through the basement membrane and make direct contact with
dark cells, similar to the strial melanocytes which interact with
the marginal cells. In addition, vestibular melanocytes are pres-
ent in the subepithelial connective tissue of the utricular and
ampullar roofs (Kikuchi et al., 1994; Kimura, 1969) and show a
close association with capillaries (Escobar et al., 1995; Igarashi
etal., 1989; LaFerriere et al., 1974; Masuda et al., 1997; Zhang
etal., 2013). Although the dark cell epithelium is not present in
the saccule and the semicircular canals, melanocytes can still
be found at these locations, diffusely distributed throughout
the subepithelial connective tissue underlying the single epi-
thelial lining of the extramacular regions of the saccule and
semicircular canals (Coppens et al., 2004; Kim et al., 2019;
Kimura, 1969; LaFerriere et al., 1974; Masuda et al., 1996;
Wolf, 1931). In addition, melanocytes are present in the per-
isaccular connective tissue surrounding the intraosseous part
(pars rugosa) of the endolymphatic sac (Fukazawa et al., 1993,
1994; Gussen, 1978).

The significance of inner ear melanocytes is clinically ap-
parent as well. Both in animals and humans, sensorineural
hearing loss and vestibular disorders can be associated with
anomalies of pigmentation, either as associated symptoms of
disease or manifestations of a syndrome. Examples include
Vogt—Koyanagi—-Harada disease, Waardenburg syndrome,
Tietz syndrome, and Yemenite deaf-blind syndrome (for a
review, see Lavezzo et al., 2016; Pingault et al., 2010). In
addition, audiovestibular disorders are seen in patients with
vitiligo and melanoma (Barozzi et al., 2015).

During the development, inner ear melanocytes differenti-
ate from multipotent stem cells that originate and delaminate
from the neural crest after closure of the neural tube (Cable &
Steel, 1991; Freyer et al., 2011; Schrott & Spoedlin, 1987; Steel
et al., 1987; Steel & Barkway, 1989; Wakaoka et al., 2013). The
majority of developmental studies on inner ear tissues have been
performed in laboratory animals. Descriptive studies about the
distribution and morphology of vestibular melanocytes during
human embryonic and fetal development are scarce. Previously,
our group studied cochlear melanocytes and their incorporation
into the stria vascularis during the human inner ear development
(Locher et al., 2015). In the present study, we address for the
first time the developmental distribution of human vestibular
melanocytes following delamination from the neural crest to the
moment of their subepithelial localization underneath the dark
cells, using human embryonic, fetal, and adult specimens.

2 | MATERIALS AND METHODS
2.1 | Ethics statement

Use of human embryonic and fetal specimens was in ac-
cordance with Dutch legislation (Fetal Tissue Act, 2001)

WILEY-L*®

and the WMA Declaration of Helsinki 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 donor was obtained following
the Guidelines on the Provision of Fetal Tissue set by the
Dutch Ministry of Health, Welfare, and Sport (revised ver-
sion, 2018). Collection of adult vestibular tissue harvested
during translabyrinthine vestibular schwannoma surgery
was approved by the Medical Research Ethics Committee
of Leiden University Medical Center (protocol registration
number B18.028) and obtained after written informed con-
sent of the donor.

2.2 | Specimen collection and processing
Human embryonic and fetal inner ears were collected
after elective termination of pregnancy by vacuum aspi-
ration. Embryonic or fetal age (in weeks, W), defined as
the duration since fertilization, was determined by obstet-
ric ultrasonography prior to termination, with a standard
error of 2 days. Gestational age (GW), that is, the age of
pregnancy taken from the beginning of the last menstrual
period, is estimated by adding 2 weeks to either embry-
onic or fetal age. In contrast to previous studies from our
group, we have decided to use embryonic and fetal age in
this article, given the increasing number of publications
using this nomenclature. Tissue was obtained at the fol-
lowing developmental stages: W5.0 (n = 1), W5.3 (n = 1),
W7 (n=3), W8 (n=3), WO (n=16), W10 (n = 3), W10.4
(n=1), WIl, (n = 3), W12 (n = 3), W13 (n = 2), and
W14 (n = 3). 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 paraform-
aldehyde) in 0.1 M Na*/K*-phosphate buffer (pH 7.4), and
fixed for at least one night at 4°C. Inner ears from W12 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 prior to dehydration in an ascending etha-
nol (70%-99%) series, clearing in xylene, and embedding
in paraffin wax. Vestibular tissue from patients undergoing
translabyrinthine vestibular schwannoma surgery was col-
lected and processed similarly.

2.3 | Histology and immunohistochemistry

Sections (5 um) were cut using a HM 355 S rotary microtome
(Thermo Fisher Diagnostics B.V., Landsmeer, the Netherlands).
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Sections were deparaffinized in xylene and rehydrated in a de-
scending series of ethanol (96%—50%) and several rinses in
deionized water. Every 10-20 sections, one section was se-
lected for routine staining with hematoxylin and eosin (H&E).

Antigen unmasking was performed either in 10 mM so-
dium citrate buffer (pH 6.0) for 12 min at 97°C or by means of
digestion with 20 ug/ml proteinase K in PBS for 5 min at room
temperature, the latter in case of laminin immunostaining.

