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Abbreviations

ac anterior crista

AG acoustic ganglion

asc anterior semicircular canal

AVG acoustic-vestibular ganglion

bp basilar papilla

cc common crus

cd cochlear duct

ed endolymphatic duct

es endolymphatic sac

HB hindbrain

hp horizontal pouch

lc lateral crista

lsc lateral semicircular canal

ml macula lagena

mn macula neglecta

ms macula sacculi

mu macula utriculi

pc posterior crista

psc posterior semicircular canal

rh rhombomere

s saccule

tv tegmentum vasculosum

u utricle

vp vertical pouch
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Abstract 

Retinoic acid (RA) plays an important role in organogenesis as a paracrine signal through 

transcriptional regulation of an increasing number of known downstream target genes, 

regulating cell proliferation and differentiation, as well as morphogenesis. During the 

development of the inner ear, a complex three-dimensional sensorial structure with 

auditory and vestibular functions, RA directly governs the morphogenesis and 

specification processes mainly by means of RA-synthesizing retinaldehyde 

dehydrogenase (RALDH) enzymes. Interestingly, CYP1B1, a cytochrome P450 enzyme, 

is able to mediate the oxidative metabolisms also leading to RA generation, its expression 

patterns being associated with many known sites of RA activity. This study describes for 

the first time the presence of CYP1B1 in the developing chick inner ear as a RALDH-

independent RA-signaling mechanism. In our in situ hybridization analysis, Cyp1B1 

expression was first observed in a domain located in the ventromedial wall of the otic 

anlagen, being included within the rostralmost aspect of an Fgf10-positive pan-sensory 

domain. As development proceeds, all identified Fgf10-positive areas were Cyp1B1 

stained, with all sensory patches being Cyp1B1 positive at stage HH34, except the macula 

neglecta. Cyp1B1 expression suggested a possible contribution of CYP1B1 action in the 

specification of the lateral-to-medial and dorsal-to-ventral axes of the developing chick 

inner ear. 
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INTRODUCTION

The vertebrate inner ear is one of the most complex models of organogenesis and cell 

specification, regulated by intricate molecular systems devoted to the creation of lineage 

compartments. During early embryogenesis, the inner ear is induced in the embryonic 

cephalic ectoderm on both sides of the developing hindbrain as the otic placode, which 

then proceeds to form the otic vesicle, a simple cavity within the head, which 

subsequently differentiates into the complex three-dimensional sensory structure. This 

ovoid rudiment undergoes important morphogenetic changes and cell specification to 

determine sensory and non-sensory areas in the developing membranous labyrinth, as 

well as otic neurogenesis, all of them involving a great number of molecular interactions 

(Fekete and Wu, 2002; Bok et al., 2007; Schneider-Maunoury and Pujades, 2007; Alsina 

et al., 2009; Groves and Fekete, 2012; Wu and Kelly, 2012; Chen and Streit, 2013; 

Lassiter et al., 2014; Sánchez-Guardado et al., 2014; Nakajima, 2015; Whitfield, 2015; 

Raft and Groves, 2015; Basch et al., 2016; Fritzsch and Eliott, 2017; Varela-Nieto et al., 

2019; among others). During development, diffusible morphogenes, such as FGF, WNT, 

BMP, SHH, and retinoic acid (RA), take part in establishing gradients from confined 

sources, in some cases with restricted sinks. These signaling molecules act in a 

concentration-dependent manner controlling the expression target position-dependent 

genes (Meinhardt, 2008; Schilling et al., 2012; Durston, 2015; Tuazon and Mullins, 2015; 

Nesterenko et al., 2017; Dubey et al., 2018). These spatial and temporal dynamics 

interactions also govern the morphogenetic and specification events occurring during the 

development of vertebrate inner ears (Romand et al., 2006a; Bok et al., 2007; Ohyama et 

al., 2007; Schimmang, 2007; Whitfield and Hammond, 2007; Schneider-Maunoury and 

Pujades, 2007; Chatterjee et al. 2010; Ladher et al., 2010; Wu and Kelley, 2012; Chen 

and Streit 2013; Munnamalai and Fekete, 2013; Nakajima, 2015; Raft and Groves, 2015; 

Su et al., 2015; Alsina and Whitfield, 2017; Ebeid and Huh, 2017; Ohta and Schoenwolf, 

2018; among others). 

RA, a small lipophilic signaling molecule, is the main biologically active metabolite of 

vitamin A (retinol), playing pleiotropic functions during embryonic development 

(McCaffery and Dräger, 2000; Tzimas and Nau, 2001; Balmer and Blomhoff, 2002; 

Blentic et al., 2003; Maden, 2006; Niederreither and Dolle, 2006; Romand et al., 2006a; 

Hans and Westerfield, 2007; Gudas and Wagner, 2011; Tonk et al., 2015; Xavier-Nieto 
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et al., 2015; Ealy et al., 2016; Stefanovic and Zaffran, 2017; Piersma et al., 2017; Dubey 

et al., 2018; Frank and Sela-Donenfeld, 2019). RA biosynthesis occurs in a two-step 

process: firstly, precursor retinol (vitamin A) is oxidized to retinaldehyde by the cytosolic 

alcohol dehydrogenases (ADHs) and the retinol dehydrogenases (RDHs); then, 

retinaldehyde is transformed to RA by members of the aldehyde dehydrogenease (ALDH) 

class known as retinaldehyde dehydrogenases (RALDH) (Ross et al., 2000; Duester et 

al., 2003; Blomhoff and Blomhoff, 2006; Dubey et al., 2018). The controlling actions of 

RA occur by regulation of the activity of the RA nuclear receptor family, the retinoic acid 

receptors (RARs) and the retinoid X receptors (RXRs), to govern the expression of target 

genes binding to retinoic acid-response elements (RAREs) present in the regulatory 

sequences of these RA-regulated genes (Blomhoff and Blomhoff, 2006; Mark et al., 2006; 

Gudas and Wagner, 2011; Benbrook et al., 2014). In addition, RA is degraded by 

oxidative inactivation by members of the cytochrome P450 family, the so-named 

CYP26A-C1 enzymes (Thatcher and Isoherranen, 2009; White and Schilling, 2008; 

Pennimpede et al., 2010). The appropriate distribution of RA within embryonic tissues is 

determined, therefore, by the balance between its synthesis and its degradation, this being 

essential for normal development (reviewed in Ross et al., 2000; Romand et al., 2006a; 

Pennimpede et al., 2010; Piersma et al., 2017). 

