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Cochlear development is a complex process with precise spatiotemporal

patterns. A detailed understanding of this process is important for studies

of congenital hearing loss and regenerative medicine. However, much of

our understanding of cochlear development is based on rodent models.

Animal models that bridge the gap between humans and rodents are

needed. In this study, we investigated the development of hearing organs in

a small New World monkey species, the common marmoset (Callithrix jac-

chus). We describe the general stages of cochlear development in compar-

ison with those of humans and mice. Moreover, we examined more than

25 proteins involved in cochlear development and found that expression

patterns were generally conserved between rodents and primates. However,

several proteins involved in supporting cell processes and neuronal devel-

opment exhibited interspecific expression differences. Human fetal samples

for studies of primate-specific cochlear development are extremely rare,

especially for late developmental stages. Our results support the use of the

common marmoset as an effective alternative for analyses of primate

cochlear development.

Introduction

Auditory perception is the process by which mechani-

cal sound waves are detected by the inner ear and con-

verted into neuronal electrical impulses that are

perceived by the brain. The inner ear is the peripheral

sensory organ for hearing and equilibrium. In mam-

mals, the inner ear can be divided into two parts, the

cochlea for the sense of hearing and the vestibule/semi-

circular canal for the sense of equilibrium. In the

cochlea, hair cells convert mechanosensory sound

waves into neural electrical pulses.

The cochlea is a mammal-specific hearing organ.

Other vertebrates have comparable sensory organs for

auditory perception, consisting of mechanosensory hair

cells arranged in discrete sensory patches for the trans-

duction of various mechanical stimuli (sound and

gravity or tilt) [1]. Fishes use an otolith [2], which is

the most primitive organ for sound perception.

Amphibians [3], reptiles [4,5], and birds use the basilar

papilla [6]. The evolutionary acquisition of the cochlea

is recent; thus, there is variation in cochlear
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morphology, even among mammals [7-9]. For exam-

ple, the cochlea of monotremes is relatively short and

curved (without a complete full coil) [10,11] with mul-

tiple rows of inner hair cells and pillar cells [10]. Theri-

ans have relatively long and fully coiled cochlea with a

single row of inner hair cells and two rows of pillar

cells [12-14].

The development of the cochlea requires multiple

fine-tuned steps [15-18]. The process starts with the

formation of the otic placode in the ectoderm, fol-

lowed by neural tube formation. The otic vesicle then

forms from the otic placode and becomes the inner

ear, including the cochlea and vestibule/semicircular

canal. At the time of cochlear duct formation, the

maturation of the sensory epithelium occurs, along

with hair cell and supporting cell differentiation. Dur-

ing the formation of the cochlea and vestibule, bidirec-

tional neural innervation occurs between the inner ear

and brain.

Our understanding of cochlear development is lar-

gely based on studies of rodent models [19,20]. The

mouse model is useful for understanding basic human

cochlear development, developing therapeutic agents

for hearing loss, and realizing regenerative therapy.

However, several issues limit the application of rodent

models to humans. Some mouse models fail to repro-

duce human congenital hearing loss [20], indicating

that the factors involved in cochlear development dif-

fer between rodents and humans.

Human cochlear development and congenital mal-

formation are not fully explained by a rodent model.

Evolutionarily, the cochlea was acquired relatively

recently and exhibits differences among species [9,11-

12,14,21]. Therefore, analyses of human fetal samples

are important for understanding cochlear development.

However, these studies are limited by ethical issues

and rare access to human fetal samples. It is extremely

difficult to obtain well-prepared human fetal samples

suitable for molecular biological analyses (especially

for the late stage of cochlear development, after

16 weeks of gestation).

Therefore, a nonhuman primate model, more closely

related to humans than are rodents, is necessary for

investigating the development of hearing organs. A

small New World monkey species, the common mar-

moset (Callithrix jacchus), has been used for vocal

communication and audiological research [22-27].

Recently, the species has been used for hereditary hear-

ing loss research [28-33]. Moreover, genetic modifica-

tion is now possible in the common marmoset [34-36].

In this study, we investigated the cochlea of embryos

and neonates of the common marmoset and compared

them with those of mouse and human reported previ-

ously. We provide a detailed description of the mor-

phogenesis of the sensory epithelium (including the

organ of Corti and hair cells), spiral ganglion neurons,

lateral wall fibrocytes, and stria vascularis. We found

that cochlear development is completed at birth in

both the common marmoset and humans but contin-

ues to neonatal P14 in mice. The duration of cochlear

development in the common marmoset is longer than

that in rodents and is very similar to that in humans.

Moreover, we examined the expression patterns of

more than 25 proteins in the inner ear, all of which

are established developmental markers of inner ear

cells or important factors in cochlear development.

Some proteins had spatiotemporally distinct expression

patterns between primates and rodents.

Results and Discussion

Morphological analysis of the developing cochlea

in the common marmoset

We first examined morphological changes of the

cochlea during development in the common marmoset

Fig. 1. Histological analysis of the developing cochlea in the common marmoset by hematoxylin–eosin staining. (A) Schematic diagram

comparing cochlear development between species. (B–E) A cross-sectional view of the common marmoset cochlea duct in a E96 embryo.

At E96, cochlear duct formation was complete, while the formation of the scala vestibule (* in B and C) and scala tympani (** in B and C)

started from the basal turn and was not observed in the apical turn and middle turn. Arrowheads in C indicate developing Reissner’s

membrane. (F–I) A cross-sectional view of the common marmoset cochlea duct in a E101 embryo. At E101, the spaces of the scala

vestibuli (* in F) and the scala tympani (** in F) could be observed through all turns. In this stage, the organ of Corti was not developed. (J–

M) A cross-sectional view of the common marmoset cochlea duct in a E115 embryo. At E115, the overall cochlear duct was well-

developed. The scala vestibuli and the scala tympani were fully formed. In the scala media, sensory epithelial formation was still immature,

and organ of Corti and stria vascularis formation was incomplete. (N–Q) A cross-sectional view of the common marmoset cochlea duct in a

P0 neonate. At P0, the scala media was fully developed and the organ of Corti was mature, with a well-formed tunnel of Corti. The stria

vascularis was composed of three layers: marginal cells (black arrow), intermediate cells (white asterisk), and basal cells (white arrow) in Q.

Higher magnification image of cochlear duct (C, G, K, and O), sensory epithelium or organ of Corti (D, H, L, and P) and stria vascularis (E, I,

M, and Q) in basal turns at each stage are shown. Scale bar: 200 µm in B, F, J, and N, 50 µm in C–E, G–I, K–M, P and Q. E96 (n = 5),

E101 (n = 4), E115 (n = 4), and P0 (n = 3).
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by hematoxylin–eosin staining (Fig. 1). In fetal

cochlear development, the differentiation of auditory

hair cells begins at 12–14 weeks of gestation in

humans [37,38] and at around E16.5 in mice. We

detected the differentiation of auditory hair cells at

around E96 in the common marmoset fetus (Fig. 1A).

The common marmoset has a gestation period of

about 150 days [39]. In E96 embryos of the common

marmoset, cochlear duct formation was complete and

three turns (apical turn, middle turn, and basal turn)

were observed (Fig. 1B). However, the formation of

the scala vestibule and scala tympani was incomplete.
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We observed their formation from the basal turn, but

not from the apical turn or middle turn. In the basal

turn, Reissner’s membrane began to form (Fig. 1C).

Histologically, the greater epithelial ridge (GER) and

the lesser epithelial ridge (LER) could not be distin-

guished at the apical turn, in which the epithelial cells

were still homogeneously thick, but were detected at

the middle turn and the basal turn (Fig. 1D).