After rinsing in washing buffer (consisting of 0.05% Tween-
20 [Promega, Madison, WI, USA]), sections were incubated for
30 min with blocking solution (consisting of 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 immu-
nostainings: rabbit anti-Dct/Trp2 immunoglobulin (DCT, 1:40,
Novus Cat# NBP1-86893, RRID:AB_11025576), mouse an-
ti-ECAD immunoglobulin (1:20, BD Biosciences Cat# 610182,
RRID:AB_397581), mouse anti-KIT immunoglobulin (1:200,
Novus Cat# NBP2-34487), rabbit anti-KITLG immunoglob-
ulin (1:100, Novus Cat# NBP2-67622), rabbit anti-Melan-A/
MART-1 immunoglobulin (A19-P, 1:200, Novus Cat# NBP1-
30151, RRID:AB_1987285), rabbit anti-MITF immunoglobulin
(MITF, 1:100, Abnova Cat# PAB18189, RRID:AB_10713038),
mouse anti-Na*/K*-ATPase ol immunoglobulin (ATPlal,
1:200, Novus Cat# NB300-146, RRID:AB_2060981), rabbit
anti-laminin immunoglobulin (LAM, 1:100, Z009701, Dako,
Santa Clara, CA, USA), mouse anti-PAX3 immunoglobulin
(1:20, DSHB Cat# 013081), mouse anti-PCAD immunoglobu-
lin (1:50,R and D Systems Cat# MAB861, RRID:AB_2077770),
mouse anti-class III beta-tubulin immunoglobulin (TUBB3,
1:200, Abcam Cat# ab18207, RRID:AB_444319), and goat
anti-SOX 10 immunoglobulin (1:100, Thermo Fisher Scientific
Cat# PA5-47001, RRID:AB_2608449). Next, sections were
incubated at room temperature with the following Alexa
Fluor®—conjugated secondary antibodies for 2 hr: AF488 don-
key anti-rabbit immunoglobulin (Abcam Cat# ab150061,
RRID:AB_2571722), AF488 donkey anti-goat immunoglob-
ulin (Abcam Cat# ab150133, RRID:AB_2832252), AF594
donkey anti-mouse immunoglobulin (Thermo Fisher Scientific
Cat# A-21203, RRID:AB_2535789), and AF680 donkey an-
ti-rabbit immunoglobulin (Thermo Fisher Scientific Cat#
A10043, RRID:AB_2534018), diluted at 1:500 in blocking
solution. Nuclei were stained with 4',6-diamidino-2-phenylin-
dole (DAPI; 1:1,000, 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 omitting primary antibodies. Positive controls were carried
out by staining sections of known positive human tissue samples
based upon their protein expression profiles. At least three sep-
arate immunostaining experiments 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
(3DHISTECH, Budapest, Hungary). Pseudocolor images of
immunostained sections were acquired with a Leica SP8 confo-
cal 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 or 100x/1.3 oil HC PL Fluotar), operating under
Leica Application Suite X microscope software (LAS X, Leica
Microsystems, Buffalo Grove, IL, USA). Obtained images were
optimized using Huygens Deconvolution software (Scientific
Volume Imaging, Hilversum, the Netherlands). Maximal pro-
jections were obtained from image stacks with optimized z-step
size. Brightness and contrast adjustments were performed with
Fiji (Image] version 1.52p) or Adobe Photoshop CC 2018. For
separate channels, the corresponding author can be contacted.

3 | RESULTS

3.1 | Melanoblasts are located between the
otic vesicle and the glossopharyngeal nerve at
W5

In order to determine the origin of vestibular melanocytes, we
studied the presence of melanoblasts in the human embryo at W5.
We first stained for the melanoblast markers DCT and MITF.
Both DCT and MITF antibodies appeared to selectively immu-
nostain the mitotic cells surrounding the otic vesicle and lining
the lumen of both the otic vesicle and neural tube (Figure S1).
Based on this unexpected expression pattern, we hypothesized
that DCT and MITF immunostain targets other than the melano-
blasts at this developmental stage. Next, we included additional
melanocyte lineage markers SOX10, PAX3, and MLANA.
SOX10 is expressed by (progenitor) glial cells and melanoblasts/
melanocytes, whereas PAX3 and MLANA are specifically ex-
pressed in the melanocytic lineage. To visualize general mor-
phology, we performed staining with H&E (Figure 2A,B) and
immunostaining for class III beta-tubulin (TUBB3; Figure 2C),
indicative for various neural and epithelial cells. SOX10™ cells
were seen around the peripheral projections and ganglia of the
developing facial and glossopharyngeal nerves. In addition,
SOX10" cells were also located between the otic vesicle and the
glossopharyngeal nerve (Figure 2D,D”). However, only these
SOX10% cells expressed both PAX3 and MLANA, hence iden-
tifying them as melanoblasts/melanocytes rather than glial cells
(Figure 2D-D’""). No SOX10*PAX3*MLANA™ cells were seen
cranially from the otic vesicle or surrounding the facio-acoustic
ganglion complex (data not shown). Together, our findings show
presence of a SOX10"PAX3*MLANA™ melanoblast/melano-
cyte progenitor population between the developing otic vesicle
and the peripheral projection of the glossopharyngeal nerve.
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FIGURE 2 Melanoblasts between the otic vesicle and the glossopharyngeal nerve at W5 of development. (A) H&E overview showing the
otic vesicle (OtV), the neural tube (NT), and the glossopharyngeal nerve and ganglion (N IX). (B) H&E overview showing the OtV, the NT,
and the facio-acoustic ganglion complex and projections of the facial (N VII) and vestibulocochlear nerves (N VIII). (C) Overview of the OtV,
the NT, and the projection and ganglion of the glossopharyngeal nerve (N IX), immunostained with class III beta-tubulin. (D-D") Detail of C:
SOX10*PAX3"TMLANA™ melanoblasts are scattered throughout the area between the otic vesicle and the projection of the glossopharyngeal
nerve (indicated with asterisks). Schwann cell precursors, which are SOX10"PAX3 MLANA", are seen in the projection and ganglion of the
glossopharyngeal nerve (indicated with a triangle). Green: SOX10 (D"); red: TUBB3 (C), PAX3 (D"); and magenta: MLANA (D’). Scale bars:
200 pm (A-C) and 50 pm (D-D") [Color figure can be viewed at wileyonlinelibrary.com]
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3.2 | Vestibular melanocytes are seen in the utricular roof opposite to the macula (Figure 5B-D,F-J).