Cytochrome P450 (CYP) enzymes are a widespread superfamily of ubiquitously 

distributed enzymes with a heme-binding domain involved in the oxidation of a varied 

range of endogenous and xenobiotic substrates (Nelson, 2011, 2018; see also Baldwin et 

al., 2009; Zhanger and Schwab, 2013; Dejong and Wilson, 2014). The CYP1 gene family 

consists of three closely related genes classified into two subfamilies (CYP1A1, CYP1A2, 

CYP1B1; Godard et al., 2000, 2005; Zanger and Schwab, 2013) and one pseudogene 

CYP1D (Godard et al., 2000, 2005; see also El-kady et al., 2004a,b; Itakura et al., 2005; 

Jönsson et al., 2007). In particular, CYP1B1 was first identified in mouse embryo 

fibroblast-derived cell line and rat adrenal gland cells (Pottenger et al., 1991; Otto et al., 

1991, 1992), encoded by mouse, rat, and human CYP1B1 orthologous genes 

(Bhattacharyya et al., 1995; Savas et al., 1994; Sutter et al., 1994; Tang et al., 1996; 

Murray et al., 2001). As a dioxin-inducible enzyme, CYP1B1 is clinically relevant in 

cancer induction, neoplastic progression, and malignant tumour metabolism of a wide 

range of human cancers (Murray et al., 2001; Sissung et al., 2006). In particular, Cyp1B1 

mutations are the most frequent cause of primary congenital glaucoma (Chavarria-Soley 

Page 5 of 34

John Wiley & Sons, Inc.

Developmental Dynamics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

6

et al., 2008; Vasiliou and Gonzalez, 2008; Badeeb et al., 2014). Apart from these studies 

of glaucoma, the histopathological and physiological characterizations of Cyp1B1-null 

mice showed no alterations with respect thtoe wild mice, suggesting a redundant and 

compensatory action with other related genes (Buters et al., 1999).

Unlike CYP26A-C1 enzymes, CYP1B1 is unable to further metabolize RA to any of its 

less active products. CYP1B1 is involved in RA synthesis during patterning events in 

chick embryos, catalysing the conversion of retinol to retinaldehyde through a RALDH-

independent pathway (Chen et al., 2000; Zhang et al., 2000; Choudhary et al., 2004; 

Chambers et al., 2007). Therefore, CYP1B1 could be an excellent candidate to regulate 

RA-mediated developmental processes as an additional source of RA. Using several 

methodological approaches, constitutive CYP1B1 expressions were found in a great 

number of both embryonic and adult tissues, such as visual and central nervous systems, 

branchial arches, heart, kidney, limbs, among others (Otto et al., 1992; Sutter et al., 1994; 

Savas et al., 1994; Bhattacharyya et al., 1995; Christou et al., 1995; Shimada et al., 1996; 

Murray et al., 1997; Hakkola et al., 1997; Vadlamuri et al., 1998; Rieder et al., 2000; 

Muskhelishvili et al., 2001; Bejjani et al., 2002; Choudhary et al., 2003, 2005; Stoilov et 

al., 2004; Xu et al., 2004; Doshi et al., 2006; Chambers et al., 2007; Jönsson et al., 2007; 

Yin et al., 2008; Palenski et al., 2013; Williams et al., 2015, 2017). The regulation, 

metabolic specificity, and tissue-specific expression has been reviewed, with it playing a 

key role in several physiological aspects in vertebrates (Murray et al., 2001; see refs. 

therein). 

In addition to the already reported expression patterns of Raldh genes, detailed studies 

about the expression of Cyp1B1 may help to understand the role of the RA signaling 

pathway in the morphogenesis and sensory specification occurring during the 

development of the vertebrate inner ears. In this sense, we have performed a 

comprehensive analysis of the mRNA expression of Cyp1B1 through several 

developmental stages of the chick inner ear (from stage HH18-20 to HH34). We found 

that Cyp1B1 expression was first observed in a domain located in the ventromedial wall 

of the otic anlagen, being included within the Fgf10-positive pan-sensory domain 

(Sánchez-Guardado et al., 2013), but excluding the presumptive territory of the Fgf10-

positive posterior crista. Shortly after, the Cyp1B1-expression extended caudally to then 

include the aforementioned territory. At stage HH24, all identified Fgf10-positive areas 
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were Cyp1B1 stained, with the levels of Cyp1B1 expression being higher in the anterior 

and posterior cristae and lower in the utricular and saccular maculae, as well as in the 

basilar papilla. At stage HH27, the lateral crista was clearly Cyp1B1 positive. At stage 

HH34, when all sensory patches are clearly identified (Sánchez-Guardado et al., 2013), 

all these patches were Cyp1B1 positive except the macula neglecta. Interestingly, several 

areas of the mesenchyme underlying the otic epithelium showed a strong CYP1B1 

expression, clearly suggesting the involvement of CYP1B1 activity in the establishment 

of the lateral-to-medial and dorsal-to-ventral axes of the developing chick inner ear. New 

studies would be required to evaluate the involvement of CYP1B1 in the development of 

this sensory organ.

Material and Methods

Tissue processing 

Chick embryos were obtained from fertilized White Leghorn chick eggs incubated in a 

humidified atmosphere at 38°C. All embryos were treated according to the 

recommendations for laboratory animals of the European Union and of the Spanish 

government. Embryos ranging between stages HH18 and HH34 (Hamburger and 

Hamilton 1951) were fixed by immersion in 4% paraformaldehyde in 0.1M phosphate-

buffered saline solution (PBS, pH 7.4) at 4°C overnight. The fixed embryos were rinsed 

and cryoprotected in 10% sucrose solution in PBS, and were then embedded in the same 

buffered sucrose solution with added 10% gelatin. The blocks were frozen for 1 min in 

isopentane cooled to -70°C by dry ice, and then stored at -80°C. Cryostat serial sections 

20 μm thick were cut in the transverse and horizontal planes, mounted as parallel sets on 

SuperFrost slides, and stored at -80°C until use. Twenty embryos were used per stage.

In situ hybridization staining procedure

In situ hybridization was performed on cryosections as described by Sánchez-Guardado 

et al. (2009, 2011, 2013). The Cyp1B1 probe was obtained with Not1 and T3 enzymes to 

generate antisense probes. The Fgf10 probes were the same as used previously (Sánchez-

Guardado et al. 2013). All riboprobes were labeled with digoxigenin-11-UTP (Roche, 

Mannheim, Germany) according to the manufacturer’s instructions. In situ hybridization 

was performed on cryosections following the methods described by Sánchez-Guardado 
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et al. (2009, 2013). The sections were post-fixed with 4% paraformaldehyde in PBS for 

10 min, then rinsed with PBS for 15 min. The sections were acetylated in a solution 

containing 234 ml of H2O-d, 3.2 ml of triethanolamine (Sigma), 420 ml of 36% HCl, and 

600 ml of acetic anhydride. After acetylation, the sections were permeabilized in 1% 

Triton X-100 for 30 min, and then pre-hybridized at room temperature for 2 h in a solution 

containing 50% formamide, 10% dextran sulfate (Sigma), 5x Denhardt’s solution 

(Sigma), and 250 mg/ml t-RNA (Roche), in salt solution. Hybridization was performed 

with 200-300 ng/ml of the probe in the same hybridization solution overnight at 72°C. 