In the human fetal cochlea, the anatomical matura-

tion of the scala tympani and scala vestibuli occurs at

around 15–16 weeks of gestation [38,40]. At E101 of

the common marmoset, we observed the spaces of the

scala vestibuli and the scala tympani from the basal

turn to the apical turn, but development was incom-

plete (Fig. 1F,G). We observed the GER and LER at

the apical turn as well as in the middle turn and basal

turn. At this stage, the organ of Corti was still not

completely developed (Fig. 1H).

In E115 embryos of the common marmoset, the

cochlear duct was well-developed (Fig. 1J,K). The

scala vestibuli and the scala tympani were fully devel-

oped. Notably, at this stage, we observed the crescent

form of the lateral wall fibrocytes. In the scala media,

the sensory epithelium formation was still immature.

The organ of Corti and stria vascularis formation was

not complete (Fig. 1K,L). On the LER side, outer sul-

cus cells, Claudius cells, and Hensen’s cells were well-

formed at this stage (Fig. 1K). However, on the GER

side, the cells within K€olliker’s organ were not

regressed, and inner sulcus cells did not form a mono-

layer. In the organ of Corti, the tunnel of Corti began

to form (Fig. 1L).

At postnatal day 0 (equivalent to about 150 days of

gestation [39]), cochlear formation was complete

(Fig. 1N), including development of the scala media,

organ of Corti, and tunnel of Corti (Fig. 1P). The stria

vascularis comprised three layers, marginal cells, inter-

mediate cells, and basal cells (Fig. 1Q).

Development of hair cells

We evaluated hair cells by examining the expression of

several markers, including POU4F3 (POU class 4

homeobox 3, Brn3c) [41] as an early development mar-

ker and MYO7A (myosin VIIA) [42] and CALB1 (cal-

bindin 1) [43] as late development markers. We also

evaluated the expression of SLC26A5 (solute carrier

family 26 member 5, prestin) [44] as a specific marker

of outer hair cells. Moreover, we used CALB2 (cal-

bindin 2, calretinin) [45] and PVALB (parvalbumin)

[46] as specific markers of inner hair cells.

POU4F3 is a POU domain factor that is crucial for

inner ear hair cell development. Targeted null Pou4f3

mutants have no mature hair cells [41], and mutations

in POU4F3 cause nonsyndromic hearing loss in

humans (DFNA15) [47]. In mouse, hair cells of the

cochlear sensory epithelia initiate Pou4f3 expression as

early as E14.5 [48,49].

MYO7A is a member of the myosin facility of pro-

teins, which function as mechanoenzymes by hydrolyz-

ing ATP to move along actin filaments. The shaker-1

mouse mutant with a mutation in Myo7a shows

abnormal sensory hair development [50,51]. In human,

a mutation of MYO7A is responsible for Usher syn-

drome type 1B [52], as well as nonsyndromic deafness

[53]. In mice, Myosin7a-positive cells are first detected

in auditory hair cells at E16 [54], which is 1 day later

than Pou4f3 expression [48].

In humans, hair cell development starts between 12

and 14 weeks of gestation [38]. At 14 weeks of gesta-

tion, only one row of inner hair cells is present in the

apical turn, while in the basal turn, one row of inner

hair cells and three rows of outer hair cells are present.

At E96 of the common marmoset fetus, hair cell devel-

opment differed between turns (Fig. 2A–C), similar to

humans at 14 weeks of gestation [38]. In the apical

turn, we detected a single row of POU4F3-positive

and MYO7A-negative cells medial to the sensory

epithelial region marked by SOX2 immunostaining

(Fig. 2A). POU4F3-positive cells were likely immature

inner hair cells. In the middle turn, we observed outer

and inner hair cells as three lateral rows and one med-

ial row. Both outer hair cells and inner hair cells were

observed as POU4F3-positive and MYO7A-positive

cells in the sensory epithelial region (Fig. 2B).

MYO7A immunoreactivity was strong in inner hair

Fig. 2. Hair cell development in the common marmoset. (A–C) At E96, POU4F3 and MYO7A were expressed in middle and basal turns but

only a low of inner hair cells showed POU4F3 expression in the apical turn (arrow in A). SOX2 was expressed broadly in the prosensory

domain. (D, E) POU4F3 and MYO7A were expressed in hair cells at E101 and E115. In E101, SOX2 expression was observed broadly in

prosensory domain including hair cells. In E115, SOX2 expression was observed in Hensen’s cells, Deiters’ cells, inner and outer pillar cells,

inner border cells, inner pharyngeal cells, and inner sulcus cells. (F) MYO7A expression was observed in hair cells, but no POU4F3

expression was detected in the cochlea at P0. At P0, SOX2 expression was observed in Hensen’s cells, Deiters’ cells, inner and outer pillar

cells, inner border cells, and inner pharyngeal cells. The nuclei were counterstained with Hoechst (blue). Scale bar: 50 µm. D–F: basal turn.

IHC, inner hair cells; OHC, outer hair cells. E96 (n = 5), E101 (n = 4), E115 (n = 4), and P0 (n = 3).
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cells (Fig. 2B’). In the basal turn, one row of inner

hair cells and three rows of outer hair cells were

observed as POU4F3-positive and MYO7A-positive

cells (Fig. 2C). These findings indicated that inner

hair cell development was followed by outer hair cell

development with progression from the basal to api-

cal turns in the common marmoset, consistent with

the progression in rodents and humans. Notably, at

this stage, all POU4F3-positive cells showed SOX2

expression (Fig. 2A–C, arrow in A). At E101, there

was no difference among turns with respect to hair

cell marker expressions. Three rows of outer hair cells

and one row of inner hair cells were POU4F3-posi-

tive and MYO7A-positive (Fig. 2D). Hair cell differ-

entiation extended all the way to the apex between

E96 and E101. Slight SOX2 expression was detected

in both outer and inner hair cells (Fig. 2D”). At

E115, the three rows of outer hair cells and one row

of inner hair cells were POU4F3-positive, MYO7A-

positive, and SOX2-negative (Fig. 2E). Corti tunnel

formation was apparent between these hair cells. At

P0, POU4F3 expression was absent from outer hair

cells and inner hair cells (Fig. 2F). The subcellular

expression pattern of MYO7a changed between E115

and P0. Cytoplasmic MYO7A expression decreased

and exhibited a membranous pattern, in which rela-

tively high expression of MYO7a was detected in

stereocilia, the cuticular plate, and bottom of the hair

cell body (Fig. 2F’).

CALB1, a calcium-binding protein, is expressed in

the inner ear. Calcium-binding proteins are involved in

the regulation of mechanoelectrical transduction mech-

anisms and in the afferent synaptic neurotransmitter

release in the inner ear. In mouse, CALB1-positive

cells are first detected in cochlear inner hair cells at

E16 and outer hair cells at E18 [43]. In the common

marmoset, we only detected CALB1 expression in the

inner hair cells of basal turns at E96 (Fig. 3A). At

E101, E115, and P0, CALB1 expression was detected

in the outer hair cells and inner hair cells of all turns

(Figs 3B–D and 4).

In this study, we used SLC26A5, a transmembrane

motor protein specifically localized to the outer hair

cells of the mammalian inner ear, as an outer hair cell

marker. Voltage-dependent conformational changes in

SLC26A5 are thought to generate changes in the

length of the outer hair cell. In mice, Slc26a5 expres-

sion begins at P4–P5 and is maximal by P10 [55]. In

the common marmoset, SLC26A5 expression was not

detected until E101 (Fig. 3I). At E115, weak SLC26A5

expression was detected only in outer hair cells

(Fig. 3J). At P0, strong SLC26A5 expression was

detected only in outer hair cells (Figs 3K and 4).