around the vestibular organs at W7

At W7, spindle-shaped MLANA™ melanocytes with short den-
dritic processes (Figure 3H) were present directly under the ex-
tramacular epithelia of the utricle and ampullae and in the future
periotic mesenchyme (Figure 3A-C,F,G), but not surrounding or
lying underneath the extramacular epithelia of the saccule (not
shown). Also, MLANA" melanocytes were present in the fu-
ture periotic mesenchyme surrounding the semicircular canals
([SCC], Figure 3D-E). Cells in the future periotic mesenchyme
or the epithelial cells in the utricle (Figure 3F), SCC (Figure 3E),
saccule, or ampullae (data not shown) did not express Na*/K™-
ATPase al, a transmembrane ion pump which is strongly ex-
pressed by dark cells in the adult rat vestibular system and to a
lesser extent by the vestibular sensory cells (Cate et al., 1994;
Schuth et al., 2014). In addition, at this stage immunostaining of
PAX3 was absent in melanocytes, indicating they had developed
into a more mature phenotype (data not shown).

3.3 | Between W8 and W10, vestibular
melanocytes are located in the transitional
zone and dark cell area

At W8, the number of melanocytes increased around the utricu-
lar wall (Figure 4A,B), near the transitional zone of the ampullae
(the peripheral layer of non-sensory epithelial cells separating
the vestibular sensory cells from the dark cells [Figure 4C,D,G])
and in the periotic mesenchyme (Figure 4E,F), whereas mel-
anocytes could not be seen near the saccule (data not shown).
Several melanocytes were seen in close proximity of the tran-
sitional zone of the ampullae (Figure 4G). Strong staining for
Na®/K*-ATPase al was seen in the basolateral and apical mem-
branes of the sensory cells in the utricle and ampulla. The transi-
tional zone of the utricle and ampullae, the periotic mesenchyme
surrounding the vestibular organs and the single epithelium were
also found to express Na™/K*-ATPase o, although less intense
than the sensory epithelium (Figure 4B,D,F,G).

At W9, some melanocytes showed close contact with epi-
thelial cells near the developing dark cell areas (Figure 5D,G-
J). A number of melanocytes were seen under the epithelium
of the crista neglecta, a rudimentary structure believed to go
into regression at later stages, whereas at this time none were
seen in the dark cell area directly adjacent to the crista ne-
glecta (Figure 5E,F). Melanocytes could also not be observed
around the saccular epithelium and associated saccular periotic
mesenchyme (Figure 5A,C). Strong immunostaining for Na*/
K*-ATPase al was present in both the apical and basolateral
membranes of the sensory epithelium of saccule, utricle, and
ampullae. In addition, it was highly expressed by the basolat-
eral membranes of the dark cell epithelium located laterally to
the ampullae, between the utricle and the ampulla as well as

Less intense immunostaining was seen in the transitional zone
and the periotic mesenchyme. No immunostaining for Na*/K™*-
ATPase ol was seen in the epithelial cells of the crista neglecta,
while expression was found in the basolateral membranes of
the adjacent dark cell epithelium (Figure SE-F).

At W10, melanocytes were observed underneath the
epithelium of the dark cell area located laterally to the am-
pullae, in the utricular roof opposite the utricular macula
and in the epithelial folds between the utricle and ampullae
(Figure 6A,C-G). Melanocytes were also observed in the epi-
thelial fold separating the opening of the endolymphatic duct
and the shared lumen of the utricle and saccule (Figure 6B).
Expression of Na*/K*-ATPase al became gradually more
intense in the dark cell epithelium and in both sensory and
transitional cells (Figure 6C-G).

34 | Between W10 and W11, the number of
vestibular melanocytes in the dark cell area
increases rapidly

During W10, the number of vestibular melanocytes underly-
ing the transitional zones of the ampullae and utricle as well
as the dark cell epithelium located laterally to these, increased
rapidly (Figure 7A,C,D). Dendritic processes of the melano-
cytes were seen reaching out toward the apical surface of the
epithelium, whereas only a few melanocytes were seen in the
periotic mesenchyme at this stage (Figure 7A,B). The basement
membrane protein laminin was continuous in areas without
melanocytes (Figure 7B). In contract, at the sites where mel-
anocytes were clustering and made contact with the epithelial
cells, laminin was irregularly stained indicating that the den-
dritic processes of the melanocytes penetrated the basement
membrane (Figure 7B). Expression of Na*/K*-ATPase al ap-
peared slightly reduced in the sensory and transitional cells as
well as in the periotic mesenchyme when compared to previous
weeks. It had become more spatially confined in the dark cell
epithelium in the utricular roof opposite the macula, in the epi-
thelial folds separating ampullae and utricle and in the dark cell
epithelium laterally to the ampulla (Figure 7A,C).

