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Abstract

The skeletal structure of the mammalian middle ear, which is composed of three endochondral 

ossicles suspended within a membranous air-filled capsule, plays a critical role in conducting 

sound. Gene mutations that alter skeletal development in the middle ear result in auditory 

impairment. Mutations in Fibroblast Growth Factor Receptor 2 (FGFR2), an important regulator 

of endochondral and intramembranous bone formation, cause a spectrum of congenital skeletal 

disorders featuring conductive hearing loss. While the middle ear malformations in multiple 

FGFR2 gain-of-function disorders are clinically characterized, those in the FGFR2 loss-of-

function disorder Lacrimo-auriculo-dento-digital (LADD) syndrome are relatively undescribed. To 

better understand conductive hearing loss in LADD, we examined the middle ear skeleton of mice 

with conditional loss of Fgfr2. We find that decreased auditory function in Fgfr2 mutant mice 

correlates with hypoplasia of the auditory bulla and ectopic bone growth at sites of tendon/

ligament attachment. We show that ectopic bone associated with the intra-articular ligaments of 

the incudomalleal joint is derived from Scx-expressing cells and preceded by decreased expression 

of the joint progenitor marker Gdf5. Together, these results identify a role for Fgfr2 in 

development of the middle ear skeletal tissues and suggest potential causes for conductive hearing 

loss in LADD syndrome.
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INTRODUCTION

A defining feature of mammals is the skeletal structure of the middle ear, which is composed 

of three endochondral ossicles (malleus, incus, and stapes) suspended within the air-filled 

membranous bone capsule of the auditory bulla. The chain-like configuration of the three 

ossicles is critical for mammalian auditory function. When sound funneled through the ear 

canal strikes the tympanic membrane, the malleus, incus, and stapes vibrate in succession to 
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generate mechanical forces that induce a neurosensory response in the inner ear. The ability 

of the ossicles to transform sound into mechanical forces relies on the synovial joints 

between bones, the tendons connecting muscle to bone, and the ligaments suspending the 

bones within the auditory bulla.

Auditory function relies on proper development of the middle ear skeleton. Congenital 

disorders that alter the number, morphology, or configuration of the ossicles and/or the size 

and shape of the auditory bulla lead to conductive hearing loss (Bartel-Friedrich and Wulke, 

2007). The causes of such alterations include mutations in genes that regulate development 

of bone, cartilage, and joint connective tissue (Mori-Akiyama et al., 2003; Settle et al., 2003; 

Trokovic et al., 2003). Mutations in Fibroblast Growth Factor Receptor 2 (FGFR2), an 

important developmental regulator of skeletal development in the craniofacial complex, 

result in a spectrum of congenital syndromes that present with varying degrees of conductive 

hearing loss. FGFR2 gain-of-function mutations in Apert, Crouzon, and Pfeiffer syndromes 

lead to hypoplasia and fixation of the ossicles, as well as morphologic abnormalities in the 

auditory bulla and external ear (Peterson-Falzone, 1981) (Zhou et al., 2009) (Orvidas et al., 
1999) (Desai et al., 2010; Vallino-Napoli, 1996). While there are numerous otologic 

characterizations of the FGFR2 gain-of-function disorders, the abnormalities that cause 

conductive hearing loss in the FGFR2 loss-of-function disorder Lacrimo-auriculo-dental-

digital (LADD) syndrome remain relatively unknown (Hollister et al., 1973; Rohmann et al., 
2006; Thompson et al., 1985).