PVALB and CALB2 were used as inner hair cell

markers. Like CALB1, PVALB is another calcium-

binding protein. In mouse, PVALB expression begins

in inner and outer hair cells at P3 and starts to

decrease in outer hair cells by P8 [56,57], after which

its expression is restricted to inner hair cells. In mouse,

the expression of CALB2, another calcium-binding

protein, begins in inner hair cells at P0 and in outer

hair cells at P2 and starts to disappear from outer hair

cells at P9-10. In adult mouse, its expression is only

detected in inner hair cells [45]. In the common mar-

moset, PVALB expression was only detected in inner

hair cells at E96 (Fig. 3E). At E101, PVALB expres-

sion was detected in both outer hair cells and inner

hair cells (Fig. 3F), while CALB2 expression was not

detected (Fig. 3L). At E115, PVALB and CALB2 were

observed in both hair cell types, although their expres-

sion in outer hair cells was lower at P0 (Figs 3G,H,M,

N and 4). At around E115, the differences in expres-

sion patterns of SLC26A5, PVALB, and CALB2

became more obvious between inner and outer hair

cells.

Expression of supporting cell markers

We investigated the development of supporting cells

by immunostaining for several markers, including

SOX2 (SRY-box transcription factor 2), CDKN1B

(cyclin-dependent kinase inhibitor 1B, p27kip1),

Fig. 3. Expression of conventional hair cell markers in the developing cochlea of the common marmoset. (A) At E96, CALB1 expression

was detected only in the inner hair cells of basal turns. (B, C) At E101 and E115, CALB1 expression was detected in three rows of outer

hair cells and one row of inner hair cells. (D) At P0, CALB1 expression was mainly detected in inner hair cells with slight expression in outer

hair cells. (E) At E96, PVALB expression was only detected in the inner hair cells. (F, G) At E101 and E115, PVALB expression was

detected in both outer hair cells and inner hair cells. (H) At P0, PVALB expression was mainly detected in inner hair cells with slight

expression in outer hair cells. (I) SLC26A5 expression was not observed at E101. (J) Slight SLC26A5 expression was detected at E115. (K)

At P0, strong SLC26A5 expression was observed in outer hair cells. (L) At E101, CALB2 expression was not detected in outer hair cells or

inner hair cells. (M, N) At E115 and P0, CALB2 expression was detected in both outer hair cells and inner hair cells. The nuclei were

counterstained with Hoechst (blue). Scale bar: 50 µm. A–C, E, F, H, I–K, N: basal turn; D and L: middle turn; G: apical turn. IHC, inner hair

cells; OHC, outer hair cells. E96 (n = 5), E101 (n = 4), E115 (n = 4), and P0 (n = 3).
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GATA3 (GATA binding protein 3), ISLET1 (ISL

LIM homeobox 1), FGFR3 (fibroblast growth factor

receptor 3), AQP4 (aquaporin 4), and CD44 [58]

(Fig. 5).

At E96, we detected SOX2 in the prosensory

domain as PCNA (proliferating cell nuclear antigen)-

negative regions of the cochlear duct, in which imma-

ture hair cells are included. SOX2 expression became

more restricted over time (Figs 2A”–C” and 6). At this

stage, we also detected expression in the spiral gan-

glion. As development progressed, we observed a

decrease in SOX2 expression in hair cells and no

expression in hair cells at E115 (Fig. 2D”,F”). We

observed SOX2 expression in Hensen’s cells, Deiters’

cells, inner and outer pillar cells, inner border cells,

inner pharyngeal cells, and inner sulcus cells at E115

(Fig. 2E”). At P0, we did not detect SOX2 in inner

sulcus cells but still observed this marker in Hensen’s

cells, Deiters’ cells, inner and outer pillar cells, inner

border cells, and inner pharyngeal cells (Figs 2F” and

5).

CDKN1B, a cyclin-dependent kinase inhibitor, regu-

lates quiescence and cell proliferation in hair cells and

supporting cells in the inner ear [54,59] and is nega-

tively correlated with regenerative potential in other

tissues. Combining a Cdkn1b deletion with ectopic

Atoh1 expression leads to the conversion of supporting

cells into hair cells in the mature mouse cochlea [60].

In mice, Cdkn1b is broadly expressed in supporting

cells, including Hensen’s cells, Deiters’ cells, and inner

and outer pillar cells, but it is not expressed in inner

and outer hair cells at P0, and this pattern is main-

tained until the adult stage [59]. In the common mar-

moset cochlea, we only detected CDKN1B in SOX2-

positive supporting cells and not in hair cells at E96

(Figs 6 and 7A). At E101, CDKN1B was expressed

more broadly in supporting cells and was expressed

more widely than SOX2 in the sensory epithelium

(Fig. 6B). At E115, CDKN1B showed broad expres-

sion from outer sulcus cells to interdental cells

(Fig. 7C). It was detected in supporting cells but not

in hair cells at E101 and E115 (Fig. 7B,C), consistent

with its expression in the mouse P0 cochlea. However,

its expression was lost in most supporting cells, except

in inner border cells and Hensen’s cells, at birth

(Figs 5 and 7D).

ISLET1 is a LIM-homeodomain transcription fac-

tor. The overexpression of Islet1 can promote hair cell

survival and thereby minimize hearing impairment in

mice. Thus, ISLET1 is a therapeutic target for hearing

loss in humans [61]. In mice, Islet1 is expressed in the

prosensory region of otocysts, young hair cells, and

supporting cells at E13.5, but it is restricted to spiral

ganglion neurons and is no longer detected in the sen-

sory domain after E16.5 [62]. In the common mar-

moset, we detected broad ISLET1 expression in the

cochlear duct at E96 with relatively high expression in

the ventral half (Fig. 7E). At E101, ISLET1 expression

was restricted to the ventral half of the cochlear duct,

including the GER and LER (Fig. 7F). We detected

notably strong expression in inner hair cells and outer

hair cells. At E115, we detected ISLET1 expression

Fig. 4. Schematic diagram of conventional

hair cell marker expression patterns.

Changes in expression patterns of marker

genes, known as both inner and outer hair

cell markers, are indicated by green lines.

Expression of inner hair cell-specific

markers, which can only be observed in

inner hair cells in adults, is indicated by

yellow line. Expression of outer hair cell-

specific markers, which can only be

observed in outer hair cells in adults, is

indicated by blue line. IHC, inner hair cells;

OHC, outer hair cells.
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between the outer sulcus cells and inner sulcus cells

(Fig. 7G). At P0, we observed ISLET1 in the outer

sulcus cells, Claudius cells, Hensen’s cells, Deiters’

cells, outer pillar cells, inner pharyngeal cells, inner

border cells, inner sulcus cells, and inner and outer

hair cells (Figs 5 and 7H).

Fig. 5. Schematic diagram of conventional supporting cell marker expression patterns. Changes in expression patterns of supporting cell

markers are summarized. Expression in supporting cells was indicated in green, and expression in hair cells was indicated in yellow. Light

colors indicate that only relatively weak expressions were observed. Stripes indicate that gene expression was observed in some cells of

the cell population. IHC, inner hair cells; OHC, outer hair cells; ISC, inner sulcus cells; IBC, inner border cells; IPhC, inner pharyngeal cells;

IPC, inner pillar cells; OPC, outer pillar cells; OSC, outer sulcus cells.
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GATA3 has important roles in the regeneration and

aging of hair cells [60]. In mice, at E18.5, Gata3 is

highly expressed in all supporting cells and weakly

expressed in hair cells [63]. After birth, Gata3

expression is largely lost from pillar cells and Deiters’

cells but remains detectable in inner pharyngeal cells,

inner border cells, Hensen’s cells, and Claudius cells

[60]. In the common marmoset, we detected GATA3

Fig. 6. Expression of prosensory epithelium markers in the common marmoset cochlea at E96. (A–C) In the common marmoset cochlea,

CDKN1B expression was detected in PCNA-negative, SOX2-positive supporting cells but not in hair cells at E96. The nuclei were

counterstained with Hoechst (blue). Scale bar: 50 µm. E96 (n = 5).