3.5 | At W11, vestibular melanocytes are
aligned with dark cell epithelium

At W11, no vestibular melanocytes were observed in the
periotic mesenchyme surrounding the ampullae, the utricular
wall, the utricular roof opposite the macula, or surrounding
the utricular and saccular maculae (Figure 8A). Melanocytes
were closely associated with the dark cell epithelium later-
ally to the ampullae (Figure 8A), near to the utricular transi-
tional zone (Figure 8B), opposite to the utricle in epithelial
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FIGURE 3 Melanocytes located around the vestibular organs at W7 of development. (A) H&E overview showing a transected semicircular
canal (SCC), the utricle (Utr), and the saccule (Sacc). (B) H&E overview of an ampulla (Amp). (C) Melanocytes stained with MLANA underneath
the transitional epithelium of the ampulla. (D) H&E overview of a transection of an SCC. (E) Melanocytes in the future periotic mesenchyme
surrounding the SCC. (F) Detail of A: melanocytes within an epithelial fold near the utricular macula. (G) Detail of A: melanocyte underneath the
dark cell epithelium in the utricular roof opposite to the macula. (H) Higher magnifications of melanocytes from panels E and G, showing short
dendritic processes and their spindle-shaped morphology. No expression of Na*/K*-ATPase al was observed (E, F, and G). Green: MLANA; red:
ATP1ALl; and blue: DAPI. Scale bars: 5 um (H), 20 um (B, C, D, E, F, and G), and 50 um (A) [Color figure can be viewed at wileyonlinelibrary.

com]
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FIGURE 4 Utricle and ampullae at W8 of development. (A) H&E overview of the vestibular organs at W8, showing transections of an ampulla
(Amp) and the utricle (Utr). (B) Melanocytes (asterisks) migrating through the periotic mesenchyme surrounding the ampulla and the utricle. (C)
H&E overview of an ampulla. (D) Ampulla with melanocytes in the periotic mesenchyme (asterisk) and strong expression of Na*/K*-ATPase al. (E)
H&E overview of an ampulla and a transected semicircular canal (SCC). (F) Melanocytes migrating through the periotic mesenchyme surrounding the
ampulla and SCC. (G) Detail of E: transitional zone adjacent to the ampullar crista containing melanocytes underneath the epithelium expressing Na*/
K*-ATPase al. Green: MLANA; red: ATP1A1; and blue: DAPL. Scale bars: 20 um (F), 50 um (A, C), and 100 um (B, D, E, and F) [Color figure can

be viewed at wileyonlinelibrary.com]
folds (Figure 8C), but not underneath the saccular epithelia ~ between utricle and ampulla (Figure 8F) and in the epithelial

(Figure 8E). Compared to W10, laminin showed a more folds opposite to the utricle (Figure 8D). A clear distinction
irregular staining pattern below the dark cell epithelium between interrupted and intact (not interrupted) basement
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FIGURE 5 Utricle, saccule, and ampullae at W9 of development. (A) H&E overview of ampulla (Amp), utricle (Utr), saccule (Sacc),

and cochlear duct (Coch). (B) Detail of A: ampulla showing cells expressing Na*/K*-ATPase al, but lacking melanocytes. (C) Detail of A: no
melanocytes were found surrounding the saccule. (D) Detail of A: melanocyte underneath the dark cell epithelium opposite the ampullar crista. (E)
H&E staining of the crista neglecta (CN) and dark cell epithelium (DC). (F) Melanocytes are lying underneath the crista neglecta, but are absent
under the dark cell epithelium. (G) Detail of A: Melanocytes (asterisks) in the periotic mesenchyme surrounding the ampulla. (H) Melanocytes
(asterisks) in the periotic mesenchyme surrounding the semicircular canal (SCC). (I) Melanocytes (asterisks) near the transitional zone in the
utricle. (J) Melanocytes (asterisks) underneath the dark cell area in the utricular roof opposite the macula and in between the ampulla and utricle.
Green: MLANA; red: ATP1AL1; and blue: DAPI. Scale bars: 5 ym (D), 20 um (B, C, E, F, and I), 50 um (G, H, and J), and 100 pm (A) [Color

figure can be viewed at wileyonlinelibrary.com]

membranes could be made between epithelium with mel- for Na*/K*-ATPase al, while its expression in the sensory
anocytes and single epithelium without melanocytes. The epithelium of the ampullae, utricle, and saccule was pre-
dark cell epithelium demonstrated a strong immunostaining sent, but stained less intense as compared to the dark cells
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FIGURE 6 Utricle and ampullae at W10 of development. (A) H&E overview of ampulla (Amp) and utricle (Utr). (B) Melanocytes migrating
through an epithelial fold separating the endolymphatic duct and the common lumen of the utricle and saccule. (C) Overview of ampulla and utricle. (D)
A small number of melanocytes underlying the ampullar transitional zone. (E) Detail of C: melanocytes underneath the dark cell epithelium opposite

to the ampullar crista. (F) Detail of C: melanocytes underneath the dark cell epithelium opposite the utricular macula. (G) Detail of C: melanocytes

in between the ampulla and utricle. Green: MLANA; red: ATP1A1; and blue: DAPI. Scale bars: 20 um (B, C, D, E, F, and G) and 100 pm (A) [Color
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Utricle and ampullae at W10.4 of development. (A) Overview of ampulla, transitional zone, and dark cell epithelium. (B)

Basement membrane protein laminin stains irregularly at sites where melanocytes group underneath the dark cell epithelium. (C) Detail of

A: melanocytes are associated with the transitional cells and dark cells. Note the dendritic processes reaching toward the apical regions of the
epithelium. (D) Detail of A: dark cell epithelium in the roof of the ampulla opposite of the crista. Green: MLANA (A, C and D) or laminin (B); red:
ATP1AL; and blue: DAPI. Scale bars: 20 pm (C and D) and 50 um (A and B) [Color figure can be viewed at wileyonlinelibrary.com]

(Figure 8A,B,E). At this point, the transitional zones of the
ampulla and utricle were less intensely stained as compared
to the dark cells (Figure 8B).

3.6 | During W12 and W13, Na*/K"-ATPase
ol is further confined to the dark cell area

During the next 2 weeks, no evident changes occurred in the
number or location of vestibular melanocytes (Figures S2 and
S3). Expression of Na*/K™-ATPase al was restricted to the
basolateral membranes of the dark cell epithelium located

laterally to the ampullae, between the ampullae and utricle,
and in the epithelial folds of the utricle. The sensory epithe-
lium and transitional zone showed a weaker expression of
Na*/K*-ATPase al as compared to the dark cells.

