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Introduction: The well-regulated development of the sensory epithelium is
essential for hearing. This process involves the specification of a pro-sensory
epithelium containing common progenitors that differentiate into hair and
supporting cells. Notch signaling is one of the most critical pathways during these
processes, and its modification is thought to be a feasible approach for treating
hearing loss. Despite interspecies differences between rodents and primates or
humans, most of our current knowledge regarding cochlear development has
been obtained from rodent models.

Methods: We therefore examined and mapped the expression patterns of
Notch signal components in the developing cochlea of the common marmoset
(Callithrix jacchus), a small monkey species native to the New World, a primate
model animal.

Results: In contrast to the preserved expression patterns of the Notch signaling
components in the hair cell differentiation between primates and rodents,
we unveiled relatively large interspecies differences during the maturation of
supporting cells.

Discussion: This improved knowledge of Notch signaling during primate cochlear
development will facilitate the development of future regenerative therapies.

cochlea, marmoset, Notch, cochlear development, inner ear

1. Introduction

Hearing is the process by which mechanical sound waves are sensed in the inner ear,
converted into electrical impulses in the spiral ganglion neurons, and perceived by the brain.
The cochlea and its organ of Corti, which consists mainly of inner hair cells, outer hair
cells, and supporting cells, play an essential role in these processes. More specifically, hair
cells in the cochlea convert mechanosensory sound waves into neural electrical pulses. This
mechano-electrical conversion is structurally and electrically facilitated by supporting cells
surrounding the hair cells. These electrical pulses are then transmitted through synapses
between the inner hair cells and spiral ganglion neurons. Eventually, they reach the auditory
cortex of the brain, where they are perceived as hearing sensation (Stover and Diensthuber,
2011; Ekdale, 2016).

The well-regulated development of the sensory epithelium is essential for hearing (Wu
and Kelley, 2012; Roccio et al., 2020). This process involves the specification of a pro-sensory
epithelium containing common progenitors of hair and supporting cells, followed by their
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differentiation into hair and supporting cells. These processes have
been reported to be regulated by signaling pathways, such as Notch
(Morrison et al., 1999; Eddison et al., 2000; Kiernan et al., 2001;
Kiernan, 2013), Wnt (Ladher et al., 2000; Wu and Kelley, 2012), Shh
(Riccomagno et al., 2002, 2005), and Fgf (Mckay et al., 1996; Ladher
etal., 2000) signalings, which are also involved in the organogenesis
of other tissues.

During cochlear development, Notch signaling is involved in
the specification of the sensory epithelium and the subsequent
differentiation of hair or supporting cells, as well as in the
development of spiral ganglion neurons (Fekete and Wu, 2002;
2012; 2012). To date,
studies have revealed that, in the premature cochlea, “Notch-

Groves and Fekete, Murata et al.,
on” cells differentiate into the pro-sensory epithelium in a
“lateral induction” manner. During late cochlear development,
“Notch-off” cells in the differentiated pro-sensory epithelia
differentiate into hair cells, whereas “Notch-on” cells differentiate
into supporting cells in a “lateral inhibition” manner (Kiernan,
2013).

Extensive knowledge about the role of Notch signaling in
cochlear development has been obtained using rodents, particularly
mice, as model animals. Recently, however, primate model animals,
such as the common marmoset, Callithrix jacchus, have been
used, and several interspecies differences have been reported in
cochlear development between rodents and primates (Hosoya
etal, 2021a,b,c, 2022). In particular, several significant interspecies
differences have been reported in the gene expression patterns
of supporting cells. For example, the expression patterns of
cyclin-dependent kinase inhibitor 1B (CDKN1B), GATA3, and
ISL1 in developing supporting cells differ between rodents and
primates (Hosoya et al., 2020). Moreover, differences have been
reported in the initial expression pattern of JAGI, which is a
well-defined Notch ligand, between mice and primates (Hosoya
et al., 2022). In addition, specific differences also exist in the
tempo of cochlear development between rodents and primates
(Hosoya et al., 2021b, 2022), and the impact of these differences
on cochlear development cannot be underestimated (Hosoya et al.,
2021b).

Therefore, based on previous observations in primate cochlear
models (Hosoya et al., 2016, 2021b,c, 2022), we hypothesized the
existence of interspecies differences in the activation of Notch
signaling and expression patterns of its components between
primates and rodents. We used the common marmoset, a primate
model animal, to test this hypothesis.

2. Materials and methods

2.1. Specimens

Cadaverous temporal bone samples of common marmosets at
E77 (n=2),E87 (n=4),E92 (n=3),E9% (n=5),E101 (n=4), E109
(n = 3), E115 (n = 4), E120 (n = 3), and PO (n = 5) were used in
this study. All animal experiments were approved by the Animal
Experiment Committee of Keio University (approval numbers:
11006 and 08020) and were performed in accordance with the
guidelines of the National Institutes of Health and the Ministry of
Education, Culture, Sports, Science, and Technology of Japan.
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2.2. Tissue preparation

Immediately after euthanasia, the temporal bone was dissected
and fixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS) overnight. PO specimens were decalcified in Decalcifying
Solution B (Wako, Osaka, Japan) for 1 week. Specimens were
embedded in Tissue-Tek O.C.T. compound (Sakura Finetechnical
Co., Ltd., Tokyo, Japan) for cross-sectioning, and 7-um sections
were used for immunohistochemical analysis.

2.3. Antibodies

The following primary antibodies were used: anti-NOTCHI1
(1:500, rabbit IgG, 3608, Cell Signaling Technology, Danvers,
MA, USA), anti-HES1 (1:200, rabbit IgG, 11988, Cell Signaling
Technology), anti-RBPJ (1:1000, rabbit IgG, 5313, Cell Signaling
Technology), anti-JAGI (1:200, rabbit IgG, abl109536, Abcam,
Cambridge, UK), anti-DLL1 (1:100, mouse IgG2b, MAB18181,
R&D, Minneapolis, MN, USA), anti-POU4F3 (1:200, mouse IgG1,
sc-81980, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-ATOH1 (1:500, rabbit IgG, 21215-1, Proteintech, Rosemont,
IL, USA), anti-SOX2 (1:200, goat IgG, AF2018, R&D), anti-
MYOSIN7A (1:30, mouse IgGl, 138-1-s, DSHB, Iowa City, IA,
USA), anti-MYOSIN7A (1:100, rabbit IgG, 25-6790, Proteus
Biosciences, Ramona, CA, USA), anti-CDKNI1B (1:200, mouse
IgGl1, 610242, BD, Franklin Lakes, NJ, USA). The following
secondary antibodies were used: donkey anti-rabbit IgG, Alexa
Fluor Plus 555 (1:500, A32794, Invitrogen), donkey anti-mouse
IgG, Alexa Fluor Plus 488 (1:500, A32766, Invitrogen), and
donkey anti-goat IgG, Alexa Fluor 647 (1:500, 705-605-147, Jackson
Immuno-Research).