Fig. 7. Developmental changes in the expression patterns of CDKN1B, SOX2, ISLET1, and GATA3. (A) At E96, SOX2 was detected in the

prosensory domain, including hair cells. Its expression became more restricted during cochlear development. At this stage, it was also observed in

the spiral ganglion. CDKN1B was detected in only SOX2-positive supporting cells and was not detected in hair cells at E96. (B) At E101, CDKN1B

was broadly expressed in the sensory epithelium. (C) At E115, SOX2 expression was observed in Hensen’s cells, Deiters’ cells, inner and outer

pillar cells, inner border cells, inner pharyngeal cells, and inner sulcus cells. CDKN1B showed broad expression between the outer sulcus cells and

interdental cells but was not detected in hair cells. (D) At P0, no SOX2 expression was detected in inner sulcus cells, but it was still observed in

Hensen’s cells, Deiters’ cells, inner and outer pillar cells, inner border cells, and inner pharyngeal cells. CDKN1B expression was lost from most

supporting cells, except for inner border cells and Hensen’s cells at birth. (E) At E96, GATA3 was expressed on the lateral half of the cochlear duct,

including in SOX2-positive cells other than hair cells. (F) At E101, GATA3 expression was restricted to the ventral side, including SOX2-positive cells

other than hair cells. (G) At E115, GATA3 expression was observed between Claudius cells and interdental cells. Notably, at this stage, GATA3

expression was observed in outer and inner hair cells. (H) At P0, GATA3 exhibited relatively strong expression in Claudius cells, Hensen’s cells,

Deiters’ cells, inner and outer pillar cells, inner hair cells, and inner sulcus cells, but relatively weak signals in outer hair cells, inner border cells, and

inner pharyngeal cells. (I) At E96, ISLET1 was broadly expressed in the cochlear duct with relatively high expression in the ventral half. (J) At E101,

ISLET1 expression was restricted to the ventral half of the cochlear duct, including GER and LER. Notably, strong expression was observed in inner

hair cells and outer hair cells. (K) At E115, ISLET1 expression was detected between the outer sulcus cells and inner sulcus cells. (L) At P0, ISLET1

expression was observed in outer sulcus cells, Claudius cells, Hensen’s cells, Deiters’ cells, outer pillar cells, inner pharyngeal cells, inner border

cells, inner sulcus cells, and inner and outer hair cells. The nuclei were counterstained with Hoechst (blue). Scale bar: 50 µm. A, B, E, F, I, and J:

basal turn; C, D, G, K, and L: middle turn; H: apical turn. IHC: inner hair cells, OHC: outer hair cells. E96 (n = 5), E101 (n = 4), E115 (n = 4), and P0

(n = 3).
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in the lateral half of the cochlear duct, including in

SOX2-positive cells other than hair cells at E96

(Fig. 7I). At E101, GATA3 expression was restricted

to the ventral side, including SOX2-positive cells other

than hair cells (Fig. 7J). At E115, we detected GATA3

between Claudius cells and interdental cells. Notably,

at this stage, we observed GATA3 expression in outer

and inner hair cells (Fig. 7K). At P0, expression was

lost from a portion of supporting cells, as reported in

mice; however, unlike in mice, GATA3 expression was

lost from inner pillar cells, inner pharyngeal cells, and

inner border cells but remained detectable in Deiters’

Fig. 8. Developmental changes in the expression patterns of AQP4, FGFR3, and CD44. (A) At E96, AQP4 was expressed at LER and GER

but not in hair cells and substantial sensory epithelium between inner hair cells and outer hair cells. (B) At E101, AQP4 expression was

detected in some supporting cells. (C) At E115, AQP4 expression was detected in immature outer pillar cells (arrow), Hensen’s cells, some

GER cells, and outer sulcus cells. (D) At P0, AQP4 was expressed in inner sulcus cells, Hensen’s cells, Claudius cells, and outer sulcus

cells. (E) At E96, FGFR3 expression was detected in hair cells and some SOX2-positive cells. (F, G) At E101 and E115, FGFR3 expression

was detected in outer hair cells and some SOX2-positive supporting cells. No expression was detected in inner hair cells. (H) At P0, FGFR3

expression was not detected. (I, J) No CD44 expression was detected at E96 and E101. (K) At E115, CD44 was expressed in both inner

and outer pillar cells, and some Claudius cells and Hensen’s cell. (L) At P0, CD44 expression was only detected in inner sulcus cells and

SOX2-negative Hensen’s cells. The nuclei were counterstained with Hoechst (blue). Scale bar: 50 µm. A, B, D, E, G, H, and I: basal turn; C,

F, J, K, and L: middle turn. IHC: inner hair cells, OHC, outer hair cells; IPC, inner pillar cells; OPC, outer pillar cells; HC, Hensen’s cells. E96

(n = 5), E101 (n = 4), E115 (n = 4), and P0 (n = 3).

Fig. 9. Developmental changes in the expression patterns of SOX genes. (A, B) At E96 and E101, SOX21 was expressed within the

modiolar half of the cochlear duct but not in the spiral ganglion. (C) At E115, SOX21 was expressed in Deiters’ cells, inner and outer pillar

cells, inner border cells, inner pharyngeal cells, inner sulcus cells, and interdental cells. Expression of SOX2 but not SOX21 was detected in

Hensen’s cells (arrow in C). (D) At P0, SOX21 was expressed in Hensen’s cells, Deiters’ cells, inner and outer pillar cells, inner border cells,

and inner pharyngeal cells. (E–H) SOX9 was broadly expressed in the sensory epithelium of the developing cochlea during development,

except in hair cells. (I–L) SOX10 was broadly expressed in the sensory epithelium of the developing cochlea and spiral ganglion during

development, except in hair cells. Scale bar: 50 µm. A–C and E–L: basal turn; D: middle turn. IHC, inner hair cells; OHC, outer hair cells;

SGN, spiral ganglion neurons. E96 (n = 5), E101 (n = 4), E115 (n = 4), and P0 (n = 3).
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cells, outer pillar cells, Hensen’s cells, and Claudius

cells in the common marmoset (Figs 5 and 7L).

AQP4, a rapid and highly selective water channel, is

thought to facilitate K+ buffering by short-circuiting

the accompanying osmotic gradient in the inner ear. In

the common marmoset, at E96, we detected AQP4 at

the LER and GER. We did not detect expression in

hair cells or substantial expression in the sensory

epithelium between inner hair cells and outer hair cells

(Fig. 8A). At E101, we observed AQP4 in some sup-

porting cells (Fig. 8B). At E115, AQP4 was expressed

in immature outer pillar cells, Hensen’s cells, inner

border cells, inner sulcus cells, and outer sulcus cells

(Fig. 8C). At P0, AQP4 was expressed in inner sulcus

cells, Hensen’s cells, Claudius cells, and outer sulcus

cells (Fig. 8D). AQP4 expression was reported in the

inner sulcus cells, Hensen’s cells, and outer sulcus cells

in adult rodents and humans [64-67]. These expression

patterns are highly conserved among these species. At

birth, in the cochlea of the common marmoset cochlea,

we also detected AQP4 expression in these cells

(Fig. 8D). Notably, we detected transient expression in

outer pillar cells at E115 just before tunnel of Corti

formation (Figs 5 and 8C).