Skeletal tissues of the mammalian middle ear largely develop from neural crest cells 

(NCCs). NCCs that migrate into the first pharyngeal arch form the auditory bulla, malleus, 

and incus (Hall and Miyake, 2000; Rijli et al., 1993; Richter et al., 2010; Mallo and Gridley, 

1996), while the NCCs that migrate into the second pharyngeal arch form the crura of the 

stapes (O’Gorman, 2005; Thompson et al., 2012). The base of the stapes, on the other hand, 

develops from a cartilage condensation that is dually derived from NCCs and mesoderm 

(Thompson et al., 2012; Minoux et al., 2013; O’Gorman, 2005). While NCCs are believed to 

give rise to the dense connective tissues that make up the ossicular joint capsules, tendons, 

and ligaments, detailed lineage tracing of these tissues has not yet been reported. Using a 

genetic mouse model with conditional loss of Fgfr2 in NCCs, we show that Fgfr2 regulates 

development of the middle ear skeleton. We find that conditional knockout (cKO) of Fgfr2 
in NCCs leads to multiple anomalies in the auditory bulla and ossicular chain, including 

ectopic bone within the incudomalleal joint at attachment sites for dense connective tissue. 

We demonstrate that these abnormalities in the middle ear skeleton correlate with reduced 

auditory function in Fgfr2 mutant mice. Together our results suggest an explanation for 

conductive hearing loss in LADD syndrome.

RESULTS

NCC-specific inactivation of Fgfr2 results in reduced auditory function

To determine the role of Fgfr2 in middle ear function, we conditionally inactivated Fgfr2 in 

NCCs by crossing the Fgfr2flx conditional allele with the Wnt1-Cre driver (Yu et al., 2003). 

To evaluate hearing in Wnt1-Cre; Fgfr2flx/flx mice, we measured Auditory Brainstem 

Response (ABR) thresholds at postnatal day 30 (P30). The ABR thresholds of inbred mice 
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typically range between 30–40 decibels (dB) (Zhou et al., 2006). In our control mice, mean 

ABR thresholds measured within this range at sound frequencies of 8 kHz, 12 kHz, 16 kHz, 

24 kHz, and 32 kHz (Figure 1) (n=5). At 4 kHz, the mean ABR threshold measured outside 

the average range at 50 dB, which can be explained by strain-related differences in hearing 

sensitivity (Willott and Turner, 1999). In Wnt1-Cre; Fgfr2flx/flx mice, ABR thresholds 

measured significantly higher at all frequencies measured compared to controls (Figure 1) 

(n=6). These results show that the Wnt1-Cre; Fgfr2flx/flx mice require an almost 2-fold 

increase in sound volume (dB) as compared to control mice in order to hear the same sound 

frequency. Furthermore, this result suggests that the structural defects observed in the middle 

ear of Wnt1-Cre; Fgfr2flx/flx mice are linked to hearing loss.

cKO of Fgfr2 induces abnormalities in the auditory bulla

To examine the effects of Fgfr2 on development of the overall structure of the middle ear 

skeleton, we performed μCT analysis. At P30, the structure of the auditory bulla, the 

membranous capsule that encloses the air-filled cavity of the middle ear, was small and flat 

in Wnt1-Cre; Fgfr2flx/flx mice as compared to littermate controls (Figure 2 A–D) (n=3 

littermate pairs). Morphometric measurements of the auditory canal showed that the area, 

normalized to the overall skull size, was significantly decreased in Wnt1-Cre; Fgfr2flx/flx 

mice compared to littermate controls (Figure 2 E). This indicates that shaped changes in the 

mutant auditory bulla were at least in part independent of the overall reduction in skull size. 

Measurements of the auditory bulla showed that the overall volume was significantly 

reduced in Wnt1-Cre; Fgfr2flx/flx mice compared to littermate controls (Figure 2 F).

The auditory bulla is a compound skeletal structure formed by fusion of multiple 

membranous bones, including the neural crest-derived tympanic ring and retrotympanic 

process (Richter et al., 2010). To characterize the individual contributions of the tympanic 

ring and retrotympanic process to the auditory bulla, μCT surface renderings were utilized. 

At P30, the retrotympanic process (pseudo-colored blue) and tympanic ring (pseudo-colored 

red) were dysmorphic and hypoplastic in Wnt1-Cre; Fgfr2flx/flx mice (Figure 3 A, B). 