2.4. Immunohistochemistry

After a brief wash with PBS, sections were heated (80°C) in
10 uM citrate buffer (pH 6) for 15 min. Following another brief
wash, sections were blocked for 1 h at room temperature in 10%
normal serum in PBS, incubated overnight with primary antibodies
at 4°C, and then incubated with Alexa Fluor-conjugated secondary
antibodies for 60 min at room temperature. For immunostaining
with NOTCHI1, HES1, and RBPJ antibodies, sections were
incubated in 10% normal serum in PBS supplemented with 0.01%
Triton-X. Nuclei were counterstained with Hoechst 33258.

3. Results

3.1. Nuclear localization of NOTCHL1 in
the developing cochlea

In this study, we first examined the nuclear localization of
NOTCHI (Figures 1, 2). The NOTCHI antibody used in this
study recognizes the transmembrane domain of NOTCHI1 and
NICD and thus can detect the nuclear localization of NICD,
which results in the activation of Notch signaling (Troy et al., 2013;
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Shimizu et al, 2021). We observed a relatively weak nuclear
localization of NOTCHI1 in SOX2- and CDKN1B-positive sensory
epithelia but not in non-sensory epithelia in the cochlea of
E77 common marmosets (Figure 1a). However, we observed the
nuclear localization of NOTCHL in cells surrounding the inner
hair cells in the organ of Corti in the E87 cochlea (Figure 1b).
Notably, we detected the nuclear localization of NOTCHI in both
supporting cells surrounding inner hair cells and cells surrounding
outer hair cells in the basal turn in the E92 cochlea (Figures Ic, d).
However, in the middle turn, in which outer hair cells have not been
differentiated, we observed the nuclear localization of NOTCH1
only in supporting cells surrounding inner hair cells. Apart from
Claudius’ cells, we detected the nuclear localization of NOTCH1
in supporting cells in the cochlea of E96 (Figure le) up to E109
(Figures 2a, b) common marmosets. We found that the nuclear
localization of NOTCHI1 was decreased in Deiters’ cells, whereas we
still observed a robust NOTCHI1 nuclear localization in Hensen’s
cellsin E115 and E120 cochlea (Figures 2c, d). However, NOTCH1
was localized only in Hensen’s cell nuclei in the organ of Corti in
the PO cochlea (Figure 2e).

3.2. Expression of HES1 in the developing
organ of Corti

Next, we investigated the expression pattern of hairy and
enhancer of split 1 (HES1) in the developing organ of Corti
(Figure 3). HES1 is a bHLH transcription factor encoded by HESI
and is the mammalian homolog of the hairy gene in Drosophila
(Feder et al., 1994). HESI is one of the seven members of the
HES gene family (HESI-7), which encode nuclear proteins that
suppress transcription. During inner ear development, HESI acts
as a downstream effector of the Notch signaling pathway and
suppresses the differentiation of the pro-sensory epithelium into
hair cells by repressing the expression of ATOHI (Zine and de
Ribaupierre, 2002).

In this study, we detected the expression of HESI in supporting
cells surrounding the inner hair cells in the E87 cochlea (Figure 3a).
We also observed that HES1 was expressed in supporting cells
in E96 and E101 cochlea (Figures 3b, ¢). However, in E115 and
E120 cochlea, the expression of HES1 was decreased in Deiters’
cells, whereas it was still detected in Hensen’s cells (Figures 3d, e).
Finally, we detected that HES1 was expressed only in Hensen’s cells
in the PO organ of Corti (Figure 3f). Collectively, we demonstrated
that the changes in the expression patterns of HESI in the
developing organ of Corti paralleled the changes in the activation of
NOTCHLI. This observation suggested that during primate cochlear
development, the expression of HES1 is controlled by the activation
of NOTCHI as previously reported in rodents.

3.3. Expression of RBPJ in the developing
organ of Corti

Next, we investigated the expression pattern of RBPJ in the
developing organ of Corti (Figure 4). We observed the ubiquitous
expression of RBPJ in the cochlea epithelium in the E87 cochlea
(Figure 4a). We also observed that RBP] was expressed in inner
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and outer hair cells and supporting cells up to E115 cochlea
(Figures 4b-d). However, after E120, we found that the expression
of RBP]J in hair, pillar, and Deiters’ cells was decreased, whereas a
relatively strong expression was still observed in other supporting
cells (Figure 4e). We found that RBP] was still expressed in
the PO organ of Corti, despite its downregulation compared
with the expression levels observed in early developmental stages
(Figure 4f). Schematic diagrams of the activation of NOTCH1 and
expression patterns of HES1 and RBPJ are depicted in Figure 5.

3.4. Expression of JAG1 and DLL1 in the
developing organ of Corti

Finally, we investigated the expression pattern of jagged
canonical Notch ligand 1 (JAG1) (Figure 6) and delta-like
canonical Notch ligand 1 (DLL1) (Figure 7) in the developing
organ of Corti. JAG1 and DLLI1 are 2 of 5 ligands interacting
with Notch receptors. Once JAG1 (or DLL1) interacts with
NOTCH, a proteolytic cleavage cascade is triggered, resulting in the
nuclear translocation of NICD and the subsequent transcriptional
activation of downstream target genes. Jagl and DIII are reportedly
essential for the normal development of hair cells (Brooker et al,,
2006).

Previously, we reported the expression pattern of JAGI in the
E77, E87, and E92 cochlea of the common marmoset (Hosoya et al.,
2022). Interestingly, we observed that JAG1 was expressed in the
cochlea of the common marmoset after the E87 stage. Therefore,
in this study, we examined the expression pattern of JAG1 in the
cochlea after the E96 stage. We detected the expression of JAG1
in SOX-2 positive supporting cells except for Hensen’s cells in
the E96 organ of Corti (Figure 6a). We also observed the same
expression pattern in E101 (Figure 6b), E109 (Figure 6¢), and E115
(Figure 6d) cochlea. However, after E120 (Figure 6e), we found
that the expression of JAGI in the organ of Corti was diminished,
and only a slight expression was observed in the PO organ of Corti
(Figure 6f).