Fgfr3 is a key factor in the regulation of pillar cell

development and is necessary for the development of

the tunnel of Corti [68] in the mouse inner ear. It is

thought to function via its principal ligand, FGF8, in

the developing cochlea. In mice, Fgfr3 is expressed in

inner and outer pillar cells and Deiters’ cells from E15.5

to P0. At P7, Fgfr3 expression is maintained in the pillar

cells but is absent from Deiters’ cells [69,70]. In the com-

mon marmoset, we detected FGFR3 expression in both

hair cells and a portion of SOX2-positive cells at E96

(Fig. 8E). We also detected expression in inner and

outer pillar cells, Deiters’ cells, and some Hensen’s cells

at E101 (Fig. 8F). Its expression was decreased in inner

pillar cells, and it was only detected in outer pillar cells,

Deiters’ cells, and a portion of Hensen’s cells at E115

(Fig. 8G). At E101 and E115, we detected FGFR3 in

outer hair cells and a portion of SOX2-positive support-

ing cells. No expression was detected in inner hair cells.

At birth, FGFR3 expression was completely lost from

the organ of Corti (Figs 5 and 8H).

CD44 is an outer pillar cell marker in the develop-

ing mouse cochlea [71]. In mice, by E16, CD44 is

expressed in the epithelium of the cochlear duct medi-

ally in the regions of the GER and laterally in the area

of Claudius cells. CD44 is not expressed in hair cells,

pillar cells, Deiters’ cells, or Hensen’s cells at E16. At

P0, CD44 is expressed in the outer pillar cells. After

birth, by P24, the expression of CD44 is abolished

from the outer pillar cells but persists in the epithelial

cells flanking the organ of Corti. In the common mar-

moset, we first detected CD44 at E115 in both inner

and outer pillar cells and a portion of Hensen’s cells

(Fig. 8I–K). At birth, we did not detect CD44 in pillar

cells but observed it in inner sulcus cells and SOX2-

negative Hensen’s cells flanking the organ of Corti

(Figs 5 and 8L).

SOX gene expression during the development of

the primate cochlea

Next, we investigated expression patterns of SOX gene

family members. SOX genes are important for inner

ear development and morphogenesis [72-75]. They are

sensory epithelium and/or supporting cell markers in

cochlear development. Sox2 is a member of the SOX

B gene family, which includes the SOX B1 subgroup

(Sox1, Sox2, and Sox3) and SOX B2 subgroup (Sox14

and Sox21). Sox2 and Sox21 have key functions in

normal cochlear development in mice [73,76]. We

observed that SOX2 expression is highly similar during

the development of rodents and the common mar-

moset, except for its expression along the developing

neurites (Figs 5 and 9A–D).

In the common marmoset, we found that SOX21

(SRY-box transcription factor 21) is more broadly

expressed than SOX2 in the sensory epithelium of the

developing cochlea at E96, and SOX21 is not

expressed in hair cells. At E96, SOX21 was expressed

in supporting cells surrounding hair cells and within

the modiolar half of the cochlear duct, including the

developing Reissner’s membrane, but was not

expressed in the spiral ganglion (Fig. 9A). As develop-

ment progressed, SOX21 expression in the Reissner’s

membrane decreased (Fig. 9A–C). At E115, SOX21

was expressed in Deiters’ cells, inner and outer pillar

cells, inner border cells, inner pharyngeal cells, inner

sulcus cells, and interdental cells (Fig. 9C). Notably, in

this period, we detected SOX2 but not SOX21 in Hen-

sen’s cells, similar to P0 mice (arrow in Fig. 9C) [76].

At P0, SOX21 was expressed in Hensen’s cells, Deit-

ers’ cells, inner and outer pillar cells, inner border

cells, and inner pharyngeal cells (Figs 5 and 9D).

Sox9 (SRY-box transcription factor 9) is a member

of the SOX E gene family, which includes Sox8, Sox9,

and Sox10. Mutations in SOX9 in humans result in

skeletal abnormalities, XY sex reversal syndrome, and

campomelic dysplasia [77]. While this syndrome has a

high mortality rate, surviving patients exhibit sen-

sorineural hearing loss, suggesting that SOX9 is

involved in inner ear development. In mice, Sox9 is

expressed from the time of otocyst formation. At

E14.5 and E16.5, Sox9 is expressed in the periotic
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mesenchyme, spiral ganglion neurons, and most of the

otic epithelium, except in hair cells [74], and its expres-

sion overlaps with Sox2 in supporting cells. A similar

expression pattern is observed at E18.5. In mice, at

E16.5, Sox10 (SRY-box transcription factor 10) is not

expressed in hair cells but is continuously expressed in

other cochlear duct epithelial cells, and Sox10-positive

cells are also observed in the stria vascularis [78]. At

P1, Sox10 expression is observed in the spiral ganglion

neuron, stria vascularis, GER, LER, and supporting

cells but not in hair cells. At P21, Sox10 is expressed

in the cochlear epithelium, stria vascularis, Reissner’s

membrane, and auditory nerve fiber but not in hair

cells and tympanic border cells.

The downregulation of SOX9 and SOX10 coincides

with the first hair cell commitment, followed by the

downregulation of SOX2 several weeks later. Finally,

at 19 weeks of gestation, all inner hair cells and outer

hair cells are negative for SOX2, SOX9, and SOX10

[38]. In human fetuses, from 10.4 to 19 weeks of gesta-

tion, SOX9 is expressed in the periotic mesenchyme,

spiral ganglion neuron, and most of the otic epithe-

lium, except in hair cells.

In the common marmoset, SOX9 was broadly

expressed in the sensory epithelium of the developing

cochlea throughout development, except in hair cells.

We also observed broad SOX9 expression in some sur-

rounding periotic mesenchymal cells (Fig. 9E–H). We

observed broad SOX10 expression in the sensory

epithelium of the developing cochlea and spiral gan-

glion, except in hair cells. We also detected SOX10

expression in melanocytes migrating to the stria vascu-

laris. Consistent with patterns in mice and humans,

the downregulation of SOX9 and SOX10 coincided

with the first hair cell commitment, followed by the

downregulation of SOX2 (Fig. 9I–L).

Development of spiral ganglion neurons

Next, we examined the development of spiral ganglion

neurons in the common marmoset cochlea. Fundamen-

tally, postmitotic neurons of the spiral ganglion extend

a single peripheral process toward epithelial target cells

long before they differentiate into hair cells. In rodents,

initial afferent innervation in the basal region of the

cochlea is visible at E12.5 followed by appearance of dif-

ferentiating hair cells at E14.5 [54,79]. In humans, neu-

rite innervation has been observed at 10 weeks of

gestation followed by hair cell differentiation at around

12 weeks [38]. In mice at E13.5, the spiral ganglion neu-

ron is completely peripherin-negative. At E15.5, before

Myosin7a expression in outer hair cells, innervation by

b-III tubulin-positive neurites to single-row inner hair

cells is clearly detected in the basal turn, but innervation

by peripherin-positive neurites is not observed. After

that, the number of synaptic contacts in the hair cells

increases as development progresses and excessive

synapses come to be observed around the first postnatal

week [80,81]. However, during the following second

postnatal week, these immature synapses are either con-

solidated or removed. Finally, half of the synapses need

to be dispelled [82]. This synaptic pruning is related to

neurite refinement and the retraction of immature

branched spiral ganglion neurons as well as neuronal

apoptosis [83,84]. After the removal of immature

synapses, mature innervation of type II spiral ganglion

neurons to outer hair cells is completed [83,85-88].