Differences in the retrotympanic process and tympanic ring were evident as early as P5, 

prior to the fusion of these bones into the auditory bulla (Figure 3 C, D) (n= 3 littermate 

pairs). These data suggest that the morphological defects in the auditory bulla of Wnt1-Cre; 
Fgfr2flx/flx mice are at least in part due to abnormal patterning of the retrotympanic process 

and tympanic ring.

cKO of Fgfr2 leads to abnormalities in the middle ear air space.

Sound conduction through the middle ear depends on formation of an air-filled spaced 

within the auditory bulla. Failure to form the middle ear air space causes partial or complete 

hearing loss (Richter et al., 2010). Since a reduction in the size of the auditory bulla is 

correlated with deficient middle ear air space (Cordas et al., 2012; Richter et al., 2010; Xu et 
al., 1999), we examined the middle ear cavity of Wnt1-Cre; Fgfr2flx/flx mice. Orthogonal 

μCT sections at P30 identified an air-filled space (dark areas) in the external and middle ear 

of controls (Figure 4 A) (n=3 mice). In Wnt1-Cre; Fgfr2flx/flx mice, the overall air space was 

reduced in size and abnormally shaped, lacking a clear demarcation between the external 

and middle ear (Figure 4 B) (n=3 mice). Abnormalities in the ear air space can be explained 
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by truncations in the tympanic ring, which normally limits the medial extension of the 

external ear cavity (Aimi, 1983). It was also noted that the malleus of Wnt1-Cre; Fgfr2flx/flx 

mice abutted the bony capsule of the cochlea (Figure 4 A, B, arrowhead). Histological 

sections stained with Hematoxylin-Eosin at P13 confirmed the μCT findings in the mutant: 

the external and middle ear air spaces were reduced in size causing the manubrium of the 

malleus to be in direct contact with the cochlea (Figure 4 C, D, asterisks, arrowhead). 

Formation of the middle ear air space occurs by cavitation between P6–14, when neural 

crest-derived mesenchyme retracts from the tympanic membrane and ossicles (Richter et al., 
2010). At P13, Wnt1-Cre; Fgfr2flx/flx mice showed mesenchymal adhesion between the 

tympanic membrane and malleus (Figure 4 C, D, arrow). These results indicate that a 

reduction in the size of the middle ear space in Wnt1-Cre; Fgfr2flx/flx mice is correlated with 

spatial confinement of the malleus and incomplete cavitation.

cKO of Fgfr2 results in ectopic bone formation on the middle ear ossicles

The ossicular chain plays a central role in transmitting sound vibrations from the tympanic 

membrane to the inner ear. Malformations in the ossicles that alter the continuity of the 

chain or its connections with the surrounding auditory bulla often result in hearing loss. To 

investigate the extent to which the ossicular malformations contribute to hearing loss in 

Wnt1-Cre; Fgfr2flx/flx mice, we examined their morphology. μCT at P30 identified ectopic 

bone formation at discrete regions along the ossicular chain of Wnt1-Cre; Fgfr2flx/flx mice. 

On the malleus, we observed ectopic bone on the manubrium where it attaches to the 

tympanic membrane (Figure 5 A, B, arrowhead) (n=3). Ectopic bone was also found at the 

ligament insertion site on the anterior process and on the stapes at the insertion site for the 

stapedius muscle (Figure 5 A, B, open arrowheads). Additionally, a discrete ectopic bone 

formation was seen within the incudomalleal joint (Figure 5 A, B>, arrow). Whole mount 

skeletal staining at P30 confirmed the presence of ectopic bone in these regions and 

identified ectopic bone on the malleus at the insertion site for the tensor tympani muscle and 

on the incus adjacent to the incudostapedial joint (Figure 5 C, D, open arrowheads) (n=3). 