Regarding the expression of DLL1, we did not detect any
apparent expression of DLL1 in ATOH1-positive inner hair cells
in the E87 organ of Corti (Figure 7a); however, we did observe a
relatively weak expression in ATOHI1-positive hair cells in the E92
cochlea (Figure 7b). Interestingly, we noticed that the expression of
DLL1 in hair cells became more pronounced after E96 (Figure 7¢)
and was also observed in PO (Figures 7d-h).

4. Discussion

Notch signaling is one of the most critical signaling pathways
during development. The alleles of the Notch gene were first
identified more than 100 years ago in a mutant Drosophila
strain (Dexter, 1914; Morgan, 1917). Notably, Notch signaling
is conserved across species from Drosophila and Caenorhabditis
elegans to primates (Baron, 2003) and is widely involved in
organogenesis (Siebel and Lendahl, 2017). In mammals, several
sequential steps mediate the activation of Notch signaling (Bray,
2006). First, the binding of ligand proteins, such as Jagged1 (JAG1)
or delta-like canonical Notch ligand 1 (DLL1), to the extracellular

frontiersin.org


https://doi.org/10.3389/fnana.2023.1188886
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/

Hosoya et al. 10.3389/fnana.2023.1188886

CDKN1B
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' SOX2

FIGURE 1

Intranuclear localization of NOTCHL1 in the early developing cochlea. (a) In E70 cochlea, weak intranuclear localization of NOTCH1 was detected in
the CDKN1B- and SOX2- positive pro-sensory epithelium (a'), whereas no intranuclear localization of NOTCH1 was detected in the ventral cochlear
duct (a@"). (b) In the E87 cochlea, intranuclear localization of NOTCH1 was observed in cells surrounding inner hair cells in the organ of Corti (arrow).
Conversely, no expression was detected in the undifferentiated outer hair cell region (bracket). (c,d) In the E92 cochlea, in the middle turn, nuclear
localization of NOTCH1 was observed only in supporting cells surrounding inner hair cells [arrow in (c)]. In contrast, no expression was detected in
the undifferentiated outer hair cell region [bracket in (c)]. In the basal turn, intranuclear localization of NOTCH1 was observed in supporting cells
surrounding inner hair cells [arrow in (d)] and cells surrounding outer hair cells [bracket in (d)]. Intranuclear localization was also observed in
Hensen's cells [arrowhead in (d)]. (e) In the E96 cochlea, nuclear localization of NOTCH1 was observed in supporting cells [arrow and bracket in (e)],
including Deiters’ and Hensen's cells (arrowhead), except Claudius’ cells. Nuclei were counterstained with Hoechst (blue). Scale bar: 50 pm in (a),
20 pmin (b—e). IHC, inner hair cell; OHC, outer hair cell; HC, Hensen's cell; DC, Deiters' cell; CC, Claudius’ cell. (b): basal turn, (e): middle turn.
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FIGURE 2

Intranuclear localization of NOTCHL1 in the late-developing cochlea. (a) In E101 cochlea, nuclear localization of NOTCH1 was observed in
supporting cells (arrows), including Hensen's cells (arrowhead) but not Claudius’ cells. (b) In the E109 cochlea, nuclear localization of NOTCH1 was
observed in supporting cells (arrows), including Hensen's cells (arrowhead) but not Claudius’ cells. (c) In the E115 cochlea, the nuclear localization of
NOTCHL1 in Deiters’ cells [bracket in (c)] was decreased, whereas remained robust in Hensen'’s cells (arrowhead) and was still detected in pillar cells
(d) In E120 cochlea, the nuclear localization of NOTCH1 in Deiters’ cells [bracket in (c)] was relatively low compared with that in Hensen's
(arrowhead), inner pillar, and outer pillar cells. (e) In the PO cochlea, nuclear localization of NOTCH1 was observed only in Hensen's cells
(arrowhead) in the organ of Corti. Nuclei were counterstained with Hoechst (blue). Scale bar: 20 pm. IHC, inner hair cell; OHC, outer hair cell; HC,
Hensen's cell; DC, Deiters' cell; CC, Claudius’ cell’ PCs, pillar cells; IPC, inner pillar cells; OPC, outer pillar cells. (a,d): m\ddte turn, (b,c,e): basal turn.
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Expression pattern of HES in the developing cochlea of primates. (a) In E87 cochlea, HES1 was expressed in cells surrounding inner hair cells in the
organ of Corti (arrow). In contrast, no expression was detected in the undifferentiated outer hair cell region. (b) In the E96 cochlea, HES1 was
expressed in both supporting cells surrounding inner and outer hair cells [arrow in (b)]. HES1 was also expressed in Hensen's cells [arrowhead in (b)].
(c) In the E101 cochlea, except Claudius’ cells, HES1 was expressed in supporting cells, including Deiters’ and Hensen's cells (arrowhead). (d,e) After
E115, the expression of HES1 was gradually decreased in supporting cells except for Hensen's cells [arrowhead in (e)]. (f) In the PO organ of Corti,
HES1 was expressed only in Hensen's cells. Nuclei were counterstained with Hoechst (blue). Scale bar: 20 pm. IHC, inner hair cell; OHC, outer hair
cell; HC, Hensen's cell; DC, Deiters’ cell; CC, Claudius’ cell. (a,f): basal turn, (b—e); middle turn.

domain of the Notch receptor, a single-pass transmembrane
receptor, induces the proteolytic cleavage of the Notch intracellular
domain (NICD) by the y-secretase complex. Activation of Notchl
is reportedly essential for the development of hair cells in the
cochlea of mice ( ). In addition, the nuclear
localization of NICD was observed in supporting cells of the
developing cochlear at approximately embryonic day 15 (E15)
( ). After cleavage of the Notch receptor, NICD
is translocated into the nucleus, forming an active transcriptional
complex with the DNA binding protein recombination signal
binding protein for immunoglobulin kappa J region (RBPJ).

RBPJ is encoded by RBPJ, the mammalian homolog of the
Drosophila gene suppressor of hairless. RBP] is a transcriptional
regulator important in the Notch signaling pathway (

), which acts as an activator when bound to NOTCH proteins,
whereas as a repressor when unbound ( ). In mice,
Rbpj reportedly regulates the development of pro-sensory cells in
the cochlea ( ). This NICD-RBP] complex
binds Notch target genes and activates Notch downstream effectors,
such as HESI (

Notch signaling mediates two types of spatiotemporal patterning

). Through these sequential steps,

Frontiers in

of cells during organogenesis, "lateral inhibition" and "lateral
induction" ( ). Lateral inhibition is a process by which
cells instruct adjacent cells to adopt a different fate from that of
the instructing cell. In contrast, in the lateral induction process, an
instructing cell induces adjacent cells to adopt the same fate as that.