Initial neuronal innervation of the cochlear duct is

not conserved between mice and humans. Unlike in

mice, expression of PRPH (peripherin) is observed at

10 weeks of gestation in spiral ganglion neurons prior

to their innervations into hair cells in human. At

12 weeks of gestation, connections between PRPH (pe-

ripherin) and TUBB (Tubulin beta, b-III Tubulin)

double-positive neurons and inner hair cells are

observed. At 14 weeks, connections between these neu-

rons and outer hair cells are observed [38,89]. Exten-

sive PRPH expression has been maintained between 12

and 15 weeks of gestation in neurites reaching both

the inner hair cells and outer hair cells. After that,

PRPH expression gradually becomes restricted to type

II spiral ganglion neurons, with pruning of these neu-

rons by 18–20 weeks of gestation [38]. Unlike in mice

or other rodents, this specialization occurs during

embryonic period in human.

In the common marmoset cochlea, we observed

TUBB and NEFH (neurofilament heavy, NF200)-posi-

tive nerve fiber innervation of inner hair cells and

outer hair cells at E96 (Fig. 10). PRPH and CALB1

were expressed in the spiral ganglion neuron and

NEFH-positive neurofilaments at E96 (Figs 10–12).
PRPH and TUBB-positive neurofilaments were direc-

ted to the MYO7A-negative prosensory region in the

apical turn, as well as to MYO7A-positive inner hair

cells and outer hair cells in the middle or basal turns

(Fig. 10). These expression patterns in neurites were

also detected at E101 and E115 (Figs 11 and 12). The

greatest numbers of neuronal projections and neuronal

contacts to hair cells were observed at E115 (Figs 11D

and 12D,I). At P0, in the common marmoset, neu-

ronal pruning occurred and there were fewer neuronal

projections and contacts compared with E115 (Figs

11E and 12E,J). At this point, PRPH expression was

restricted to type II neurites directed to outer hair

cells. No PRPH expression was detected in neurites

near inner hair cells at P0 (Figs 12E and 13).
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Fig. 10. Early innervation of spiral ganglion neurons into the premature sensory epithelium. (A–F) At E96, TUBB-, PRPH-, and NEFH-positive

neuronal fiber innervations were observed. Notably, in the apical turn, where MYO7A was not expressed, neuronal innervation began.

Neuronal innervation was more frequent in the basal turn than in the apical turn. The nuclei were counterstained with Hoechst (blue). Scale

bar: 50 µm. IHC, inner hair cells; OHC, outer hair cells. E96 (n = 5).
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Fig. 11. Development of spiral ganglion neuron of common marmoset. (A, B) At E96-, TUBB-, and NEFH-positive nerve fiber innervations of

inner hair cells and outer hair cells were observed at E96. (C, D) After E96, increases in innervating neurites were observed, with the most

prominent neuronal contact to both hair cells at E115 (arrow in D). (E) At P0, in the common marmoset, neuronal pruning occurred, and

fewer neuronal projections and contacts were observed. The nuclei were counterstained with Hoechst (blue). Scale bar: 50 µm. A: basal

turn; B–D: middle turn. IHC, inner hair cells; OHC, outer hair cells. E96 (n = 5), E101 (n = 4), E115 (n = 4), and P0 (n = 3).
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We also found that the expression patterns of neu-

ronal markers in immature neurites in the common mar-

moset are more similar to those of humans than to those

of mice. In the development of afferent innervation of

spiral ganglion neurons toward inner hair cells and

outer hair cells, a multi-step process is required for neu-

ronal specification and subsequent development toward

terminal identity. In rodents and humans, neurite out-

growth and extension toward the sensory epithelium do

not require mature targeted hair cells [38,79]. However,

PRPH expression differed between rodents and humans.

In the common marmoset, we observed neurite out-

growth before hair cell differentiation at E96, and these

neurites showed a pattern similar to that in humans, in

which PRPH is expressed at this early neuronal innerva-

tion stage [38] (Fig. 13).

Several molecular guidance factors that attract or

repel outgrowing neurites of spiral ganglion neurons

have been identified, including semaphorins and their

neuropilin receptors and plexin coreceptors, slit and

robo receptors, and netrin-1 and its receptors [90-92].

These molecules are necessary for the formation of an

appropriate neurite connection between both type I

neurons to inner hair cells and type II neurons to

outer hair cells. Moreover, in mice, pillar cells also

influence the segregation of spiral ganglion neurons. In

Fig. 12. Changes in the expression patterns of neuronal markers during development. (A, B (Higher magnification of A), F, G (Higher

magnification of F)). (A, F) PRPH and CALB1 were expressed in the spiral ganglion neuron and NEFH-positive neurofilaments at E96. PRPH- and

CALB1-positive neurofilaments directed to MYO7A-positive inner hair cells and outer hair cells. (C, D, H, and I) Innervations of PRPH- and

CALB1-positive neurofilaments to both inner hair cells and outer hair cells were observed in E101 and E115, with decreased expression in

neurites at E115. Notably, PRPH expression of type I neurite was decreased. (E, J) At P0, PRPH expression was restricted to the neurons

directed to outer hair cells (arrow in E), while CARBINDIN expression was observed in neurons directed to both inner hair cells and outer hair

cells. The nuclei were counterstained with Hoechst (blue). Scale bar: 50 µm; A, B, F, and J: basal turn; C–E, H, and I: middle turn. IHC, inner hair

cells; OHC, outer hair cells; SGN, spiral ganglion neurons. E96 (n = 5), E101 (n = 4), E115 (n = 4), and P0 (n = 3).
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Fgfr3 knockout mice, in which pillar cells are lost, an

increased number of neurite fibers cross the pillar cell

space to contact outer hair cells [93]. Irrespective of

whether this regulation is directly or indirectly depen-

dent on Fgfr3, pillar cells are an important boundary

for appropriate neurite specification. In the common

marmoset, we found that the expression of FGFR3

itself was not restricted to pillar cells (Fig. 13). This

supports the notion that pillar cells, and not FGFR3

expression itself, control type I and type II neurite

specification. Further studies are required to improve

our understanding of the mechanism by which pillar

cells regulate the projection of two distinct neurites.

Development of the stria vascularis and lateral

wall fibrocytes

Next, we used immunostaining to detect several stria

vascularis-related markers, including NKCC1 (Na-K-

Cl cotransporter 1), ATP1A1 (ATPase Na+/K+ trans-

porting subunit alpha 1, Na-K-ATPase a1), and

MLANA (Melan A), as well as the fibrocyte markers

POU3F4 (POU class 3 homeobox 4), TBX18 (T-box

transcription factor 18), and CALD1 (Caldesmon 1) in

common marmoset fetuses.

In humans, the first signs of stria vascularis differen-

tiation appear by 11 weeks of gestation, followed by

rapid development. At the end of the 13 weeks, mor-

phological signs of functional maturation are observed.

The stria vascularis has a layered epithelial structure

composed of the three cell types of the lateral wall of

the cochlear duct. In humans, the marginal cells lining

the cochlear duct are the first cells to develop and are

present by 11–12 weeks of gestation. This is followed

closely by the appearance of distinct intermediate cells

within the epithelium by 12–13 weeks of gestation [94].

Basal cells do not emerge as a distinct epithelial layer

until 18 weeks of gestation or later. By 20 weeks of

Fig. 13. Schematic diagram of neurite

development in the common marmoset.

Changes in neuronal marker expression

patterns are shown, especially in terms of

the relationship between FGFR3

expression. FGFR3-positive cells are

indicated in yellow. Peripherin-positive

neurite is labeled in red, and peripherin-

negative neurite is labeled in blue. Pillar

cells are shown by blue frame triangles.
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gestation, the stria vascularis attains an adult-like

appearance.