After hybridization, the sections were rinsed with 0.2% SSC at 72°C for 1-2 h, and then 

twice with a solution containing 100 mM NaCl and 100 mM Tris-HCl (pH 7.5). After 

treatment with 10% normal goat serum (NGS) in the same solution for 2 h, the sections 

were incubated overnight with alkaline phosphatase-conjugated anti-digoxigenin Fab 

fragments (Roche, 1:3500). The sections were rinsed twice with the same buffer, and then 

incubated in 100 mM NaCl, 50 mM MgCl2, and 100 mM Tris–HCl (pH 9.5). The 

colouring reaction was developed with NBT and BCIP (Roche). The sections were rinsed 

with PBS and coverslipped with Mowiol (Calbiochem, Bad Soden, Germany). No signal 

was obtained with the sense probes. For more details about the in situ hybridization 

procedure, see Ferran et al. (2015).

Immunohistochemistry staining procedure

Immunohistochemistry with 3A10 antibody (1:40; Antibody ID from NIF: AB_531874; 

Developmental Studies Hybridoma Bank (DSHB), mouse, monoclonal, #3A10; Sánchez-

Guardado et al. 2013) was also performed on cryosections as previously described by 

Sánchez-Guardado et al. (2009, 2011, 2013). The primary antibody was reacted with 

biotinylated goat anti-mouse secondary antibody (1:100; Sigma), and then with 

ExtrAvidin-biotin-horseradish peroxidase complex (1:200; Sigma). All antibodies were 

diluted in a solution containing 1% NGS and 0.25% Triton X-100 in PBS. The 

histochemical detection of the peroxidase activity was carried out by using 0.03% 

diaminobenzidine (DAB) and 0.005% H2O2. After the immunoreactions, the sections 

were rinsed three times with PBS-T and then coverslipped with Mowiol.

Imaging

All preparations were photographed with a Zeiss Axiophot microscope equipped with a 

Zeiss AxioCam camera (Carl Zeiss, Oberkochen, Germany) and AxioVision 2.0.5.3. 

Page 8 of 34

John Wiley & Sons, Inc.

Developmental Dynamics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

9

software, and the images were saved in 4-MB TIFF format. These were size-adjusted, 

cropped, contrast-enhanced, and annotated with Adobe Photoshop version 7.0 software 

(Adobe Systems, San Jose, CA). All illustrations were produced with this Adobe 

Photoshop software.

Results

Cyp1B1 expression pattern at the otic vesicle stage (HH18-20)

In transverse sections through the otic vesicle stage (ov; HH18-20), Cyp1B1 transcripts 

were detected in its ventromedial wall (white arrow in Fig. 1A), included within the 

Fgf10-expressing pan-sensory domain (white arrow in Fig. 1B; Sánchez-Guardado et al. 

2013). To better analyse the relationship between the Cyp1B1- and Fgf10-positive areas, 

horizontal sections were also studied (Fig. 1C, D). Weak Cyp1B1 expression was 

observed all along the medial wall of the otic vesicle (white arrow in Fig. 1C), except in 

its caudalmost portion (black arrow in Fig. 1C). In the most rostral aspect of the otic 

vesicle, the Cyp1B1-positive domain included the presumptive territory of the Fgf10-

labeled anterior crista (ac in Fig. 1C, D; see also Sánchez-Guardado et al., 2013), whereas 

in its most caudal portion, the caudal Cyp1B1-negative domain contained the Fgf10-

labeled posterior crista (pc in Fig. 1C, D). At this developmental stage, the acoustic-

vestibular ganglion displayed very weak, almost undetectable, Cyp1B1 expression (AVG; 

black asterisk in Fig. 1C). Interestingly, the mesenchyme located between the otic 

epithelium and the hindbrain appeared strongly Cyp1B1 labeled (white asterisk; Fig. 1A, 

C), being Cyp1B1 negative that located between the otic vesicle and the cephalic 

ectoderm (blue asterisk in Fig. 1C). Figure 1E and 1F summarize the Cyp1B1 expression 

pattern in the wall of the otic vesicle.

Cyp1B1 expression pattern at stages HH24/25

At stage HH24, the inner ear shows significant morphogenetic changes and the 

presumptive territories of almost all sensory patches are clearly identified on cryostat 

sections treated with Fgf10 probes (Fig. 2; Sánchez-Guardado et al. 2013). In dorsal 

horizontal sections (Fig. 2A, B), Cyp1B1 expression appeared in the anterior portion of 

the otic anlage (Fig. 2A), coinciding with the Fgf10-positive anterior crista (ac; between 

arrowheads in Fig. 2B). Another small area of Cyp1B1 expression was also observed in 
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the caudalmost wall of the stage HH24/25 inner ear, being coincident with the Fgf10-

positive posterior crista (pc; Fig. 2B), and exhibiting also several small domains of 

Cyp1B1 expression. Therefore, the posterior crista was Cyp1B1 positive at stage HH27 

but not at stage HH20 (compare Fig. 2A, B with Fig. 1C, D). In more ventral horizontal 

sections (Fig. 2C, D), the Fgf10-stained macula utriculi displayed a weak Cyp1B1 

expression (mu in Fig. 2C, C’). The developing lateral crista, which develops just lateral 

to the macula utriculi and shows an incipient Fgf10 expression at this developmental stage 

(lc in Fig. 2D; Sánchez-Guardado et al., 2013), showed Cyp1B1 transcripts in a very 

narrow band just in its medial portion, abutting the presumptive macula utriculi  (lc in 

Fig. 2C). At this level, the macula sacculi was Cyp1B1 labeled (Fig. 2C’), but not the 

macula neglecta (mn in Fig. 2D). Horizontal sections through the developing cochlear 

duct (cd; Fig. 2E, F) showed a clear Cyp1B1 expression in the basilar papilla (bp; between 

arrowheads in Fig. 2E, F). The rest of the cochlear wall was devoid of Cyp1B1 expression 

(Fig. 2E). Outside of the otic epithelium, Cyp1B1 transcripts were seen in the 

mesenchyme between the otic epithelium and the hindbrain (HB; white asterisks in Fig. 

2A, C) at the level of the vestibular apparatus. Regarding the auditory system, the 

mesenchyme rostral to the developing cochlear duct showed a strong Cyp1B1 expression 

(cd; rostral white asterisk in E). Nevertheless, other areas of the mesenchyme near the 

wall of the cochlear duct showed a weak Cyp1B1 expression (caudal white asterisk in Fig. 