In this study, we demonstrated the expression patterns of
above-mentioned Notch signaling components in the developing
cochlea of a primate animal model. Our study revealed several
interspecies differences.

Weak activation of Notchl has been reported in the sensory
epithelium of the mouse cochlea at E13.5 ( ).
From E14.5 onward, with the progressing differentiation between
hair and supporting cells, the activation of Notch1 has been shown
to increase in supporting cells, becoming most robustly activated
at E16.5 (
decreased in the cochlea after PO, with no activation of Notchl

). Subsequently, Notchl signaling is

being observed in the P7 mouse cochlea ( ).
Like the situation in mice, this robust activation was also observed
during the differentiation of hair cells in the cochlea of the common
marmoset ( ). However, nuclear translocation of NOTCH1

was also detected in PO Hensen’s cells (equivalent to P14 in mice).
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Expression pattern of RBPJ in the developing cochlea of primate. (a) In the E87 cochlea, RBPJ was ubiquitously expressed in the cochlear duct and
surrounding cells. (b—d) In E96, E101, and E115 cochlea, RBPJ was ubiquitously expressed in the organ of Corti. (e) Likewise, RBPJ was ubiquitously
expressed in the organ of Corti in E120 cochlea. However, the expression of RBPJ in inner hair, outer hair, pillar, and Deiters’ cells was relatively low
(bracket) compared with that in other cells, such as Hensen's and Claudius’ cells. (f) In the PO organ of Corti, the expression of RBPJ was
ubiquitously diminished, and only a slight expression was observed. Nuclei were counterstained with Hoechst (blue). Scale bar: 20 um. IHC, inner
hair cell; OHC, outer hair cell; HC, Hensen's cell; DC, Deiters’ cell; CC, Claudius’ cell; PCs, pillar cells. (a): basal turn, (b—e); middle turn, f; apical turn

Compared with observations in mice, the activation of NOTCH1
was still detected in the common marmoset until relatively late in
cochlear development.

Next, we investigated the expression patterns of HES1 in the
developing organ of Corti of the common marmoset. In the mouse
cochlea, HesI was reported to be expressed in the greater epithelial
ridge of the E14.5 cochlear duct (
broadly expressed in supporting cells at E15.5 ( ).

) and was also

However, this robust expression of HesI was restricted to Hensen’s
cells in the E17.5 organ of Corti (
expression of HesI was reported in the PO organ of Corti (

). Finally, no

). These previously reported expression patterns of HesI were
well conserved in the common marmoset ( ); the expression
of HESI originated from the inside, was widely expanded, and
finally restricted to Hensen’s cells. Moreover, we noticed that in the
common marmoset, the changes in the expression of HES1 were
like those of activated NOTCHI, as previously reported in mice
( )

The importance of the Notchl-Hesl1-Cdknlb axis during the
developmental formation of the organ of Corti and differentiation
of hair and supporting cells have been previously reported in mice,
in which activation of Notchl induces the expression of Hesl

Frontiers in
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and the subsequent decrease and restriction in the expression of
Cdknl1b in supporting cells ( ). Combining our
observations on the activation and expression of NOTCHI1 and
HESI, respectively, with previous observations on the expression
patterns of CDKNI1B in the cochlea of the common marmoset
( ), we confirmed the observed differences
between the patterns of these proteins during the differentiation of
supporting cells; the expression of HES1 was observed in the E101
cochlea, whereas the expression of CDKN1B was broadly observed
at later stages (at least E115) in supporting cells (
). These observations implied that this axis is controlled in

a more complicated manner than previously assumed in mice.

After the initial differentiation of hair cells, the activation of
Notchl and expression of Hesl in supporting cells were observed
between E14.5 and P7 in mice (approximately 11 days) (

H H ). Similarly,
we observed the activation of NOTCHI and expression of HES1
in supporting cells after E87 and still observed it at PO (equivalent
to E150) in the common marmoset (at least 60 days) ( ).
Even considering that the cochlear development to this stage takes
)
the activation of NOTCHI1 and expression of HES1 were observed

three times longer in the common marmoset (
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FIGURE 5

Schematic diagrams of the activation of NOTCH1 and expression patterns of HES1 and RBPJ in the developing cochlea of the common marmoset.

in supporting cells for a longer time than that in mice. Although
the developmental importance of the prolonged-expression in these
supporting cells was not determined in this study, this difference
might affect the characteristics of supporting cells, especially during
immaturity. Future functional studies are warranted.

To date, Rbpj has been reported to be ubiquitously expressed
in the developing cochlea of mice and essential for the normal
2011). In the
common marmoset, we observed the ubiquitous expression of

development of the inner ear (Yamamoto et al,

RBP]J in the developing cochlear duct up to E101 cochlea (Figure 4).
However, the expression of RBPJ in the organ of Corti was
subsequently reduced. This reduction was significantly preceded
in hair cells and a part of supporting cells in contact with the
hair cell directory, such as pillar and Deiters’ cells. Similar patterns
of expression of RBPJ have been reported in several developing
organs, such as the neural tube (Shi et al, 2012) and retina
(Miesfeld et al., 2018). However, such non-uniform changes in the
expression of Rbpj have not been reported during mouse cochlear
development. We thus could not conclude whether these observed
changes in expression in the common marmoset were interspecies-
related or time-specific. However, our observations might indicate
that in the later developmental stage of the primate cochlea, the
activation of Notch signaling is modified or controlled not only by
the expression of ligands but also by the level of expression of RBPJ.
Therefore, a future functional study is required to delineate this.
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The Notch ligand Jagl is critical for the early role of
Notch signaling in the development of the cochlear pro-sensory
epithelium in mice (Brooker et al., 2006; Kiernan et al., 2006).
Previous studies have established that loss of Jagl during cochlear
development resulted in the loss or substantial reduction of pro-
sensory progenitor cells, leading to loss of hair cells and hearing
loss (Brooker et al., 2006). In mice, Jagl is first expressed in the
pro-sensory epithelium of the cochlea preceding the expression of
Cdknlb and Sox2 (Morrison et al.,, 1999; Kiernan et al., 2001). At
this time, Jag! is thought to play an essential role in the specification
of the pro-sensory epithelium by inducing the expression of
Cdknlb and Sox2. By E17.5, the expression of Jagl is restricted
to a part of supporting cells, which are located more medial
than Deiters” cells; no expression is observed in Hensen’s cells
1999; Chrysostomou et al., 2020). Subsequently,
Jagl is continuously expressed throughout the postnatal period
and adulthood (Murata et al., 2006; Oesterle et al., 2008). We
previously reported that the expression of CDKNI1B and SOX2 in