3.7 | At W14, the dark cell area shows a
mature profile

At W14, melanocytes formed a dense network lining the
dark cell epithelium and Na*/K*-ATPase al became fur-
ther confined to the basolateral membranes of the dark cells
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FIGURE 8 Utricle, ampulla, and saccule at W11 of development. (A) Overview of utricle (Utr) and ampulla (Amp). (B) Detail of A:
transitional zone and dark cell epithelium with underlying melanocytes. Triangle indicator shows an area with less intense immunostaining of
Na*/K*-ATPase al as compared to the area indicated with an asterisk. (C) Detail of A: showing an epithelial fold with dark cell epithelium.
(D) Detail of A: showing irregular, interrupted laminin staining pattern of the basement membrane at the site where melanocytes are
positioned underneath the epithelium. (E) Absence of melanocytes near the saccule (Sacc). Note the intermediate immunostaining of Na*/
K*-ATPase al in the utricular and saccular maculae. (F) Intact (left) versus interrupted (right) basement membrane, showing the impact of
melanocytes associated with the dark cells. Green: MLANA (A-C and E) or laminin (D and F); red: ATP1A1; and blue: DAPI. Scale bars:
20 um (B, C, D, E, and F) and 100 um (A) [Color figure can be viewed at wileyonlinelibrary.com]
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(F)

FIGURE 9 Utricle and ampulla at W14 of development and adult ampulla. (A) H&E overview of utricle (Utr), ampulla (Amp), and saccule
(Sacc). (B) Detail of A: showing ampulla and epithelial fold with dark cell epithelium (arrows). (C) Irregular laminin staining profile of the
basement membrane of the transitional zone and dark cell epithelium near the ampulla. (D) Consecutive immunostained section with melanocytes
underlying the transitional zone and dark cell epithelium near the ampulla. (E) Detail of A: showing the epithelial fold containing dark cell
epithelium with subepithelial connective tissue. (F) Detail of A: showing the dark cell epithelium in the utricular roof. (G) Dark cell area of an
adult ampulla. Green: MLANA (B and D-G) or laminin (C); red: ATP1A1; and blue: DAPI. Scale bars: 20 um (E, F and G), 50 um (C and D), and

200 um (A and B) [Color figure can be viewed at wileyonlinelibrary.com]

(Figure 9A,B,D-F). The sensory domain and transitional diffuse underneath the dark cell epithelium, compared to the
zones continued to express Na*/K*-ATPase al, although to preceding weeks (Figure 9C). At this stage, the dark cell area
a lesser degree than the dark cells, which became increas- showed a mature profile similar to the ampullar dark cell area
ingly more evident. The staining pattern of laminin was more collected from an adult patient (Figure 9G).
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3.8 | Inner ear melanocytes temporally (Figure 11D-D’). Regarding KITLG, at W9 only a punc-

express cadherins involved in migration

Cadherins are known to mediate interaction between the
micro-environment and migrating neural crest cells along
the dorso-lateral and ventral pathways (for a review, see
Pla et al., 2001). In mice, expression of E- and P-cadherin
(ECAD and PCAD) are closely associated with the dis-
tinct stages of melanoblast migration and maturation in
the skin (Nishimura et al., 1999). In order to correlate our
static observations with the complex dynamics of melano-
blast migration, we immunostained for ECAD and PCAD.
At W5, both ECAD and PCAD were specifically expressed
by the entire otic vesicle epithelium (data not shown) and
by the SOX10* melanoblasts located caudally from the
otic vesicle (Figure 10A-A’,B-B’), but not by SOX10™ glial
(progenitor) cells (data not shown). At W9 and W10, the
transitional and dark cell epithelia strongly stained for both
cadherins, whereas the sensory domain stained less intensely
(Figure 10C-F). ECAD* melanocytes were seen underneath
the transitional cells (Figure 10E-E’) and the dark cells
(Figure 10G-G’). Melanocytes also faintly immunostained
for PCAD, and where they made contact with epithelial cells,
a punctated pattern was visible (Figure 10F-F’; see asterisks
in Figure 10H-H’). At W14, no immunostaining for ECAD
was seen in the sensory domain, whereas transitional cells,
dark cells and melanocytes showed strong expression of
ECAD (Figure 10I-1"). In contrast, no PCAD" epithelial cells
or melanocytes were seen at this stage (Figure 10J-]J”). In
summary, ECAD expression by otic melanocytes was seen at
all investigated stages, whereas PCAD expression was gradu-
ally downregulated in these cells. The undifferentiated otic
epithelium co-expressed both cadherins, but where PCAD
was downregulated in all epithelial cells, ECAD expression
became restricted to the transitional and dark cells.

3.9 | KIT and KIT ligand are expressed
by melanocytes and dark cell epithelia,
respectively

In mice, the interaction between KIT and its ligand KITLG
plays a significant role in migration, survival, and prolifera-
tion of epidermal melanocytes (for a review, see Wehrle-
Haller, 2003; Yoshida et al., 2001). To investigate a possible
role of the KIT/KITLG axis in migration and guiding of inner
ear melanocytes, we immunostained for both these proteins
as well. At W9, no evident expression of KIT was seen in
melanocytes (Figure 11A-A’). At W10 and W12, KIT*
melanocytes were observed underneath the transitional and
dark cell epithelia (Figure 11B,C). At W14, no KIT immu-
nostaining was seen any longer in the melanocytes which
at this stage resided exclusively underneath the dark cells

tated pattern was seen in the sensory domain of the ampulla
(Figure 11E). At W10, expression of KITLG became more
intense, and was visible as membranous immunostaining in
the dark cell epithelium and as a punctated pattern in the sub-
epithelial mesenchyme (Figure 11F-F’). At W12, dark cell
epithelia showed a strong punctated pattern and membranous
immunostaining (Figure 11G-G’), whereas at W14, only
membranous immunostaining was visible in the dark cells
epithelia (Figure 11H-H’). From W12 and onwards, hair cells
and nerve fibers also stained for KITLG (data not shown).