NKCC1 and ATP1A1 are key molecules in the

potassium recycling pathway of the cochlea. In rodents,

humans, and common marmosets, NKCC1 is expressed

in lateral wall fibrocytes, marginal cells of the stria vas-

cularis, and spiral limbus cells in adults [28,95,96].

ATP1A1 expression has also been detected in lateral

wall fibrocytes and marginal cells of stria vascularis. In

adults, the expression patterns of NKCC1 and

ATP1A1 are shared between rodents and primates.

In the common marmoset, at E96, the formation of

the stria vascularis was not obvious, but NKCC1 and

ATP1A1 were detected in the assumed stria vascularis

Fig. 14. Development of the stria vascularis in the common marmoset. (A) At E96, NKCC1 and ATP1A1 were expressed in the presumed

stria vascularis region on the upper lateral side of the cochlear duct. CALD1 was abundantly expressed in surrounding periotic mesenchymal

cells. Their expression was also observed in a part of the sensory epithelium at this stage. (B, C) NKCC1 and ATP1A1 were also expressed

in a portion of lateral wall fibrocytes. (D) At P0, NKCC1 immunoreactivity was observed in type II, IV, and V fibrocytes, marginal cells, and

spiral limbus cells. ATP1A1 immunoreactivity was observed in type II, IV, and V fibrocytes and marginal cells. CALD1 expression was

restricted to type I and type III lateral wall fibrocytes and the spiral limbus. The nuclei were counterstained with Hoechst (blue). Scale bar:

50 µm. A–D: basal turn. OC, organ of Corti; StV, stria vascularis. E96 (n = 5), E101 (n = 4), E115 (n = 4), and P0 (n = 3).
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region on the upper lateral side of the cochlear duct

(Fig. 14A). NKCC1 was transiently expressed in sen-

sory epithelial cells (Fig. 15A). At E101, NKCC1

expression was detected at the GER and in a portion

of SOX2-positive supporting cells, while no expression

was observed in outer or inner hair cells (Fig. 15B). At

E115, NKCC1 expression was restricted to outer and

inner pillar cells (Fig. 15C). MLANA-positive cells,

corresponding to migrating melanocytes or

intermediate cells [97], were also observed next to these

NKCC1-positive cells (Fig. 16E–H).

The expression of CALD1, a fibrocyte marker

[28,98], was abundant in surrounding periotic mes-

enchymal cells at E96 (Fig. 14A). We also detected its

expression in part of the sensory epithelium at this

stage. At P0, CALD1 expression was restricted to type

I and type III lateral wall fibrocytes and the spiral lim-

bus (Fig. 14D).

Fig. 15. Changes in expression patterns of NKCC1 in the organ of Corti during development. NKCC1 was transiently expressed in the

sensory epithelium. (A, B) At E96 and E101, NKCC1 was expressed in GER and some SOX2-positive supporting cells but not in outer and

inner hair cells. (C) At E115, NKCC1 expression was restricted to outer and inner pillar cells (arrow). (D) At P0, NKCC1 was not expressed in

the organ of Corti. The nuclei were counterstained with Hoechst (blue). Scale bar: 50 µm. A: basal turn; B–D: middle turn. IHC, inner hair

cells; OHC, outer hair cells; IPC, inner pillar cells; OPC, outer pillar cells. E96 (n = 5), E101 (n = 4), E115 (n = 4), and P0 (n = 3).
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POU3F4 and TBX18, which are periotic mesenchy-

mal cell markers [99,100], were highly expressed in sur-

rounding periotic mesenchymal cells at E96, E101, and

E115 in the common marmoset (Fig. 16A–C). No

expression was detected in SOX10-labeled epithelial

cells. At P0, POU3F4 was expressed in the lateral wall

fibrocytes, a part of Reissner’s membrane, spiral lim-

bus, and tympanic border cells, while no TBX18

expression was detected in the cochlea (Fig. 16D). The

expression of conventional markers of the stria vascu-

laris and lateral walls was generally conserved among

these three species.

Differences in the time course of cochlear

developmental between species

We identified novel transient expression patterns of

genes as well as differences in the expression patterns

of several genes between rodents and common mar-

moset. The duration of cochlear development in

humans and common marmosets was about 10 weeks,

compared with about 3 weeks in mice. Accordingly,

studies of the common marmoset may be useful for

the detection of transient gene expression, which could

be observed over very short time periods. The long

duration of development enables us to examine tempo-

ral changes in cochlear development at high resolution.

For example, we noticed that some stria vascularis

markers with transient expression in the organ of Corti

have not been reported in the mouse model (Fig. 15).

In addition, we observed neuronal projections and

pruning for longer periods than those in mice. In the

common marmoset, neuronal projections to hair cells

were most prominent at E115, and pruning occurred

at P0 (Figs 11–13). In mice, neuronal pruning occurred

between P6 and P12. Thus, in the common marmoset,

neuronal pruning was five times slower than that in

the mouse model. Observations of this period might be

useful for studies of primate-specific mechanisms of

pruning of neurites because it is very difficult to obtain

human fetal samples for this period (equivalent to

mid-term or late-term abortion). Our results suggested

that this model animal is suitable for precise observa-

tions of cochlear development and could lead to new

findings that cannot be observed in a mouse model.

Usefulness of the common marmoset as a

primate cochlear development model

Cochlear development includes a complex series of

steps, including prosensory epithelial cell fate decision

to either a hair cell or supporting cell fate, spiral gan-

glion neuron innervation, and cochlear lateral wall for-

mation. In this study, we clearly delineated cochlear

development in a nonhuman primate model animal,

the common marmoset, including the development of

hair cells, spiral ganglion neurons, supporting cells,

and the lateral wall, which we believe will be useful for

future studies into primate cochlear development and

for the development of regenerative or stem cell-based

therapies for hearing disorders.

Hearing impairment is the most common symptom

of congenital defects and is a major disability in the

elderly, including presbycusis. Hearing impairment due

to auditory hair cell loss is normally irreversible

because mammalian hair cells do not regenerate spon-

taneously. Thus, hair cell regeneration is an important

strategy for the treatment of permanent hearing loss.

There are several studies of regenerative therapy for

hearing, including cell therapy or drug treatment.

In regenerative therapy, an understanding of organ

development and tissue generation is important

because re-tracing developmental steps is a promising

approach. Moreover, pluripotent stem cell-based cell

therapy is expected to be a feasible method for the

replacement of damaged cells with new targeted cells

induced from pluripotent stem cells, including embry-

onic stem cells or induced pluripotent stem cells.

Detailed developmental information about the target

organ or cell type is required for efficient induction of

well-differentiated cells.

In this report, we observed similarities as well as dif-

ferences in cochlear development between the common

marmoset, human, and mouse. The expression of con-

ventional markers of hair cells was generally conserved

among these three species. Sox gene expression pat-

terns were highly similar. The most prominent differ-

ences among species were expression patterns of

supporting cell markers. We analyzed ten supporting

cell markers (i.e., CDKN1B, SOX2, SOX21, SOX9,

SOX10, ISLET1, GATA3, AQP4, FGFR3, and

Fig. 16. Development of the cochlear lateral wall in the common marmoset. (A–C) POU3F4 and TBX18 were abundantly expressed in

surrounding periotic mesenchymal cells at E96, E101, and E115. No expression was detected in SOX10-labeled epithelial cells. (D) At P0,

POU3F4 was expressed in the lateral wall fibrocytes, part of Reissner’s membrane, spiral limbus, and tympanic border cells, while TBX18

was not expressed in the cochlea. (E–H) MLANA was expressed in migrating cells directed to the stria vascularis at E96 and in the

developing intermediate cells of the stria vascularis. The nuclei were counterstained with Hoechst (blue). Scale bar: 50 µm; B–F: basal turn;

A, G, and H: middle turn. OC, organ of Corti; StV, stria vascularis; SGN, spiral ganglion neurons. E96 (n = 5), E101 (n = 4), E115 (n = 4), and

P0 (n = 3).
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CD44). The expression patterns of CDKN1B,

GATA3, and ISLET1 were clearly different from those

of mice. Taken together, the results suggest that sev-

eral characteristics of supporting cells differ between

rodents and primates, although more detailed analyses

will be required to identify precisely the differences.