(Morrison et al.,

the pro-sensory epithelium of the common marmoset was followed
by the expression of JAGI, unlike that observed in mice, hence
implying interspecies differences regarding the role of JAG1 in the
specification of the pro-sensory domain (Hosoya et al., 2022).
Compared with previous studies, the present study examined
the expression of JAGI at a relatively late stage of cochlear
development. As in mice, we observed the expression of JAGI in a
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Expression pattern of JAGL in the developing cochlea of primates. (a) In E96 cochlea, JAG1 was expressed in both hair cells and SOX2-positive
supporting cells, except immature Hensen's cells. (b—d) In E101, E109, and E115 cochlea, JAG1 was expressed in both hair cells and SOX2-positive
supporting cells, except immature Hensen's cells similar to E92 cochlea. (e) After E120, the expression of JAGL in the organ of Corti gradually
decreased. (f) In the PO organ of Corti, a weak expression of JAG1 was only observed in Deiters’ cells. Nuclei were counterstained with Hoechst
(blue). Scale bar: 20 wm. IHC, inner hair cell; OHC, outer hair cell; HC, Hensen's cell; DC, Deiters’ cell. (a,c,f): basal turn, (b,d,e): middle turn

portion of supporting cells located medial to Deiters’ cells after the
differentiation of hair cells ( ). This expression
). However, after E120,

the expression of JAG1 was decreased, and only slight expression

pattern was retained until E115 (

was detected in the PO organ of Corti. Combined with our previous
observations, these results indicated that the expression of JAG1 in
the Corti organ of the common marmoset cochlea had a shorter
peak than that in mice.

Notch signaling is essential in limiting the number of hair cells
and acquiring normal hearing through lateral inhibition. During
this process, the expression of Notch ligands, such as DIII (

), and Jag2, in developing hair cells and subsequent
activation of Notchl is critical for suppressing the overproduction
of hair cells. In this study, we examined the expression pattern of
DLLL1 in the developing cochlea of the common marmoset.

In mice, the expression of DIII was first observed in neonatal
inner ear cells during the development of the organ of Corti from
E14.5 to E15.5 (
hair cells at around E16.5-17.5. However, expression of DII1 has

). It was also detected in outer
not been observed in supporting cells during the development of

the organ of Corti. Interestingly, we here detected the expression
of DLL1 in hair cells in the developing cochlea of the common
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marmoset ( ). This finding suggested that these specific
expression patterns of DLL1 in hair cells of the organ of Corti
are well conserved in rodents and primates and implied that the
DIl1-mediated lateral inhibition of the overproduction of hair cells
observed in rodents is also conserved in primates.

As shown in , our study revealed that the expression
patterns of Notch signaling components are well preserved between
rodents and primates during the differentiation of hair cells.
Concomitantly, we observed a relatively significant interspecies
difference during the maturation of supporting cells. Combined
with our previous findings ( ), in which we
demonstrated that interspecies differences were more prominent
in supporting than hair cells in the developing cochlea, our
present study implied that these interspecies differences in NOTCH
signaling would affect the characteristics of supporting cells.
Therefore, a future functional study is needed to investigate these
differences in supporting cells during these late developmental
periods in this primate. Moreover, future comparative analysis of
several different species analyzing the patterns or trends in the
NOTCH signaling expression across species would be desired to
understand the development of the hair cells. In this situation,

single-cell RNA sequencing of the cochlea, which has been reported
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Expression pattern of DLL1 in the developing cochlea of primates. (a) In E87 cochlea, no expression of DLL1 was detected in either ATOH1-positive
hair cells or SOX2-positive supporting cells. (b) In contrast, a relatively weak expression of DLL1 was observed in ATOH1-positive hair cells in the E92
cochlea. (c) In E96 cochlea, the expression of DLL1 in hair cells became more pronounced. (d—h) After E101, DLL1 was continuously expressed in
hair cells. Nuclei were counterstained with Hoechst (blue). Scale bar: 20 um. IHC, inner hair cell; OHC, the outer hair cell. (a,b,d,g,h): basal turn,

(c.e,f): middle turn.

for analyzing cochlear development ( ;
; ), would be useful.

We examined the developing cochlea of the common
marmoset to identify similarities and differences in NOTCH
signaling components between rodents and primates. Currently,
the modification of Notch signaling is thought to be a feasible
approach for the treatment of hearing loss from the viewpoint
of regenerative therapy ( ;

; ). Our study unveiled interspecies
differences between rodents and primates in the expression patterns
of Notch signal components. Hence, improved knowledge of
cochlear development in primates would also be helpful for future
regenerative therapy strategies. However, the precise expression
patterns of Notch signaling components in mice and marmosets
that is more similar to humans remain unknown owing to the lack

Frontiers in

of studies exploring this signaling in humans. Therefore, we believe
our study on Notch signaling in this primate model animal would
serve as a foundation for future studies in humans.

We examined the developing cochlea of the common
marmoset to identify similarities and differences in Notch signaling
components between rodents and primates; a relatively significant
interspecies difference was observed during the maturation
of supporting cells. Our study on Notch signaling in this
primate model animal would be helpful for future studies in
humans. Moreover, as the modification of Notch signaling is
thought to be a feasible approach for the potential regenerative
therapy of hearing loss, improved knowledge on Notch signaling
during cochlear development obtained from this primate model
would also facilitate the development of future regenerative
therapies for humans.
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Interspecies differences in the activation of NOTCH1 and expression patterns of Notch signaling components. The expression patterns of Notch
signaling components during the differentiation of hair cells are well preserved between rodents and this primate model animal. However, a
relatively significant interspecies difference was observed in the maturation of supporting cells.

Data availability statement

The original contributions presented in this study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

Ethics statement

This animal study was reviewed and approved by the Animal
Experiment Committee of Keio University.

Author contributions

MH, ME HOk, and HOz conceived and designed the
experiments. MH wrote the manuscript, performed most of the
experiments, and analyzed the data. All authors read and approved
the final version of the manuscript.