4 | DISCUSSION

4.1 | On the origin of inner ear melanocytes

This is the first study to describe the developmental dis-
tribution of melanocytes in the human vestibular organs.
The exact developmental origin of inner ear melanocytes
has yet to be established. Both Schwann cells (the periph-
eral glial cell) and melanocytes are derived from multipo-
tent neural crest cells, and can share a bipotent progenitor.
However, both cell types can also arise from different
neural crest origins and Schwann cell precursors can even
transdifferentiate into the melanocytic lineage, making
studies into the development of these cell types increas-
ingly more complex (reviewed in Etchevers et al., 2019).
In the cranial neural crest, both primary neural crest-de-
rived cells and Schwann cell precursors migrating together
with outgrowing nerves, have been shown to give rise to
cranial melanocytes (Adameyko et al., 2009, 2012; Furlan
& Adameyko, 2018). As the inner ear is a cranial struc-
ture (derived from the otic placode) one may hypothesize
that its developmental population of both melanocytes and
Schwann cells arise from one neural crest origin, especially
since these two cell types are so intimately related. Inner
ear Schwann cells are known to derive from neural crest
cells emigrating at the level of rhombomere 4 where they
migrate into the facio-acoustic ganglion complex and sub-
sequently populate the spiral ganglion, Scarpa's ganglion
and their nerve fibers during later developmental stages
(D'Amico-Martel & Noden, 1983; Locher et al., 2014;
Sandell et al., 2014). However, we have not observed any
melanocytes at these locations in the human inner ear of
W7, whereas we did find them migrating through the coch-
lear part of the otic capsule at W7 (Locher et al., 2015).
This could be indicative of a different embryonic origin
of these cell types in the inner ear. In order to further de-
termine the origin of inner ear melanocytes, we have also
studied human inner ear specimens of W5. At this stage the
otic vesicle is differentiating into a vestibular and cochlear
part, and spiral ganglion neurons have just delaminated
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FIGURE 10 Melanoblasts dynamically express migration-related cadherins. (A-A’) At W5, SOX10*ECAD™ melanoblasts are seen between
the otic vesicle and the glossopharyngeal nerve. (B-B’) At W5, SOX10* melanoblasts also immunostain for PCAD. (C-C") ECAD" vestibular
epithelia between utricle and ampulla. (D-D’) PCAD™ vestibular epithelia between utricle and ampulla. (E-E’) At W10, ampullar transitional

and dark cells immunostain for ECAD, whereas the sensory domain is less intense. Melanocytes faintly express ECAD. (F-F’) At W10, PCAD

immunostaining is seen in the transitional and dark cell epithelia and faintly in subepithelial melanocytes. (G-G") Dark cell epithelia and
melanocytes express ECAD at W10. (H-H’) Dark cell epithelia and melanocytes express PCAD at W10. Note the punctated pattern of PCAD
expression (see asterisks) where melanocytes make contact with epithelial cells. (I-1”) Dark cells and melanocytes express ECAD at W14. (J-]")
No PCAD expression is seen at W14. Green: SOX10 (A-B), MLANA (C-J); red: ECAD (A, C, E, G, and I), PCAD (B, D, F, H, and J); and blue:
DAPIL. Scale bars: 20 um (A-B, G-H, I” and J”) and 50 um (C-E, I-I" and J-J") [Color figure can be viewed at wileyonlinelibrary.com]

from the otic epithelium. Immunostaining for melanocyte
lineage-specific markers DCT and MITF, which are already
expressed in the early melanocytic lineage at the melano-
blasts stage (Opdecamp et al., 1997), stained various cells