Whole mount skeletal staining at P10 showed Alcian blue stain in many of the regions of 

ectopic bone (Figure 5 E, F) (n=3). Interestingly, the ectopic bone at the incudomalleal joint 

presented as a distinct endochondral-like element (Figure 5 F, arrow). Together these results 

demonstrate that loss of Fgfr2 induces formation of ectopic endochondral-like bone in the 

middle ear at sites of joint articulation and tendon/ligament insertion. Ectopic bone in these 

regions is expected to impact ossicular chain continuity and/or suspension.

cKO of Fgfr2 disrupts specification of the incudomalleal joint

To further characterize the ectopic bone at the incudomalleal joint of Wnt1-Cre; Fgfr2flx/flx 

mice, we analyzed histological sections treated with with Hall-Brunt Quadruple (HBQ) stain 

(Hall, 1986). The mature incudomalleal joint is V-shaped, with the articular surface of the 

incus forming a wedge that fits into a notch on the malleus (Amin and Tucker, 2006). In 

control mice at P9, the incudomalleal joint exhibited this typical V-shape and the articular 

cartilage of the incus and malleus were separated by a small group of fibroblast-like cells at 

the apex of the incus (Figure 6 A, A’, arrow). In Wnt1-Cre; Fgfr2flx/flx mice, the joint shape 

was disrupted and the articular surfaces of the incus and malleus were separated by an 

ectopic piece of cartilage well-circumscribed by a superficial layer of flat fibroblast-like 
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cells (Figure 6 C, C’, asterisk) (n=4). In addition, cavitation of mesenchyme surrounding the 

incus and malleus was relatively incomplete in Wnt1-Cre; Fgfr2flx/flx mice compared to 

controls (Figure 6 A, C). In control mice at P7, the articular surfaces of the incus and 

malleus were less defined and separated by cells of the joint interzone (Figure 6 B, B’, 

arrow). In Wnt1-Cre; Fgfr2flx/flx mice, joint interzone cells were absent and the ectopic 

piece of cartilage was in close association with the articular surfaces of the incus and 

malleus (Figure 6 D, D’, asterisk) (n=4). These findings indicate that Fgfr2 regulates 

development of the incudomalleal joint.

The malleus and incus develop from a single chondrogenic condensation that is subdivided 

around E15.5 when cells within the presumptive joint region down-regulate cartilage 

markers in favor of joint specification genes such as Gdf5 (Amin et al., 2007; Amin and 

Tucker, 2006; Anthwal and Thompson, 2016). To determine if disruptions in joint 

specification precede formation of the ectopic cartilage within the incudomalleal joint of 

Wnt1-Cre; Fgfr2flx/flx mice, we examined the incudomalleal joint soon after its 

establishment at E16.5. Whole mount Alcian blue staining of the malleus and incus showed 

their separation by an unstained gap in both control and Wnt1-Cre; Fgfr2flx/flx embryos, 

suggesting normal downregulation of chondrogenesis in the developing joint (Figure 7 A, C, 

arrow) (n=3). Section in situ hybridization for the joint specification gene Gdf5 identified 

transcripts within the control incudomalleal joint at E16.5. However, in the Wnt1-Cre; 
Fgfr2flx/flx incudomalleal joint, Gdf5 expression was reduced (Figure 7 B, D, asterisk). 

Together these results suggest that loss of Fgfr2 disrupts specification of the incudomalleal 

joint.

Ectopic bone in the incudomalleal joint of the Fgfr2 cKO is derived from Scx+ cells

In synovial joints, Gdf5+ cells give rise to the articular cartilage and joint connective tissues, 

including the joint capsule and intra-articular ligaments (Shwartz et al., 2016). To identify 

abnormalities in the articular cartilage of the incudomalleal joint, we stained histological 

sections with Safranin O. In control embryos E18.5, the V-shaped articulation of the malleus 

and incus was well-delineated and connected by the developing joint capsule (Figure 8A). In 

Wnt1-Cre; Fgfr2flx/flx embryos, the wedge of the incus was largely missing and instead an 

ectopic chondrogenic element lay within the joint space (Figure 8 C) (n=4). We next 

employed the Scx-GFP reporter to identify abnormalities in the incudomalleal joint 

connective tissue (Pryce et al., 2007) (Wang et al., 2011). In control embryos at E18.5, Scx-
GFP marked the intra-articular ligament and joint capsule (Figure 8 B). While Scx-GFP 
marked intra-articular ligament and joint capsule in Wnt1-Cre; Fgfr2flx/flx embryos, it was 

also expressed at low levels in the ectopic cartilage element (Figure 8 D, asterisk) (n=4). 