Methods for the regeneration of hair cells have been

developed in rodent models [60,101,102]. However, it

is not clear whether these methods are applicable to

humans or primates. The expression of some targeted

genes differs between rodents and primates, including

several genes in supporting cells. Notably, we observed

that the expression patterns of CDKN1B, GATA3,

and ISLET1 clearly differ between rodents and pri-

mates. These three genes have been identified as thera-

peutic targets for hair cell regeneration or hair cell

protection [60,61]. Accordingly, primate-specific devel-

opmental studies aimed at efficient induction methods

from pluripotent stem cells to sensory domains, includ-

ing hair cells and supporting cells, are needed.

The data reported in this study could also form the

basis of future gene modification studies designed to

understand cochlear development or disease in primate

model animals. The common marmoset is a primate

model with established gene modification methods [34-

35,103], although gene modification in this species is still

limited compared with transgenic mouse models. How-

ever, several studies used a transgenic common mar-

moset model to uncover novel mechanisms underlying

human diseases that cannot be reproduced by rodent

models [36,104,105]. Our results improve our under-

standing of inner ear development in the common mar-

moset, providing a basis for time- or cell type-specific

transgenic models (e.g., Cre–loxP-mediated transgenic

marmosets) for further studies, and our detailed expres-

sion analyses will be useful for controlling Cre expres-

sion. For example, POU4F3-mediated conditional

control of targeted genes is expected to function simi-

larly in the common marmoset and mouse, whereas

GATA3- or CDKN1B-mediated conditional control is

expected to be different, based on the distinct expression

patterns of these genes in various species.

Human fetal samples are a powerful tool for study-

ing primate-specific cochlear development but are

Table 1. Antibodies used in this study.

Antibody Host Isotype Catalog ID Provider Dilution

anti-POU4F3 Mouse IgG sc-81980 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1 : 200

anti-PCNA Rabbit IgG PC474 Oncogene, Cambridge, MA, USA 1 : 200

anti-SOX2 Rabbit IgG AB92494 Abcam, Cambridge, UK 1 : 200

anti-SOX2 Rat IgG2A 14-9811-82 Invitrogen, Carlsbad, CA, USA 1 : 200

anti-SOX2 Goat IgG AF2018 R&D, Minneapolis, MN, USA 1 : 200

anti-MYOSIN7a Mouse IgG 138-1-s DSHB, Iowa City, IA, USA 1 : 30

anti-MYOSIN7a Rabbit IgG 25-6790 Proteus Biosciences, Ramona, CA, USA 1 : 100

anti-SLC26A5 Goat IgG sc-22694 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1 : 100

anti-CALB1 Rabbit IgG ab11426 Abcam, Cambridge, UK 1 : 1000

anti-CALB2 Rabbit IgG GTX103261 GeneTex, Irvine, CA, USA 1 : 200

anti-PVALB Rabbit IgG AB11427 Abcam, Cambridge, UK 1 : 500

anti-CDKN1B Mouse IgG 610242 BD, Franklin Lakes, NJ, USA 1 : 200

anti-GATA3 Rabbit IgG HPA029731 Atlas Antibodies, Bromma, Sweden 1 : 100

anti-FGFR3 Mouse IgG sc-13121 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1 : 50

anti-AQP4 Rabbit IgG SC20812 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1 : 400

anti-ISLET1 Rabbit IgG ab109517 Abcam, Cambridge, UK 1 : 300

anti-CD44 Rabbit IgG AB157107 Abcam, Cambridge, UK 1 : 1000

anti-SOX9 Rabbit IgG AB5535 Merck Millipore, Burlington, MA, USA 1 : 100

anti-SOX10 Mouse IgG sc-365682 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1 : 100

anti-SOX21 Goat IgG AF3538 R&D, Minneapolis, MN, USA 1 : 100

anti-TUBB Mouse IgG GTX631836 GeneTex, Irvine, CA, USA 1 : 1000

anti-NEFH Chick IgY ab4680 Abcam, Cambridge, UK 1 : 1000

anti-PRPH Rabbit IgG AB1530 Merck Millipore, Burlington, MA, USA 1 : 100

anti-NKCC1 Goat IgG sc-21545 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1 : 300

anti-ATP1A1 Rabbit IgG sc-28800 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1 : 50

anti-MLANA Rabbit IgG NBP1-30151 Novus, St. Charles, MO, USA 1 : 200

anti-POU3F4 Rabbit IgG HPA031984 Atlas Antibodies, Bromma, Sweden 1 : 200

anti-TBX18 Goat IgG sc-17869 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1 : 50

anti-CALD1 Mouse IgG MS-1251-P0 Thermo Fisher Scientific, Waltham, MA, USA 1 : 200
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extremely rare, especially for late developmental stages.

Thus, our new developmental data provide an effective

tool for studying primate cochlear development.

Materials and methods

Specimens

Cadaverous fixed head samples of common marmosets at

E96 (n = 5), E101 (n = 4), E115 (n = 4), and P0 (n = 3)

were kindly provided by Ayako Murayama and the Central

Institute for Experimental Animals (CIEA).

The animal experiments were approved by the animal

experiment committee of Keio University (number: 11006)

and RIKEN (H30-2-214(3)) and were conducted in accor-

dance with the guidelines of the National Institutes of

Health and the Ministry of Education, Culture, Sports,

Science and Technology of Japan.

Tissue preparation

The temporal bone region of each common marmoset

embryo was dissected and fixed with 4% paraformaldehyde

in PBS overnight immediately after euthanasia. P0 speci-

mens were decalcified in Decalcifying Solution B (Wako,

Osaka, Japan) for 1 week and then embedded in Tissue-

Tek O.C.T. compound for cross-sectioning. Seven-microm-

eter sections were used for immunohistochemistry.

Immunohistochemistry

After a brief wash with PBS, sections were heated (80 °C)
in 10 µM citrate buffer (pH 6) for 15 min. After another

brief wash, the sections were preblocked for 1 h at room

temperature in 10% normal serum in PBS, incubated with

primary antibodies at 4 °C overnight, and then incubated

with Alexa Fluor-conjugated secondary antibodies for

60 min at room temperature. The nuclei were counter-

stained with Hoechst 33258.

Antibodies

The primary antibodies used in this study are listed in

Table 1. The following secondary antibodies were used:

Goat anti-Rabbit IgG, Alexa Fluor Plus 555 (A32732,

1 : 500; Invitrogen), Goat anti-Mouse IgG, Alexa Fluor

Plus 488 (A32723, 1 : 500; Invitrogen), Goat anti-Chicken

IgY, Alexa Fluor Plus 647 (A21449, 1 : 500; Invitrogen),

Goat anti-Rat IgG, Alexa Fluor 647 (ab 150159, 1 : 500;

Abcam), Donkey anti-Rabbit IgG, Alexa Fluor 555 (ab

150074, 1 : 500; Abcam), Donkey anti-Mouse IgG, Alexa

Fluor 488 (ab 150105, 1 : 500; Abcam), and Donkey anti-

Goat IgG, Alexa Fluor 647 (705-605-147, 1 : 500; Jackson

Immuno-Research, West Grove, PA, USA).
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