Funding

MH was supported by a grant from the Japanese government,
MEXT KAKENHI [Grant-in-Aid for Scientific Research (B)
20H03836, Grant-in-Aid for Challenging Research (Exploratory)
21K19581], the Keio Medical Association, Keio University Medical
Science Fund, the Society for Promotion of International
Oto-Rhino-Laryngology (SPIO), the Kanae Foundation for the
Promotion of Medical Science, the Takeda Science Foundation, and

Frontiers in Neuroanatomy

11

Keio Gijuku Academic Development Funds. MF was supported by
a grant from the Japanese government, MEXT KAKENHI [Grant-
in-Aid for Scientific Research (A) 21H04839].

Acknowledgments

We thank Saki Ninomiya for providing technical support.
We also thank Ayako Y. Murayama, Sho Yoshimatsu, and Junko
Okahara for providing materials.

Conflict of interest

HOKk is a founding scientist and a paid scientific advisory board
member of SanBio Co., Ltd., and K Pharma Inc. MH and MF were
founding scientists of Otolink Inc.

The remaining author declares that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fnana.2023.1188886
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/

Hosoya et al.

References

Baron, M. (2003). An overview of the notch signalling pathway. Semin. Cell Dev.
Biol. 14, 113-119. doi: 10.1016/S1084-9521(02)00179-9

Bray, S. (2006). Notch signalling: A simple pathway becomes complex. Nat. Rev.
Mol. Cell Biol. 7, 678-689. doi: 10.1038/nrm2009

Brooker, R., Hozumi, K., and Lewis, J. (2006). Notch ligands with contrasting
functions: Jagged1 and Deltal in the mouse inner ear. Development 133, 1277-1286.
doi: 10.1242/dev.02284

Burns, J., Kelly, M., Hoa, M., Morell, R., and Kelley, M. (2015). Single-cell RNA-
Seq resolves cellular complexity in sensory organs from the neonatal inner ear. Nat.
Commun. 6:8557. doi: 10.1038/ncomms9557

Chrysostomou, E., Zhou, L., Darcy, Y., Graves, K., Doetzlhofer, A., and Cox, B.
(2020). The notch ligand jagged1 is required for the formation, maintenance, and
survival of Hensen’s cells in the mouse cochlea. J. Neurosci. 40, 9401-9413. doi:
10.1523/JNEUROSCI.1192-20.2020

Dexter, J. (1914). The analysis of a case of continuous variation in drosophila by a
study of its linkage relations. Am. Nat. 48, 712-758. doi: 10.1086/279446

Du, X, Cai, Q., West, M., Youm, I, Huang, X., Li, W., et al. (2018). Regeneration
of cochlear hair cells and hearing recovery through hesl modulation with siRNA
nanoparticles in adult guinea pigs. Mol. Ther. 26, 1313-1326. doi: 10.1016/j.ymthe.
2018.03.004

Du, X, Li, W.,, Gao, X., West, M., Saltzman, W., Cheng, C., et al. (2013).
Regeneration of mammalian cochlear and vestibular hair cells through Hes1/Hes5
modulation with siRNA. Hear. Res. 304, 91-110. doi: 10.1016/j.heares.2013.06.011

Eddison, M., Le Roux, I, and Lewis, J. (2000). Notch signaling in the development of
the inner ear: Lessons from drosophila. Proc. Natl. Acad. Sci. U.S.A. 97, 11692-11699.
doi: 10.1073/pnas.97.22.11692

Ekdale, E. (2016). Form and function of the mammalian inner ear. J. Anat. 228,
324-337. doi: 10.1111/j0a.12308

Feder, J., Li, L., Jan, L., and Jan, Y. (1994). Genomic cloning and chromosomal
localization of HRY, the human homolog to the Drosophila segmentation gene, hairy.
Genomics 20, 56-61. doi: 10.1006/geno.1994.1126

Fekete, D., and Wu, D. (2002). Revisiting cell fate specification in the inner ear. Curr.
Opin. Neurobiol. 12, 35-42. doi: 10.1016/S0959-4388(02)00287-8

Groves, A., and Fekete, D. (2012). Shaping sound in space: The regulation of inner
ear patterning. Development 139, 245-257. doi: 10.1242/dev.067074

Hosoya, M., Fujioka, M., Murayama, A., Okano, H., and Ogawa, K. (2020). The
common marmoset as suitable nonhuman alternative for the analysis of primate
cochlear development. FEBS J 288, 325-353.

Hosoya, M., Fujioka, M., Murayama, A., Ogawa, K., Okano, H., and Ozawa, H.
(2021a). Dynamic spatiotemporal expression changes in connexins of the developing
primate’s cochlea. Genes 12:1082. doi: 10.3390/genes12071082

Hosoya, M., Fujioka, M., Murayama, A., Okano, H., and Ogawa, K. (2021b). The
common marmoset as suitable nonhuman alternative for the analysis of primate
cochlear development. FEBS J. 288, 325-353.

Hosoya, M., Fujioka, M., Murayama, A., Ozawa, H., Okano, H., and Ogawa,
K. (2021c). Neuronal development in the cochlea of a nonhuman primate
model, the common marmoset. Dev. Neurobiol. 81, 905-938. doi: 10.1002/dneu.2
2850

Hosoya, M., Fujioka, M., Ogawa, K., and Okano, H. (2016). Distinct expression
patterns of causative genes responsible for hereditary progressive hearing loss in
non-human primate cochlea. Sci. Rep. 6:22250. doi: 10.1038/srep22250

Hosoya, M., Fujioka, M., Okahara, J., Yoshimatsu, S., Okano, H., and Ozawa, H.
(2022). Early development of the cochlea of the common marmoset, a non-human
primate model. Neural Dev. 17:6. doi: 10.1186/s13064-022-00162-8

Hsieh, J., Henkel, T., Salmon, P., Robey, E., Peterson, M., and Hayward, S.
(1996). Truncated mammalian Notchl activates CBF1/RBPJk-repressed genes by a
mechanism resembling that of Epstein-Barr virus EBNA2. Mol. Cell. Biol. 16, 952-959.
doi: 10.1128/MCB.16.3.952

Kelley, M. (2022). Cochlear development. New tools and approaches. Front. Cell
Dev. Biol. 10:884240. doi: 10.3389/fcell.2022.884240

Kiernan, A. (2013). Notch signaling during cell fate determination in the inner ear.
Semin. Cell Dev. Biol. 24, 470-479. doi: 10.1016/j.semcdb.2013.04.002

Kiernan, A., Ahituv, N., Fuchs, H., Balling, R., Avraham, K., Steel, K., et al. (2001).
The notch ligand Jagged1 is required for inner ear sensory development. Proc. Natl.
Acad. Sci. U.S.A. 98, 3873-3878. doi: 10.1073/pnas.071496998