These results indicate that ectopic cartilage in the incudomalleal joint space of the Fgfr2 
cKO develops from the Scx+ cells that normally form the joint connective tissues.

To determine if loss of Fgfr2 plays either an autonomous or non-autonomous role in 

development of the ectopic cartilage within the Wnt1-Cre; Fgfr2flx/flx incudomalleal joint, 

we examined immunofluorescent localization of Fgfr2 using an antibody that also 

recognizes the truncated, non-functional protein (Fgfr2Δexons8–10) produced by the 

recombined Fgfr2flx allele. In control embryos at E18.5, Fgfr2+ cells populated the intra-

Rigueur et al. Page 5

Genesis. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



articular ligaments, joint capsule, and cartilaginous elements of the malleus and incus 

(Figure 8 B’, B”) (n=4). In Wnt1-Cre; Fgfr2flx/flx embryos, Fgfr2Δexons8–10-expressing 

cells marked the developing malleus and incus, as well as the ectopic cartilage element 

within the joint space (Figure 8 D’, D”, asterisk). Interestingly, cells expressing 

Fgfr2Δexons8–10 were not detected in the joint capsule and intra-articular ligament of the 

mutant (Figure 8 D’, D”, arrow). Together these data suggest that Fgfr2 autonomously 

regulates differentiation of Scx+ cells during development of the incudomalleal joint.

DISCUSSION

In this study, we demonstrate that Fgfr2 regulates structure and function of the mammalian 

middle ear. We show that neural crest-specific knockout of Fgfr2 induces abnormal 

development of the skeletal tissues that determine the middle ear’s structure, including 

membranous and endochondral bone and dense connective tissues. Since these skeletal 

tissues are responsible for the mechanical transmission of sound to the inner ear, disruptions 

in their development are the likely cause of auditory disfunction in Fgfr2 cKO mice.

Any one of the multiple defects we identified in the membranous auditory bulla could be 

responsible for hearing loss in Fgfr2 cKO mice. The auditory bullae of Fgfr2 cKO mice were 

significantly reduced in size and dysmorphic due to hypoplasia of the tympanic ring and 

retro-tympanic process. The development of the tympanic membrane, an epithelial structure 

that collects sound at the opening of the middle ear, is highly dependent on proper formation 

of the tympanic ring (Mallo and Gridley, 1996). Therefore, hypoplasia of the tympanic ring 

could contribute to conductive hearing loss either directly through its structural role in the 

auditory bulla or indirectly by affecting development of the tympanic membrane. We also 

showed that a reduction in the size of the auditory bulla in Fgfr2 cKO mice corresponds with 

a reduction in the middle ear air space, delayed cavitation, and direct contact between the 

manubrium of the malleus and the cochlear wall. Each of these abnormalities is expected to 

restrict ossicular movement. Confinement of the ossicular chain impedes their ability to 

vibrate in response to sound and results in conductive hearing loss (Jaisinghani et al., 1999) 

(Richter et al., 2010).

The defects we identified in the endochondral ossicles and their dense connective tissues 

could also contribute to hearing loss in Fgfr2 cKO mice. We found that Fgfr2 cKO leads to 

ectopic bone formation on the malleus, incus, and stapes at sites of joint articulation and 

tendon/ligament attachment. The mobility and suspension of the ossicles depends on the 

synovial joints that link them, as well as the tendons and ligaments that connect the ossicles 

to muscles and to the auditory bulla, respectively (Gerig et al., 2015; Wang et al., 2011). 