2E). It is interesting to remark that areas of the periotic mesenchyme were completely 

devoid of Cyp1B1 transcripts, in particular in the lateral aspect of the otic anlagen (purple 

asterisks in Fig. 2A, C, E).

Transverse sections through an inner ear at the more developed stage HH25 showed a 

clearer differentiation of sensory patches (Fig. 2G-L). These sections confirmed 

previously described results in horizontal sections concerning the presence of Cyp1B1 

expression in the Fgf10-positive anterior and posterior cristae (ac and pc; between 

arrowheads in Fig. 2G, H and Fig. 2K, L, respectively). At the vestibular level, it could 

now be appreciated that Cyp1B1 labeling was strong in lateral crista (lc; Fig. 3I) and 

weaker in macula utriculi (mu; Fig. 2I) and macula sacculi (ms in Fig. 2I). Furthermore, 

Cyp1B1 transcripts could be observed in the basilar papilla (bp; Fig. 2I, J). In the most 

caudal sections (Fig. 2K, L), the Fgf10-negative macula neglecta was Cyp1B1 negative 

(mn in Fig. 2K, L). Outside the otic epithelium, the mesenchyme surrounding the ventral 

half of the the stage HH24/25 inner ear was clearly labeled by different intensities of 
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Cyp1B1 expression, mainly in the medial and ventrolateral aspects of the stage HH25 

inner ear (white asterisks in Fig. 2G, I, K). Other areas of the periotic mesenchyme did 

not express this gene (purple asterisks in Fig. 2G, I, K). The acoustic-vestibular ganglion 

was almost completely devoid of Cyp1B1 expression, except in a small part of its ventral 

aspect (short arrow in Fig. 2G). Figure 3M and 3N summarize the Cyp1B1 expression 

pattern in the otic epithelium at stages HH24/25.

Cyp1B1 expression patterns at stage HH27

At stage HH27, the morphogenetic changes are more evident and all the sensory epithelia 

are easily recognized by the Fgf10 expression pattern (Fig. 3; Sánchez-Guardado et al., 

2013). In horizontal sections through the dorsalmost portion of the stage HH27 inner ear 

(Fig. 3A, B), Cyp1B1 expression appeared in the Fgf10-positive anterior and posterior 

cristae (ac and pc; between arrowheads in Fig. 3A, B). In more ventral horizontal sections 

across the central aspect of the vestibule (Fig. 3C, D), all the Fgf10-positive sensory 

patches displayed different grades of Cyp1B1 expression: a strong Cyp1B1 stain in the 

lateral crista (lc; between arrowheads in Fig. 3C, C’, D) and a weak Cyp1B1 labelling in 

central part of both the macula utriculi and the macula saculi (mu and ms in Fig. 3C, D). 

The macula neglecta was devoid of Cyp1B1 expression (not shown). Cyp1B1 transcripts 

were absent in the epithelium of all non-sensory elements, for example the horizontal and 

vertical pouches (hp and vp in Fig. 3A) and the endolymphatic apparatus (ed in Fig. 3A). 

In addition, the acoustic-vestibular ganglion was apparently devoid of Cyp1B1 transcripts 

(AVG in Fig. 3C). At the most ventral level of the stage HH27 inner ear (Fig. 3E, F), 

where the auditory system develops, the Fgf10-positive basilar papilla was Cyp1B1 

stained (bp; between arrowheads in Fig. 3E, F). The Cyp1B1 expression observed in the 

basilar papilla extended more rostrally than the Fgf10-expressing domain (arrow in Fig. 

3E, F; Sánchez-Guardado et al., 2013). At the end of the cochlear duct (cd; Fig. 3G, H), 

the incipient specified Fgf10-positive macula lagena also showed an evident, although 

weaker, Cyp1B1 expression (ml in Fig. 3G, H). The differentiating acoustic ganglion was 

without Cyp1B1 transcripts (AG in Fig. 3E). Outside of the developing membranous 

labyrinth, the mesenchyme located between the developing inner ear and the hindbrain 

(HB; Fig. 3A) was strongly labeled by the Cyp1B1 expression in the dorsal aspect of the 

inner ear (white asterisks in Fig. 3A, C, C’). It is also interesting to remark that the 

acoustic-vestibular ganglion was completely surrounded by mesenchyme expressing 
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strongly the Cyp1B1 gene, as well as the utricular and saccular maculae (see the 

rostralmost white asterisks in Fig. 3C, C’). At this level, the mesenchyme next to the 

caudal otic wall also showed a very evident Cyp1B1 expression (caudalmost asterisks in 

Fig. 3C). At the level of the vestibular apparatus, the mesenchyme between the otic 

anlagen and the cephalic ectoderm was completely devoid of Cyp1B1 expression (purple 

asterisks in Fig. 3A, C), including the areas surrounding the developing cristae (ac and pc 

in Fig. 3A; lc in Fig. 3C). In the ventral half of the inner ear, where the auditory system 

develops (Fig. 3E, F), the Cyp1B1 labeling appeared also surrounding the otic epithelium, 

mainly at the lateral portions (white asterisks in Fig. 3E). Transverse sections confirmed 

the results described before (data not shown). Figure 3I and 3J summarize the Cyp1B1 

expression pattern in the otic epithelium at stages HH27.

Cyp1B1 expression patterns at stage HH34

At 8 days of incubation (stage HH34), all the sensory and non-sensory elements of the 

inner ear are clearly defined (Sánchez-Guardado et al. 2013). At this developmental stage 

(Fig. 4), the horizontal sections show no changes of the Cyp1B1 expression pattern 

compared with the results described at stage HH27 (Fig. 3). In a dorsal horizontal section, 

Cyp1B1 staining appeared in the anterior and posterior cristae (ac and pc; between 

arrowheads in Fig. 4A). The macula neglecta, located next to the posterior crista, was 

Cyp1B1 negative (mn in Fig. 4A). The rest of the otic epithelium was completely without 

Cyp1B1 labeling, including the wall of the endolymphatic apparatus (ed in Fig. 4A; es, 

not shown) and the common crus (cc in Fig. 4A). As in previous developmental stages, 

the mesenchyme just underlying the membranous labyrinth showed a very evident 

Cyp1B1 expression (white asterisks in Fig. 4A). At the level of the utricule and saccule 

(u and s; Fig. 4B), all the sensory patches displayed Cyp1B1 labeling in different grades: 

the lateral crista (lc; between arrowheads in Fig. 4B); the macula utriculi, with a strong 

Cyp1B1 expression (mu in Fig. 4B); and the macula saculi, with a weaker Cyp1B1 

expression (ms; Fig. 4B). In this section, the medial wall of the proximal cochlear duct, 

near the macula sacculi, was also Cyp1B1 positive (arrow in Fig. 4B). The vestibular 

ganglion was Cyp1B1 negative (VG in Fig. 4B’). A striking result was the strong 

expression of Cyp1B1 in the mesenchyme in contact with and even from a distance of the 

otic epithelium (asterisks in Fig. 4B, B’). Horizontal sections through the intermediate 

cochlear duct, the basilar papilla displayed a rostral-to-caudal decreasing gradient of 

Cyp1B1 expression (bp; between arrowheads in Fig. 4C). The macula lagena displayed 
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low levels of Cyp1B1 transcripts (ml in Fig. 4D). The non-sensory areas of the cochlear 

duct, including the tegmentum vasculosum (tv in Fig. 4C), were Cyp1B1 negative Fig. 