Kiernan, A., Cordes, R., Kopan, R., Gossler, A., and Gridley, T. (2005). The notch
ligands DLL1 and JAG2 act synergistically to regulate hair cell development in the
mammalian inner ear. Development 132, 4353-4362. doi: 10.1242/dev.02002

Kiernan, A., Xu, J., and Gridley, T. (2006). The notch ligand JAGI is required
for sensory progenitor development in the mammalian inner ear. PLoS Genet. 2:e4.
doi: 10.1371/journal.pgen.0020004

Frontiers in Neuroanatomy

12

10.3389/fnana.2023.1188886

Ladher, R., Anakwe, K., Gurney, A., Schoenwolf, G., and Francis-West, P. (2000).
Identification of synergistic signals initiating inner ear development. Science 290,
1965-1967. doi: 10.1126/science.290.5498.1965

Lanford, P, Lan, Y., Jiang, R, Lindsell, C., Weinmaster, G., Gridley, T, et al. (1999).
Notch signalling pathway mediates hair cell development in mammalian cochlea. Nat.
Genet. 21, 289-292. doi: 10.1038/6804

Lewis, J. (1998). Notch signalling and the control of cell fate choices in vertebrates.
Semin. Cell Dev. Biol. 9, 583-589. doi: 10.1006/scdb.1998.0266

Mckay, 1., Lewis, J., and Lumsden, A. (1996). The role of FGF-3 in early inner ear
development: An analysis in normal and kreisler mutant mice. Dev. Biol. 174, 370-378.
doi: 10.1006/dbio.1996.0081

Miesfeld, J., Moon, M., Riesenberg, A., Contreras, A., Kovall, R., and Brown, N.
(2018). Rbpj direct regulation of Atoh7 transcription in the embryonic mouse retina.
Sci. Rep. 8:10195. doi: 10.1038/s41598-018-28420-y

Mizutari, K., Fujioka, M., Hosoya, M., Bramhall, N., Okano, J., Okano, H. J., et al.
(2013). Notch inhibition induces cochlear hair cell regeneration and recovery of
hearing after acoustic trauma. Neuron 77, 58-69. doi: 10.1016/j.neuron.2012.10.032

Morgan, T. (1917). The theory of the gene. Am. Nat. 51, 513-544. doi: 10.1086/
279629

Morrison, A., Hodgetts, C., Gossler, A., Hrabé De Angelis, M., and Lewis, J. (1999).
Expression of Deltal and Serratel (Jaggedl) in the mouse inner ear. Mech. Dev. 84,
169-172. doi: 10.1016/S0925-4773(99)00066-0

Murata, J., Ikeda, K., and Okano, H. (2012). Notch signaling and the developing
inner ear. Adv. Exp. Med. Biol 727, 161-173. doi: 10.1007/978-1-4614-0899-4_12

Murata, J., Ohtsuka, T., Tokunaga, A., Nishiike, S., Inohara, H., Okano, H.,
et al. (2009). Notch-Hes1 pathway contributes to the cochlear prosensory formation
potentially through the transcriptional down-regulation of p27Kipl. J. Neurosci. Res.
87, 3521-3534. doi: 10.1002/jnr.22169

Murata, J., Tokunaga, A., Okano, H., and Kubo, T. (2006). Mapping of notch
activation during cochlear development in mice: Implications for determination of
prosensory domain and cell fate diversification. J. Comp. Neurol. 497, 502-518. doi:
10.1002/cne.20997

Oesterle, E., Campbell, S., Taylor, R., Forge, A., and Hume, C. (2008). Sox2 and
jaggedl expression in normal and drug-damaged adult mouse inner ear. J. Assoc. Res.
Otolaryngol. 9, 65-89. doi: 10.1007/s10162-007-0106-7

Ohtsuka, T., Ishibashi, M., Gradwohl, G., Nakanishi, S., Guillemot, F., and
Kageyama, R. (1999). Hesl and Hes5 as notch effectors in mammalian neuronal
differentiation. EMBO J. 18, 2196-2207. doi: 10.1093/embo;j/18.8.2196

Ranum, P., Goodwin, A., Yoshimura, H., Kolbe, D., Walls, W., Koh, J., et al.
(2019). Insights into the biology of hearing and deafness revealed by single-cell RNA
sequencing. Cell Rep. 26, 3160.e3-3171.e3. doi: 10.1016/j.celrep.2019.02.053

Riccomagno, M., Martinu, L., Mulheisen, M., Wu, D., and Epstein, D. (2002).
Specification of the mammalian cochlea is dependent on Sonic hedgehog. Genes Dev.
16, 2365-2378. doi: 10.1101/gad.1013302

Riccomagno, M., Takada, S., and Epstein, D. (2005). Wnt-dependent regulation of
inner ear morphogenesis is balanced by the opposing and supporting roles of Shh.
Genes Dev. 19, 1612-1623. doi: 10.1101/gad.1303905

Roccio, M, Senn, P., and Heller, S. (2020). Novel insights into inner ear development
and regeneration for targeted hearing loss therapies. Hear. Res. 397:107859. doi:
10.1016/j.heares.2019.107859

Samarajeewa, A., Jacques, B., and Dabdoub, A. (2019). Therapeutic potential of
wnt and notch signaling and epigenetic regulation in mammalian sensory hair cell
regeneration. Mol. Ther. 27, 904-911. doi: 10.1016/j.ymthe.2019.03.017

Shi, M., Hu, Z., Zheng, M., Song, N., Huang, Y., Zhao, G., et al. (2012). Notch-Rbpj
signaling is required for the development of noradrenergic neurons in the mouse locus
coeruleus. J. Cell Sci. 125, 4320-4332. doi: 10.1242/jcs.102152

Shimizu, S., Yoshioka, K., Aki, S, and Takuwa, Y. (2021). Class II
phosphatidylinositol =~ 3-kinase-C20  is essential for notch signaling by
regulating the endocytosis of y-secretase in endothelial cells. Sci. Rep. 11:5199.
doi: 10.1038/s41598-021-84548-4

Siebel, C., and Lendahl, U. (2017). Notch signaling in development, tissue
homeostasis, and disease. Physiol. Rev. 97, 1235-1294. doi: 10.1152/physrev.00005.
2017

Stover, T., and Diensthuber, M. (2011). Molecular biology of hearing. GMS Curr.
Top. Otorhinolaryngol. Head Neck Surg. 10:Doc06.