Ectopic bone formation in the synovial joints and/or bony fixation of the ossicles to the wall 

of the auditory bulla limit ossicular movement, block sound transmission, and cause 

conductive hearing loss (Bartel-Friedrich and Wulke, 2007). We showed that ectopic bone 

within the incudomalleal joint of Fgfr2 cKO mice is linked to reduced Gdf5 expression in 

the interzone and develops from aberrant differentiation of Scx+ cells into chondrocytes that 

later undergo endochondral-like ossification. This data indicates that Fgfr2 regulates 

differentiation of Scx+ joint progenitor cells, by promoting their expression of Gdf5 during 

joint specification. Since Gdf5+/Scx+ progenitor cells also give rise to the connective tissue 
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of the tendon-to-bone attachment (Dyment et al., 2015), ectopic bone on the Fgfr2 cKO 

ossicles at tendon attachment sites can also be explained by this mechanism.

FGF signaling is necessary for many aspects of auditory development (Wright and Mansour, 

2003b). Many studies have detailed extraordinarily diverse roles for FGF signaling in the 

ectoderm and mesoderm during inner ear development (Alvarez et al., 2003; Hatch et al., 
2007; Ladher et al., 2005; Urness et al., 2015; Wright and Mansour, 2003a). However, less is 

known about FGF signaling in middle ear development. Hypoplasia and delayed 

mineralization of the ossicles have been described in mouse mutants for Fgfr1 and Fgfr3 
(Brewer et al., 2015; Calvert et al., 2011; Hoch and Soriano, 2006; Pannier et al., 2009). 

These ossicular phenotypes are quite distinct from those we observe here in the Fgfr2 cKO 

mice. Furthermore, defects in the auditory bulla in Fgfr1 and Fgfr3 mutant mice have not yet 

been reported. Together these findings indicate that the developmental role for Fgfr2 in the 

middle ear skeleton is unique from that of the other Fgfrs.

The middle ear defects in human congenital disorders resulting from mutations in FGFR2 
underscore the role of the receptor in middle ear development and auditory function. 

Ossicular hypoplasia and fixation, as well as morphological abnormalities in the auditory 

bulla, cause conductive hearing loss in the FGFR2 gain-of-function disorders Apert, 

Crouzon, and Pfeiffer syndromes (Peterson-Falzone, 1981; Zhou et al., 2009) (Orvidas et al., 
1999) (Vallino-Napoli, 1996) (Desai et al., 2010). Conductive and mixed-type hearing loss 

have been reported in 50% of patients diagnosed with LADD syndrome, a genetically 

heterogenous disorder that result from loss of function mutations in FGFR2, FGFR3, and 

FGF10 (Rohmann et al., 2006; Shams et al., 2007) (Hollister et al., 1973; Thompson et al., 
2012). Clinical reports on LADD syndrome suggest there is a correlation between the 

genetic heterogeneity and hearing loss. Of the reported LADD syndrome cases with FGF10 
mutations, all patients have normal hearing (Milunsky et al., 2006) (Rohmann et al., 2006). 

This is consistent with the FGF10 loss of function disorder Aplasia of lacrimal and salivary 

glands (ALSG), which presents with normal hearing despite being closely related to LADD 

syndrome (Entesarian et al., 2007) (Entesarian et al., 2005). Mouse genetics studies also 

indicate Fgf10 is not required for middle ear development. Fgf10-mediated activation of the 

epithelial-specific isoform Fgfr2-IIIb, while critical for inner ear development, does not 

appear to have an effect on the middle ear (Alvarez et al., 2003; De Moerlooze et al., 2000; 

Ohuchi et al., 2000; Pirvola et al., 2000; Urness et al., 2015). All reported cases of LADD 

syndrome caused by FGFR2 and FGFR3 mutations, on the other hand, have some degree of 

hearing loss with FGFR3 mutations being specifically associated with sensorineural hearing 

loss (Rohmann et al., 2006) (Talebi et al., 2017). Our study suggests that FGFR2 mutations 

are largely responsible for cases of LADD syndrome with conductive hearing loss and 

indicates potential disease etiology.