4C, D). With respect to the acoustic ganglion, this neuronal structure was also devoid of 

Cyp1B1 expression (AG in Fig. 4C). The Cyp1B1-lebeled mesenchyme appeared 

surrounding practically the whole wall of the cochlear duct (Fig. 4C, D), with this 

Cyp1B1-expressing mesenchyme being less relevant in its aspect of the cochlear duct. 

Figure 4E and 4F summarize the Cyp1B1 expression pattern in the membranous labyrinth 

at stage HH34.

Discussion

The Retinoic acid (RA) directly controls the morphogenesis and specification 

mechanisms during the development of vertebrate inner ears, mainly by means of RA-

synthesizing RALDH enzymes (reviewed by Romand et al., 2006a; Frenz et al., 2010; 

Wu and Kelly, 2012; Nakajima, 2015; Raft et al., 2015; see also Romand et al., 2013). In 

the developing mouse inner ear, Raldh1-3 genes have restricted and dynamic expression 

patterns with overlapping domains (Niederreither et al., 2002; Romand et al., 2001, 2004, 

2006a, b). In other vertebrate, the Raldh3 expression patterns display manifest similarities 

at the developmental stages analysed (Xenopus: Lupo et al., 2005; zebrafish: Pittlik et al., 

2008; chick: Mic et al., 2000; Sánchez-Guardado et al., 2009). The detailed expression 

pattern reported in chick embryos showed that RA is produced in the dorsomedial portion 

of the otic vesicle (Sánchez-Guardado et al., 2009). At the earlier developmental stages, 

this morphogene might diffuse towards ventral areas controlling the whole patterning of 

the otic rudiment as a long-range signal acting through dose-dependent effects (Sánchez-

Guardado et al., 2009). Therefore, these RA-synthesizing RALDH enzymes could be 

directly involved in determining morphogenetic events and sensory patch specification 

during the development of this complex sensorial organ. 

Chambers and co-workers have shown that, in vitro, CYP1B1 itself produces both all-

trans-retinal (t-RAL) and all-trans-retinoic acid (t-RA), thus contributing to the synthesis 

of RA involved in the patterning of several embryonic tissues (Chambers et al., 2007; see 

also Zhang et al., 2000; Choudhary et al., 2004). Unlike the CYP26 enzymes, CYP1B1 

cannot participate in the degradation of t-RA. Interestingly, the expression patterns of the 
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chick Cyp1B1 orthologue during early development is associated with many known sites 

of RA activity (Chambers et al., 2007). Chick CYP1B1 enzyme participates in the 

specification of the dorsoventral axis of the neural tube and the acquisition of a motor 

neuron fate, as well as in the patterning of the epibranchial placodes and the neurogenetic 

events occurring in them. Furthermore, CYP1B1 activity is exclusively responsible for 

RA synthesis in the hindbrain paraxial mesoderm, the branchial arches, and the posterior 

limb bud where Raldh expressions are absent (Chambers et al., 2007). In zebrafish, it has 

been shown that Cyp1B1 also shows a clear spatial and temporal expression pattern in the 

eye, diencephalon and midbrain-hindbrain domain, branchial arches, limb, and kidney 

(Yin et al., 2008). Therefore, chick CYP1B1 constitutes an evident RALDH-independent 

pathway of RA signaling regulation contributing to the patterning and specification of 

several developing systems (Chambers et al., 2007; Yin et al., 2008; see also 

Introduction), including the inner ear (this work). 

Cyp1B1 expression at otic vesicle stage: Patterning and Morphogenesis

Regarding the developing inner ear, sensory organ specification may be governed by 

short-range signals from the otic epithelia itself or from the surrounding tissues. In chick 

embryos of stage HH12+, Cyp1B1 expression is evident in the ectoderm immediately 

anterior to the otic vesicle (Chambers et al., 2007). A detailed description of the Cyp1B1 

expression pattern would be essential to understand the role of the retinoic signaling 

pathway in the morphogenesis of this sensory organ, and in the specification of sensory 

and non-sensory areas as an additional source of RA (this work). In the otic vesicle 

epithelium (stage HH20), Cyp1B1 expression was observed in an anterior-to-posterior 

band located in the ventromedial portion of the otocyst wall. This Cyp1B1 expressing 

domain was coincident in part with the pro-sensory Fgf10-expressing domain (Sánchez-

Guardado et al., 2013). The presumptive territory of the future posterior crista, located in 

the caudalmost aspect of the otic anlagen, was the only sensory area that was Fgf10-

positive and Cyp1B1-negative. It seems possible that, in this developmental period, the 

RA-generating CYP1B1 activity could be involved in the specification of the pro-sensory 

domain along the anterior-to-posterior axis of the otic anlagen. On the other hand, the 

RALDH3 activity is, as yet, the main known source of RA in the developing chick inner 

ear (Sánchez-Guardado et al., 2009). As mentioned above, Raldh3 expression is observed 

in the dorsomedial portion of the otic vesicle, in an area corresponding to the presumptive 

domain of the endolymphatic apparatus, and at a distance from the Fgf10-positive pro-
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sensory domain at stage HH20 and bordering it at stage HH24 (see Sánchez-Guardado et 

al., 2013). Therefore, RA generated by RALDH3 and CYP1B1 enzymes within the otic 

epithelium itself could participate to some extent in the specification of the dorsal-to-

ventral and anterior-to-posterior axes of the otic vesicle, respectively.