Tamura, K., Taniguchi, Y., Minoguchi, S., Sakai, T., Tun, T., Furukawa, T., et al.
(1995). Physical interaction between a novel domain of the receptor notch and the
transcription factor RBP-Jk/Su(H). Curr. Biol. 5, 1416-1423. doi: 10.1016/S0960-
9822(95)00279-X

Tateya, T., Imayoshi, 1., Tateya, L, Ito, J., and Kageyama, R. (2011). Cooperative
functions of Hes/Hey genes in auditory hair cell and supporting cell development. Dev.
Biol. 352, 329-340. doi: 10.1016/j.ydbio.2011.01.038

frontiersin.org


https://doi.org/10.3389/fnana.2023.1188886
https://doi.org/10.1016/S1084-9521(02)00179-9
https://doi.org/10.1038/nrm2009
https://doi.org/10.1242/dev.02284
https://doi.org/10.1038/ncomms9557
https://doi.org/10.1523/JNEUROSCI.1192-20.2020
https://doi.org/10.1523/JNEUROSCI.1192-20.2020
https://doi.org/10.1086/279446
https://doi.org/10.1016/j.ymthe.2018.03.004
https://doi.org/10.1016/j.ymthe.2018.03.004
https://doi.org/10.1016/j.heares.2013.06.011
https://doi.org/10.1073/pnas.97.22.11692
https://doi.org/10.1111/joa.12308
https://doi.org/10.1006/geno.1994.1126
https://doi.org/10.1016/S0959-4388(02)00287-8
https://doi.org/10.1242/dev.067074
https://doi.org/10.3390/genes12071082
https://doi.org/10.1002/dneu.22850
https://doi.org/10.1002/dneu.22850
https://doi.org/10.1038/srep22250
https://doi.org/10.1186/s13064-022-00162-8
https://doi.org/10.1128/MCB.16.3.952
https://doi.org/10.3389/fcell.2022.884240
https://doi.org/10.1016/j.semcdb.2013.04.002
https://doi.org/10.1073/pnas.071496998
https://doi.org/10.1242/dev.02002
https://doi.org/10.1371/journal.pgen.0020004
https://doi.org/10.1126/science.290.5498.1965
https://doi.org/10.1038/6804
https://doi.org/10.1006/scdb.1998.0266
https://doi.org/10.1006/dbio.1996.0081
https://doi.org/10.1038/s41598-018-28420-y
https://doi.org/10.1016/j.neuron.2012.10.032
https://doi.org/10.1086/279629
https://doi.org/10.1086/279629
https://doi.org/10.1016/S0925-4773(99)00066-0
https://doi.org/10.1007/978-1-4614-0899-4_12
https://doi.org/10.1002/jnr.22169
https://doi.org/10.1002/cne.20997
https://doi.org/10.1002/cne.20997
https://doi.org/10.1007/s10162-007-0106-7
https://doi.org/10.1093/emboj/18.8.2196
https://doi.org/10.1016/j.celrep.2019.02.053
https://doi.org/10.1101/gad.1013302
https://doi.org/10.1101/gad.1303905
https://doi.org/10.1016/j.heares.2019.107859
https://doi.org/10.1016/j.heares.2019.107859
https://doi.org/10.1016/j.ymthe.2019.03.017
https://doi.org/10.1242/jcs.102152
https://doi.org/10.1038/s41598-021-84548-4
https://doi.org/10.1152/physrev.00005.2017
https://doi.org/10.1152/physrev.00005.2017
https://doi.org/10.1016/S0960-9822(95)00279-X
https://doi.org/10.1016/S0960-9822(95)00279-X
https://doi.org/10.1016/j.ydbio.2011.01.038
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/

Hosoya et al.

Troy, J., Weissfeld, J., Youk, A., Thomas, S., Wang, L., and Grandis, J. (2013).
Expression of EGFR, VEGE, and NOTCHI1 suggest differences in tumor angiogenesis
in HPV-positive and HPV-negative head and neck squamous cell carcinoma. Head
Neck Pathol. 7, 344-355. doi: 10.1007/s12105-013-0447-y

Wu, D., and Kelley, M. (2012). Molecular mechanisms of inner ear development.
Cold Spring Harb. Perspect. Biol. 4:a008409. doi: 10.1101/cshperspect.a00
8409

Yamamoto, N., Chang, W., and Kelley, M. (2011). Rbpj regulates development of
prosensory cells in the mammalian inner ear. Dev. Biol. 353, 367-379. doi: 10.1016/j.
ydbio.2011.03.016

Frontiers in Neuroanatomy

13

10.3389/fnana.2023.1188886

Zheng, J., Shou, J., Guillemot, F., Kageyama, R., and Gao, W. (2000). Hesl is a
negative regulator of inner ear hair cell differentiation. Development 127, 4551-4560.
doi: 10.1242/dev.127.21.4551

Zine, A., and de Ribaupierre, F. (2002). Notch/Notch ligands and Math1 expression
patterns in the organ of Corti of wild-type and Hes1 and Hes5 mutant mice. Hear Res.
170, 22-31. doi: 10.1016/S0378-5955(02)00449- 5

Zine, A., Aubert, A., Qiu, J., Therianos, S., Guillemot, F., Kageyama, R., et al. (2001).
Hesl and Hes5 activities are required for the normal development of the hair cells in
the mammalian inner ear. J. Neurosci. 21, 4712-4720. doi: 10.1523/JNEUROSCI.21-
13-04712.2001

frontiersin.org


https://doi.org/10.3389/fnana.2023.1188886
https://doi.org/10.1007/s12105-013-0447-y
https://doi.org/10.1101/cshperspect.a008409
https://doi.org/10.1101/cshperspect.a008409
https://doi.org/10.1016/j.ydbio.2011.03.016
https://doi.org/10.1016/j.ydbio.2011.03.016
https://doi.org/10.1242/dev.127.21.4551
https://doi.org/10.1016/S0378-5955(02)00449-5
https://doi.org/10.1523/JNEUROSCI.21-13-04712.2001
https://doi.org/10.1523/JNEUROSCI.21-13-04712.2001
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/

	Mapping of Notch signaling in the developing organ of Corti in common marmosets
	1. Introduction
	2. Materials and methods
	2.1. Specimens
	2.2. Tissue preparation
	2.3. Antibodies
	2.4. Immunohistochemistry

	3. Results
	3.1. Nuclear localization of NOTCH1 in the developing cochlea
	3.2. Expression of HES1 in the developing organ of Corti
	3.3. Expression of RBPJ in the developing organ of Corti
	3.4. Expression of JAG1 and DLL1 in the developing organ of Corti

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