in the mesenchyme surrounding the otic vesicle, in the
central projections of the glossopharyngeal nerve and in
or around the vestibulocochlear ganglion. Strikingly, im-
munopositive cells were even observed lining the lumen
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FIGURE 11 KIT and KIT ligand are temporally expressed by melanocytes and epithelia, respectively. (A-A’) At W9, melanocytes do not
evidently express KIT. (B-B’) At W10, subepithelial melanocytes immunostain for KIT. (C) At W12, KIT is expressed by melanocytes. (D-D’)
At W14, melanocytes in the dark cell areas do not express KIT. (E) Punctate expression of KITLG is seen in the ampullar sensory domain at W9.
(F-F’) KITLG expression is seen as a punctated pattern in the periotic mesenchyme and membranous immunostaining in the dark cells. (G-G')
Dark cells surrounding the ampulla strongly express KITLG. In addition, hair cells and nerve fibers also show immunostaining of KITLG. (H-H')
Ampullar dark cells show basolateral expression of KITLG. Green: MLANA; red: KIT (A-D), KITLG (E-H); and blue: DAPI. Scale bars: 15 pm
(C), 20 um (B), and 50 um (A, D, and E-H) [Color figure can be viewed at wileyonlinelibrary.com]
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of the otic vesicle and abundantly aligning the neural
tube epithelium. Previous lineage tracing experiments in
mouse models have not seen the spatial pattern of melano-
blasts in the neural tube and inner ear as described here
(Adameyko et al., 2012; Cable et al., 1995). Even though
both MITF and DCT are considered to be specific melano-
blast makers, it has also been suggested that MITF plays a
role in cell regulation and division in melanomas (Giuliano
et al., 2010; Strub et al., 2011). Intriguingly, all observed
MITF" and DCT? cells at W5 were found to be in mito-
sis based upon their DAPI staining pattern. In these sec-
tions, no MITF or DCT" cells could be found that were
in mitosis. In control experiments using adult human skin
samples, normal staining patterns in the dermal and epider-
mal layers were found with both these antibodies (data not
shown). Together these observations could indicate that
both MITF and DCT play an as yet unknown role in human
fetal cell division at this developmental stage. Next, we
immunostained for additional melanocyte-lineaged mark-
ers: SOX10, PAX3, and MLANA. SOX10 is expressed by
immature and mature glial cells and melanocytes, whereas
PAX3 and MLANA are specifically expressed by mel-
anocyte-lineaged cells. Interestingly, we found a popula-
tion of SOX10*PAX3*MLANA™ cells between the otic
vesicle and the outgrowth of the glossopharyngeal nerve,
at the location of rhombomere 6. SOX10" glial (progeni-
tor) cells located in the developing facial, vestibulococh-
lear, and glossopharyngeal nerves did not express PAX3,
nor MLANA. Also, SOXI0PAX3*MLANA" cells were
not seen around the facial or vestibulocochlear nerves.
Therefore, we believe that the SOX10TPAX3TMLANA™
cells correctly represent the neural-crest-derived melano-
blast population. Even though we did not perform trac-
ing experiments, these findings support the hypothesis
that inner ear melanocytes might originate from a differ-
ent neural crest source than the inner ear glial cells. Glial
cells populate the inner ear via the facio-acoustic gangli-
onic complex (D'Amico-Martel & Noden, 1983; Locher
et al., 2014; Sandell et al., 2014). Our current observations
could indicate that inner ear melanocytes originate from
the region of rhombomere 6, at the other side of the otic
vesicle, which is in line with the observation that early
distribution of melanoblasts is seen caudally from the otic
vesicle in mice (Steel et al., 1992).

4.2 | Spatiotemporal development

During the development of the inner ear, the vestibular organs
start to develop at an earlier stage than the cochlea, which is
grossly reflected in a lead of 2-3 weeks in humans (for a
review, see Lim & Brichta, 2016). A similar spatiotemporal
development is seen in the present study as melanocytes were
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associated with vestibular epithelia around W7, whereas
melanocytes associated with cochlear epithelia in the lateral
wall of the basal turn were not observed before W10 (Locher
etal., 2015).

The dark cell epithelium is biochemically and morpholog-
ically homologous to the marginal cell layer in the stria vascu-
laris, expressing the same set of ion channels and -pumps that
contribute to endolymph homeostasis (Bartolami et al., 2011;
Kimura, 1969; Locher et al., 2015; Nicolas et al., 2001;
Wangemann, 2002). In the adult inner ear, underlying both
dark cells and marginal cells is a tight layer of melanocytes,
which play a pivotal role in K* recycling and endolymph
homeostasis (Marcus et al., 2002; Wangemann, 2002).
Interestingly, we found that in immature vestibular organs,
melanocytes are not only closely associated with dark cell ep-
ithelium, but with the transitional zone as well. This changes
in later stages, during which melanocytes are confined to the
dark cell areas. In mice, immature dark cells require the assis-
tance of transitional cells to secrete K* into the endolymph,
which changes when dark cells mature and become the pri-
mary source of K* secretion (Bartolami et al., 2011). We ob-
served the same developmental pattern in human samples.
Expression of Na*/K*-ATPase al becomes gradually visible
in all vestibular epithelia between W7 and W8, followed by
spatial confinement to the dark cell epithelium around W11.
As such, the interaction between melanocytes and transi-
tional cells during early human fetal development might be
essential for endolymph production.

43 | Saccular melanocytes

Only a handful of studies describe the presence of melano-
cytes around the adult saccule of humans (Wolf, 1931) and
other mammalian species (Kim et al., 2019; Kimura, 1969;
LaFerriere et al., 1974; Zhang et al., 2013). In our study, no
melanocytes were seen migrating through the saccular peri-
otic mesenchyme nor were they found to be associated with
saccular epithelia from W7 until W14. In fact, no melano-
cytes were observed throughout the entire inner ear periotic
mesenchyme between W11 and W14, indicating at least to
some extent that migration has completed. In addition, the
human study from Wolf (1931) describing the presence of
melanocytes around the saccule does not support this state-
ment with evidence. We, therefore, hypothesize that melano-
cytes are not present in or around the human saccule during
fetal development nor in the healthy adult inner ear.

4.4 | Epithelial fold melanocytes

Epithelial folds, protrusions of epithelium into the lumen of
the vestibular system, separate the individual vestibular organs
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(Kawamoto & Altmann, 1967). In this study, we found that the
epithelial folds separating the ampullae and utricle contain a sub-
stantial number of melanocytes. These melanocytes align with
epithelial cells that strongly express Na™/K*-ATPase al. As the
combination of these cell types and ion transporter protein ex-
pression is characteristic for the dark cell areas, this suggests that
these epithelial folds are not only important for the compartmen-
talization of individual vestibular organs, but have a biochemical
function as well. Possibly, the presence of these epithelial folds
leads to an enlarged active surface area, thereby increasing ex-
change of ions and contributing to endolymph homeostasis.

4.5 | Dark cell basement membrane

Previous studies on the interaction between melanocytes and
dark cells in human vestibular organs has shown spindle-shaped
melanocytic dendrites in between the epithelial cells lining the
lumen (i.e., dark cells), indicating penetration of the local base-
ment membrane (Masuda et al., 1994, 1995, 1996, 1997), simi-
lar to what is seen during the development of the marginal and
intermediate cells of the stria vascularis in the cochlea (Locher
et al., 2015). To better clarify the association between melano-
cytes and dark cells during human fetal development, we immu-
nostained for laminin. At the later fetal stages, laminin staining
between melanocytes and dark cells demonstrated an irregular
and interrupted staining pattern and was even absent in some
areas. Our findings of an interrupted component of the base-
ment membrane are in line with earlier observations on the tight
interaction between melanocytic dendrites and dark cells.