The generation of RA from nearby tissues should be regarded also as an instructive action 

towards the developing otic epithelium. It is well accepted that RA generated from the 

underlying mesenchyme by RALDH activities should participate directly in the 

specification of the neural tube along its anterior-to-posterior and dorsal-to-ventral axes 

(Niederreither et al., 2000; Wilson and Maden, 2005; Glover et al., 2006; Maden, 2006; 

Mark et al., 2006; White and Schilling, 2008; Schilling et al., 2013; Allodi and Hedlund, 

2014; Piersma et al., 2017). Similarly, RA from the periotic mesenchyme would control 

the regionalization of the developing otic epithelium in a stage-dependent manner 

(Romand et al., 2006a; Pittlik et al., 2008; Braunstein et al., 2009; Bok et al., 2011; Monks 

and Morrow, 2012; Wu and Kelly, 2012; Maier and Whitfield, 2014; Nakajima et al., 

2015; Raft et al., 2015). In the chick, Raldh2 is expressed in the mesoderm caudal to the 

otic placode, and an appropriate spatial and temporal concentration of the diffusible RA 

is necessary for the correct specification of the anterior-posterior axis of the developing 

otic anlagen (Bok et al., 2011). In this sense, it has been suggested that the CYP1B1-

mediated RA synthesis in the paraxial mesoderm could also participate directly in the 

dorsal-to-ventral specification of the developing neural tube in a paracrine manner 

(Chambers et al., 2007). Interestingly, the mesenchyme underlying the otic epithelium 

also expressed the Cyp1B1 gene in the chick (this work). For more details about the 

developing vestibular system, chick Cyp1B1 expression was undoubtedly observed in the 

mesenchyme between the otic epithelium and the wall of the developing neural tube from 

stages HH20 to HH27, being completely absent in the mesenchyme between the otic 

epithelium and the cephalic ectoderm. Therefore, this CYP1B1 activity could determine 

the specification of the medial versus lateral aspect of the vestibular apparatus. 

Concerning the auditory system, which develops from the ventral part of the otic anlagen, 

Cyp1B1 expression was observed in all the underlying mesenchyme, with greater 

expression in its anteromedial and posterolateral parts at stages HH24-27 and in its 

proximal part at stage HH34. Therefore, chick CYP1B1-mediated RA production from 

the periotic mesenchyme would also contribute to the dorsal-ventral and anterior-

posterior specification during inner ear development, instructing the developing 
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membranous labyrinth, especially due to the absence of RALDH activities in this 

mesenchyme in avian (Chambers et al., 2007; Sánchez-Guardado et al., 2009). In other 

vertebrates, a mutual cooperation between CYP1B1 and RALDH1-3 activities has been 

detected in the periotic mesenchyme (Romand et al., 2006a; Pittlik et al., 2008). 

Specification of the cristae and semicircular canals

RA contributes to the differentiation of vestibular sensory elements. As mentioned above, 

Cyp1B1 expression was present in an anterior-to-posterior oriented band located in the 

ventromedial part of the otic vesicle, being included in the Fgf10-positive pro-sensory 

domain. At this developmental stage, the presumptive territory of the posterior crista was 

the only area devoid of Cyp1B1 expression. As development proceeded, the Cyp1B1 

expressing domain extended caudally, and, at stage HH24/25, the posterior crista was 

therefore clearly Cyp1B1 labeled. A particular point has to be mentioned about the lateral 

crista. At stage HH24, the lateral crista was Cyp1B1 positive exclusively in a narrow band 

adjacent to the macula utriculi. Just afterwards, at stage HH25, the lateral crista was 

clearly labeled by Cyp1B1 expression, suggesting that the mentioned Cyp1B1-stained 

band observed at stage HH24 had increased in thickness and extended towards the lateral 

aspect of the lateral crista. Thus, strong Cyp1B1 expressions were detected in all the 

cristae from stages HH27 to HH34, suggesting that CYP1B1-mediated RA synthesis 

could participate in the specification of the cristae. In this sense, it has previously been 

reported that there is RALDH3 activity in areas adjacent to all the cristae at stage HH24, 

not overlapping with the Cyp1B1-expressing domains. At stage HH27, some Raldh3-

positive cells were detected within the periphery of all cristae (Sánchez-Guardado et al., 

2009), therefore also expressing the Cyp1B1 gene. The existence of two different sources 

of RA, probably with different mechanisms of regulation, activation, or inhibition, points 

to the need for new research in cristae specification. 

A clear relationship between the expression patterns of RA-synthesizing Raldh3 gene and 

those of other signalling pathways, such as BMP4 and FGF, has been reported previously 

(Sánchez-Guardado et al., 2009; see also Sánchez-Calderón et al., 2004, 2007). The Bmp4 

gene shows a RARE motif. Therefore, it is considered to be a potential target of the RA 

regulating pathway (Thompson et al., 2003). The Bmp4 gene is negatively regulated by 

RA since RA-soaked beads implanted into the otic vesicle led to an evident reduction of 

Bmp4 expression in the developing anterior crista (Choo et al., 1998). Also, RA regulates 
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FGF3 and FGF10 activities in the developing otic epithelium because changes in RA 

levels lead to down-regulations of FGF3/FGF10 signaling molecules (Frenz et al., 2010; 

Cadot et al., 2012; Liu et al., 2008; see Olaya-Sánchez et al., 2016 for chick Fgf3 and 

Fgf10 genes). In addition, several transcription factors could also be involved in the 

cristae specification. Meis genes, belonging to the TALE family, are important targets of 

RA, cooperating with it in a dose-dependent manner in the proximo-to-distal limb 

patterning (Roselló-Díez et al., 2014). In the developing chick inner ear, Meis1 and Meis2 

genes are clearly expressed in the entire presumptive domain of the semicircular canals 

and more weakly in all associated cristae (Sánchez-Guardado et al., 2011). Besides, RA 

signaling would control Irx expressions (Gómez-Skarmeta et al., 1998). In the developing 

neural tube, Irx3 is induced by RA and repressed by FGF (Novitch et al., 2003; Wilson 

and Maden, 2005), and in embryos deficient in RA signaling, expression of Irx3 is 

severely reduced (Diez-del-Corral et al., 2003). In the chick otic vesicle, Irx genes are 

absent or weakly expressed in the presumptive territory of the Raldh3-positive 

endolymphatic apparatus (Sánchez-Guardado et al. 2009), suggesting a repression of Irx 

genes during the development of this non-sensory element. However, RA inhibits Irx1 

and Irx2 expressions through a BMP-independent mechanism in the developing chick 

limb (Díaz-Hernández et al., 2013). The possible implication of RA in inducing or 

repressing Irx gene expressions needs further consideration in the developing vertebrate 

inner ear.