METHODS

Mice

The Fgfr2flx and Wnt1-Cre2 driver alleles were previously published and obtained through 

JAX (Fgfr2flx JAX Stock No. 007569 and Wnt1-Cre2 JAX Stock No. 022137) (Lewis et al., 
2013; Yu et al., 2003). The Scx-GFP reporter allele was previously published and made 
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available by R. Schweitzer (Pryce et al., 2007). Embryonic samples were collected from 

timed mattings, while postnatal samples were staged according to the date of birth.

Micro-computed tomography (μCT)

μCT scans were performed by the USC Molecular Imaging Center using a μCT50 (Scanco 

Medical). Samples were rotated at 360° and x-ray settings were standardized to 90 kV and 

155 μA. Exposure time of 0.5 seconds per frame generated a nominal resolution of 20 μM. 

Beam-hardening artifacts were filtered with a 0.5-mm-thick aluminum filter. Amira 6.2 or 

Avizo 7.1 software packages were used for morphometric analysis. Isosurface renderings of 

equal threshold were measured using the 3D measuring tool.

Whole mount skeletal preparations

Samples were skinned, eviscerated, and fixed in three changes of 95% ethanol for 3 days. 

Samples were then incubated in Alcian Blue solution (0.15 mg/ml Alcian Blue 8GX in 80% 

ethanol and 20% glacial acetic acid) overnight and washed in 95% ethanol for 2 days. 

Specimens were cleared in a 0.5–1% KOH [w/v] solution for 1–5 days and stained in 

Alizarin red solution (0.02 mg/ml Alizarin red S, Sigma-Aldrich in 0.5–1% KOH) overnight. 

Samples were hydrolyzed in a 0.5–1% KOH [w/v] solution for an additional 1–5 days. 

Stained specimens with cleared tissue were equilibrated in glycerol for imaging.

Auditory brainstem response (ABR) test

ABR testing was conducted on P30 mice according to a previously published protocol 

(Crow et al., 2015). Mice were anesthetized by intraperitoneal injection of ketamine and 

xylazine, and body temperature was maintained using the TCAT2DF temperature controller 

and the HP-4 M heating plate (Physitemp Instruments Inc., Clifton, NJ). During anesthesia, 

mice received artificial tear ointment. Stainless-steel electrodes were inserted 

subcutaneously at the vertex of the head and the left mastoid, while a ground electrode was 

placed at the base of the tail. Test sounds were presented using an Intelligent Hearing 

Systems speaker attached to an 8-inch-long tube that was inserted into the ear canal. Both 

left and right ears were assessed. Auditory signals were presented as tones at 4, 8, 16, 24, 

and 32kHz with a 0.3-ms rise and fall time and a total interval of 1 msec., presented at a rate 

of 40 signals per second. Signals were sent to an amplifier and then a sound transducer from 

Intelligent Hearing Systems. Physiologic responses were recorded with a 20,000 analog-to-

digital rate and sent to an eight-channel 150-gain AC/DC headbox, and then onto a 

secondary SynAmps signal amplifier of 2500 gain before analysis. Low pass filter settings 

were set at 3000 Hz while the high pass filter was set to 100 Hz. Artifact rejection of signals 

was set at amplitudes exceeding 650 mV. Waveforms (3,000) were averaged at each stimulus 

intensity. Tone bursts were first presented at a high intensity to elicit a waveform and then 

the intensity was decreased by 20 dB until nearing the threshold. Intensity was further 

decreased in smaller steps of 10, 5, and 2 dB as the threshold was approached. The hearing 

threshold was determined by visual inspection of ABR waveforms and was defined as the 

intensity at which two peaks could be distinguished. Experiments were replicated at low 

intensities when the peaks were not apparent.
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Auditory canal and bulla measurements