4.6 | Melanoblasts and dark cell epithelia
express migration-related cadherins

Cadherins play an important role in mediating the interaction
between migrating neural crest cells and their microenviron-
ment (Pla et al., 2001). Developmental studies with mice
found a distinct, temporal expression pattern of ECAD and
PCAD in the migration of melanoblasts toward and within
the skin (Nishimura et al., 1999). At day E11.5, melanoblasts
were ECAD'PCAD’, but over the course of several days the
expression pattern of both cadherins diversified into three
region-specific subpopulations of melanocytes, with expres-
sion patterns matching those in surrounding cells: dermal mel-
anocytes were ECAD'PCAD’, epidermal melanocytes were
ECAD"$"PCAD™™ and follicular melanocytes were ECAD"
PCAD™umhish (Nishimura et al., 1999). Our results show an
equally interesting trend in expression of these cadherins: inner
ear melanoblasts are ECAD*PCAD™ at W5, seem to express
less PCAD at W10, and are ECADYPCAD™ at W14, mostly
resembling the expression pattern of mouse epidermal mel-
anocytes. As expected, their target locations express the same

patterns, with an intense immunostaining for ECAD and a lack
of PCAD in the epithelial dark cells at W14. Moreover, prior to
penetrating the basement membrane separating the dermis and
epidermis, mice melanoblasts express ECAD. It was hypoth-
esized that the transit from dermal to epidermal is made possi-
ble by the ability of ECAD to induce metalloproteinase activity
and resulting in disruption of the basement membrane, enabling
melanocyte migration (Delmas et al., 1999). In light of our
finding that the basement membrane is locally disrupted under-
neath dark cell epithelia, we believe it is worth investigating the
surmised metalloproteinase activity of inner ear melanocytes.

4.7 | Vestibular melanocytes and dark cell
epithelia express KIT and KITLG, respectively

KIT and its ligand KITLG have been extensively investigated
for their roles in migration, survival, and proliferation of epi-
dermal melanocytes (for reviews, see Yoshida et al., 2001;
Wehrle-Haller, 2003). KITLG, also known as stem cell fac-
tor or steel factor, exists in both a transmembrane and solu-
ble form. To investigate a possible role of the KIT/KITLG
axis in migration and targeting of inner ear melanocytes,
we immunostained for both proteins. We hypothesized that
dark cells express the membranous and/or soluble KITLG to
guide KIT* melanocytes toward their destination underneath
the dark cell epithelium. Interestingly, only at W10 and W12
melanocytes are KIT*, whereas at W9 or W14 no KIT has
been observed in vestibular melanocytes. This temporal ex-
pression pattern seems to correspond with that of KITLG. At
W9, only punctate immunostaining was visible in the epithe-
lia, whereas at W10, KITLG was visible in the membranes
of dark cells and punctated in the periotic mesenchyme, the
latter presumably being the soluble protein. The most notable
expression of KITLG in dark cell epithelia was seen at W12,
showing membranal staining and a strong punctated expres-
sion pattern of surmised soluble KITLG. At W14, expression
of KITLG is seen as membranal staining. In addition, from
‘W12 and onwards, nerve fibers and hair cells also showed ex-
pression of KITLG. Although speculating about the function
of the KIT/KITLG expression in nerve fibers and hair cells is
beyond the scope of this study, we believe our observations
support the suggestion that this axis is involved in guiding of
KIT* melanocytes toward the KITLG" dark cell epithelium.

4.8 | Clinical relevance

In humans, pigmentation anomalies can be associated with
inner ear dysfunction and malformations, resulting in hearing
loss and balance disorders. Waardenburg syndrome, the most
common form of autosomal dominant sensorineural hear-
ing loss, can be divided into four subtypes and is caused by
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disturbed migration, proliferation, survival, or differentiation
of several cell types, including neural-crest-derived melano-
cytes (Pingault et al., 2010). Type I and Type II Waardenburg
are caused by mutations in genes specifically expressed by
melanocyte-lineaged cells (e.g., mutations in PAX3 cause type
I[; mutations in MITF cause type II). In healthy subjects, strial
melanocytes play a pivotal role in generation of the endococh-
lear potential, which is essential in hearing. Mutations in the
melanocyte lineage could hence be responsible for hearing
loss. Interestingly, patients with type I and type Il Waardenburg
frequently experience vestibular symptoms such as vertigo and
dizziness, but these are much less investigated or understood
(Black et al., 2001). We hypothesize that, in analogy to coch-
lear melanocytes and hearing loss, vestibular melanocytes are
related to or responsible for vestibular symptoms in these pa-
tients due to a disturbed potassium recycling.

5 | Conclusion

In this article, we have described for the first time the devel-
opment and spatiotemporal pattern of vestibular melanocytes
in the human embryonic and fetal inner ear. Melanoblasts
are first seen caudally from the otic vesicle at W5 and ex-
press migration-related cadherins. Over the course of several
weeks, melanocytes are observed throughout the (pre-)peri-
otic mesenchyme, underneath the vestibular epithelia lining
the endolymphatic lumen and finally underneath the vestibu-
lar dark cell epithelia. Understanding this complex process
of migration and fate of vestibular melanocytes could further
our insight into normal vestibular function and pathophysi-
ological mechanisms underlying vestibular disorders, espe-
cially those associated with pigmentation anomalies.
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