Specification of maculae

In the developing chick inner ear, the macula utriculi and macula sacculi displayed weak 

expressions of the Cyp1B1 gene at stage HH24. At stages HH27 and HH34, the Cyp1B1 

expression was maintained in the utricular and saccular maculae. An additional Cyp1B1 

expression was detected in the macula lagena, while the macula neglecta being Cyp1B1 

negative. With respect to the RALDH3 activity as a source of RA, the Raldh3-expressing 

domain was observed in the dorsomedial wall of the chick otic anlagen at stage HH24, 

bordering dorsally the undifferentiated utricular/saccular maculae (Sánchez-Guardado et 

al., 2013). It was proposed that the RA signaling mechanism may define limits in the 

developing membranous labyrinth, such as the precise location of the Raldh3-

Gbx2/Bmp4-Fgf8 boundary (Sánchez-Guardado et al., 2013). Results of work in the 

developing neural tube, showing that RA from the somites blocks the FGF signaling 
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pathway (Diez-del-Corral et al., 2003; Wilson and Maden, 2005), would support the 

descriptive findings reported by Sánchez-Guardado and co-workers (Sánchez-Guardado 

et al., 2013). At stage HH27, chick Raldh3 expression is present mainly bordering the 

utricula and saccular maculae, and there are even Raldh3-positive cells in some areas of 

these sensory patches, similar results to those observed in the macula lagena at stage 

HH34. The chick macula neglecta is always bordered by Raldh3 expression (Sánchez-

Guardado et al., 2013). Chick Cyp1B1 expression in the maculae was observed in the 

utricular and saccular maculae, as well as with less intensity in the macula lagena, but not 

outside these sensory elements. Some parts of them showed an overlapping expression of 

the two genes. In view of all these results together, a key question would be to know the 

possible regulating mechanisms of RALHD3 and CYPB1 activities and their interaction 

with other signaling pathways and transcription factors during the specification of inner 

ear maculae in vertebrates.

Specification of the basilar papilla

RA is directly involved in auditory system development, so that changes of RA levels 

lead to severe alteration of the cochlea (see Romand et al., 2006a for a review) and hair 

cell specification in the auditory sensory element (Thiede et al., 2014). In the mouse, 

Raldh1 was observed in the Kölliker’s organ while Raldh2 and Raldh3 was present in the 

stria vascularis and the Reissber membrane. CYP26 metabolic enzymes and cellular RA 

binding proteins are also present in the developing cochlear canal and the underlying 

mesenchyme. In addition, several components of the developing cochlear duct exhibit 

RAR and RXR expressions, with RARα/RARγ mutant mice showing major perturbations 

during their development (see Romand et al., 2006a). In the chick inner ear, Raldh3 

expression is also present in the developing cochlear duct (Sánchez-Guardado et al., 

2009), and the perturbation of the RA doses by the implantation of RA-soaked beads 

confirms its direct involvement in the specification of the auditory system (Choo et al., 

1998). The Cyp1B1 positive area included the basilar papilla and the rostralmost portion 

contiguous to this auditory system (this work). As development proceeded, the basilar 

papilla exhibited a decreasing rostral-to-caudal gradient of Cyp1B1 expression (stage 

HH34). All the non-sensory elements of the auditory apparatus were Cyp1B1 negative 

except a small area of the proximal cochlear duct. Therefore, Cyp1B1 activity, not 

considered until now in the development of the auditory system, could play a key role in 
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that system’s cellular specification, so that new research should be considered in this 

regard.

In summary, CYP1B1 activity may participate in specification events that confer 

positional identity in the developing membranous labyrinth, defining the location and 

extension of sensory patches. More experimental studies are required to determine the 

role of RA produced by CYP1B1 in inner ear development through the cooperation of 

CYP26 metabolic enzymes, cellular RA binding proteins, and RAR/RXR, regulating the 

increasing number of genes known to be directly or indirectly regulated by RA (Balmer 

and Blomhoff, 2002; Romand et al., 2013; Savory et al., 2014). In this sense, it seems to 

be possible that CYP1B1 may play an important role in the morphogenesis and 

specification of the inner ear via the synthesis of alternative, unidentified, regulatory 

factors, different from RA, as was suggested by Chambers and co-workers. Moreover, 

other as yet unidentified RA-synthesising enzymes could also be considered (Chambers 

et al., 2007). 
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Figure legends 

Fig. 1. Cyp1B1 expression pattern at the otic vesicle stage, HH18-20. Transverse (A, 

B) and horizontal (C, D) sections were treated with the Cyp1B1 and Fgf10 probes. The 

Cyp1B1 and Fgf10 expressions were observed in the medial wall of the otic vesicle (white 

arrows in A-D), excluding the presumptive domain of the Fgf10-stained posterior crista 

(pc; back arrows in C, D). The black asterisk in c designates a weak Cyp1B1 expression 

in the acoustic-vestibular ganglion. The white and purple asterisks in A and C label the 

periotic mesenchyme expressing or not the Cyp1B1 gene, respectively. E, D: 3D 

diagrams of Cyp1B1 expression patterns at the otic vesicle stage, HH18-20, in anterior 

(E) and posterior (D) views. Dotted areas show the Fgf10-positive sensory domain. For 

other abbreviations, see the list. Orientation: A, anterior; D, dorsal; M, medial; P, 

posterior. 

Fig. 2. Cyp1B1 expression patterns at stage HH24. A-F: Horizontal sections treated 

with the probes marked in each column. Cyp1B1 expression was detected in the anterior 

and posterior cristae (between arrowheads in A, B, G, H, K, L). The utricular and sacular 

maculae, as well as the basilar papilla, were Cyp1B1 positive (mu and ms in C, C’; bp in 

E), the macula neglecta being Cyp1B1 negative (mn in C). At stage HH24, the lateral 

crista was Cyp1B1 negative (lc in c, d). Cyp1B1 expression patterns at stage HH25. (G-

L) Horizontal sections. Innervation was identified by 3A10 immunoreaction. At stage 

HH25, the lateral crista was Cyp1B1 positive (lc in I, J). The white and purple asterisks 

in A, C, E, G, I, and K indicate the areas of the mesenchyme expressing or not, 

respectively, the Cyp1B1 gene. In the AVG, the Cyp1B1 expression was evident (short 

arrows in G, H). M, N: 3D diagrams of Cyp1B1 and Fgf10 expression patterns in both 

anterior (M) and posterior view (N) of the stage HH24/25 inner ear. Dotted areas show 

the Fgf10-positive sensory domain. For the abbreviations, see the list. Orientation: A, 

anterior; D, dorsal; M, medial; P, posterior. 

Fig. 3. Cyp1B1 expression patterns at stage HH27. A-H: Horizontal sections through 

the inner ear anlage, treated with Cyp1B1. Fgf10 expression was used to identify sensory 

patches in the developing otic epithelium (B, D, F, H). Cyp1B1 expression was detected 

in all the cristae (ac, pc, and lc; between arrowheads in A-D). The utricular, saccular, and 

lagenar maculae showed a weaker Cyp1B1 expression (mu and ms in C, C’; ml in G). 
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The basilar papilla was also Cyp1B1 positive (bp; between arrowheads in E). In the 

cochlear duct wall, its rostralmost portion, contiguous to the basilar papilla (bp), was 

Cyp1B1 stained (arrows in E, F). The acoustic-vestibular ganglion was Cyp1B1 negative 

(AVG in C; see also AG in E). The white asterisks in A, C, C’, and e indicate the Cyp1B1 

expression in the near mesenchyme, whereas the purple asterisks in A and C label the 

mesenchyme without Cyp1B1 expression. I, J: 3D diagrams of Cyp1B1 and Fgf10 

expression patterns in both anterior (I) and posterior view (J) of the stage HH27 inner 

ear. Dotted areas show the Fgf10-positive sensory domain. For the abbreviations, see the 

list. Orientation: A, anterior; D, dorsal; M, medial; P, posterior. 

Fig. 4. Cyp1B1 expression patterns at stage HH34. Horizontal sections treated with the 

Cyp1B1 probes. Cyp1B1 expression was detected in all the cristae (ac, pc, and lc; between 

arrowheads in A, B). The utricular and saccular maculae showed Cyp1B1 expression (mu 

and ms in B), as well as the macula lagena (ml in D), which showed weaker expression. 

The macula neglecta was Cyp1B1 negative (mn in A). The basilar papilla displayed a 

decreasing rostral-to-caudal gradient of Cyp1B1 expression (bp; between arrowheads in 

C). All the non-sensory elements were devoid of Cyp1B1 transcripts (as examples, see ed 

and cc in A; tv in C) except for a small area of the proximal cochlear duct (cd; arrow in 

B). The vestibular and acoustic ganglia were Cyp1B1 negative (VG in B’; AG in C). The 

white asterisks in A-D indicate the mesenchyme expressing the Cyp1B1 gene. E, F: 3D 

diagrams of Cyp1B1 and Fgf10 expression patterns in both anterior (E) and posterior view 

(F) of the stage HH34 inner ear. Dotted areas show the Fgf10-positive sensory domain. 

For the abbreviations, see the list. Orientation: A, anterior; D, dorsal; M, medial; P, 

posterior; R rostral. 
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Fig. 1. Cyp1B1 expression pattern at the otic vesicle stage, HH18-20. Transverse (A, B) and horizontal (C, 
D) sections were treated with the Cyp1B1 and Fgf10 probes. The Cyp1B1 and Fgf10 expressions were 

observed in the medial wall of the otic vesicle (white arrows in A-D), excluding the presumptive domain of 
the Fgf10-stained posterior crista (pc; back arrows in C, D). The black asterisk in c designates a weak 

Cyp1B1 expression in the acoustic-vestibular ganglion. The white and purple asterisks in A and C label the 
periotic mesenchyme expressing or not the Cyp1B1 gene, respectively. E, D: 3D diagrams of Cyp1B1 

expression patterns at the otic vesicle stage, HH18-20, in anterior (E) and posterior (D) views. Dotted areas 
show the Fgf10-positive sensory domain. For other abbreviations, see the list. Orientation: A, anterior; D, 

dorsal; M, medial; P, posterior. 
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Fig. 2. Cyp1B1 expression patterns at stage HH24. A-F: Horizontal sections treated with the probes marked 
in each column. Cyp1B1 expression was detected in the anterior and posterior cristae (between arrowheads 
in A, B, G, H, K, L). The utricular and sacular maculae, as well as the basilar papilla, were Cyp1B1 positive 
(mu and ms in C, C’; bp in E), the macula neglecta being Cyp1B1 negative (mn in C). At stage HH24, the 

lateral crista was Cyp1B1 negative (lc in c, d). Cyp1B1 expression patterns at stage HH25. (G-L) Horizontal 
sections. Innervation was identified by 3A10 immunoreaction. At stage HH25, the lateral crista was Cyp1B1 

positive (lc in I, J). The white and purple asterisks in A, C, E, G, I, and K indicate the areas of the 
mesenchyme expressing or not, respectively, the Cyp1B1 gene. In the AVG, the Cyp1B1 expression was 

evident (short arrows in G, H). M, N: 3D diagrams of Cyp1B1 and Fgf10 expression patterns in both anterior 
(M) and posterior view (N) of the stage HH24/25 inner ear. Dotted areas show the Fgf10-positive sensory 

domain. For the abbreviations, see the list. Orientation: A, anterior; D, dorsal; M, medial; P, posterior. 
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Fig. 3. Cyp1B1 expression patterns at stage HH27. A-H: Horizontal sections through the inner ear anlage, 
treated with Cyp1B1. Fgf10 expression was used to identify sensory patches in the developing otic 
epithelium (B, D, F, H). Cyp1B1 expression was detected in all the cristae (ac, pc, and lc; between 

arrowheads in A-D). The utricular, saccular, and lagenar maculae showed a weaker Cyp1B1 expression (mu 
and ms in C, C’; ml in G). The basilar papilla was also Cyp1B1 positive (bp; between arrowheads in E). In 
the cochlear duct wall, its rostralmost portion, contiguous to the basilar papilla (bp), was Cyp1B1 stained 
(arrows in E, F). The acoustic-vestibular ganglion was Cyp1B1 negative (AVG in C; see also AG in E). The 
white asterisks in A, C, C’, and e indicate the Cyp1B1 expression in the near mesenchyme, whereas the 

purple asterisks in A and C label the mesenchyme without Cyp1B1 expression. I, J: 3D diagrams of Cyp1B1 
and Fgf10 expression patterns in both anterior (I) and posterior view (J) of the stage HH27 inner ear. Dotted 
areas show the Fgf10-positive sensory domain. For the abbreviations, see the list. Orientation: A, anterior; 

D, dorsal; M, medial; P, posterior. 
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Fig. 4. Cyp1B1 expression patterns at stage HH34. Horizontal sections treated with the Cyp1B1 probes. 
Cyp1B1 expression was detected in all the cristae (ac, pc, and lc; between arrowheads in A, B). The utricular 
and saccular maculae showed Cyp1B1 expression (mu and ms in B), as well as the macula lagena (ml in D), 
which showed weaker expression. The macula neglecta was Cyp1B1 negative (mn in A). The basilar papilla 
displayed a decreasing rostral-to-caudal gradient of Cyp1B1 expression (bp; between arrowheads in C). All 

the non-sensory elements were devoid of Cyp1B1 transcripts (as examples, see ed and cc in A; tv in C) 
except for a small area of the proximal cochlear duct (cd; arrow in B). The vestibular and acoustic ganglia 
were Cyp1B1 negative (VG in B’; AG in C). The white asterisks in A-D indicate the mesenchyme expressing 

the Cyp1B1 gene. E, F: 3D diagrams of Cyp1B1 and Fgf10 expression patterns in both anterior (E) and 
posterior view (F) of the stage HH34 inner ear. Dotted areas show the Fgf10-positive sensory domain. For 

the abbreviations, see the list. Orientation: A, anterior; D, dorsal; M, medial; P, posterior; R rostral. 
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