The size of the auditory canal and bulla were measured using the analysis tools provided by 

the Amira 6.2 or Avizo 7.1 software packages. In brief, auditory canal area were taken from 

control and Wnt1-Cre; Fgfr2 flx/flx mutant mice (n=6 for each genotype) in arbitrary units 

(Au) by quantifying the pixels in the 3D rendered μCT images. Values were normalized to 

the length of the skull, averaged, and plotted on a log base 10 scale to account for 

differences in orders of magnitude. To measure the volume of the auditory bulla, the bulla 

and ossicles were segmented out of the volume and the airspace of the bulla was manually 

selected from each 20 um ortho-slice that contained the middle ear. The volume of each slice 

was added together, and Amira was used to calculate the volume in mm3 of the defined 

space (n=6). Raw values were averaged and plotted.

Statistical Analyses

All sample measurements were statistically examined by employing a one-way analysis of 

variance (ANOVA). Mean values plus or minus standard error are plotted. *p < 0.05, **p < 

0.01, ***p < 0.001 and ****p < 0.0001.

Histology

Tissues were fixed in 4% paraformaldehyde at 4oC and decalcified with BBC Biochemical 

Rapid Cal Immuno (Fisher Scientific) overnight at room temperature. Samples were 

dehydrated in increasing concentrations of ethanol (50%-100%), cleared in Citrisolv 

(Thermo Scientific), embedded in paraffin, and sectioned in the sagittal plane at 10 μM. 

Sections were differentially stained with Hall-Brunt quadruple stain (HBQ) (Hall, 1986), 

Safranin O stain, or Hematoxylin-Eosin stain.

In Situ Hybridization

Gdf5 transcripts were detected within tissue sections using in situ hybridization RNAscope 

Technology (ACD) according to the manufacturer’s instructions. Briefly, paraffin sections 

were baked at 50°C for 1 hour, deparaffinized, washed with 100% EtOH, air dried, and 

treated with RNAscope hydrogen peroxide for 10 min at RT. Sections were then rinsed with 

water, treated with antigen retrieval solution for 5 minutes in an Oster Steamer, washed 

again with water, dehydrated in 100% EtOH, and air dried. Sections were treated with 

RNAscope Protease Plus digestion at 40°C for 10 min, rinsed in water, and incubated with 

the mouse Gdf5 RNAscope probe (#407211) for 2hrs at 40°C. After rinsing with RNAscope 

wash buffer and incubation with AMP1, AMP2, and AMP3 solutions, the sections were 

treated with RNAscope Multiplex FL v2 HRP-C1 solution for 15 min at 40°C, washed, and 

incubated with TSA Cy3 fluorophore at a 1:750 dilution for 30 min at 40°C. Slides were 

then treated with RNAscope multiplex FL v2 HRP blocker solution for 15 min at RT, 

washed, mounted with DAPI, and imaged by confocal microscopy.

Immunofluorescence

Specimens at embryonic and postnatal stages were fixed in 4% paraformaldehyde for 

between 15 minutes and 3 hours, depending on the thickness of the tissue. Postnatal tissues 

were decalcified with 10% EDTA at pH 7.4 for 1–3 days at 4o C. Embryonic and postnatal 
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samples were equilibrated overnight with two changes of 30% sucrose/PBS at 4oC. These 

samples were then embedded in O.C.T. compound (EMS) and sectioned at 10 μM in the 

sagittal plane. Frozen sections were washed with PBST (0.1% Tween 20) and blocked with 

10% serum for 1 hour at room temperature, then incubated with the rabbit primary anti-BEK 

antibody (C-17) (sc-122, Santa Cruz, 1:200) and goat primary anti-GFP antibody (ab5450, 

Abcam, 1:500) overnight at 4oC. The following day, sections were washed with PBST and 

incubated with Alexa Fluor secondary antibody at a 1:500 dilution in 10% serum for 1 hour 

at room temperature. Sections were then washed with PBST and mounted with Vectashield 

containing DAPI (VWR). Images were taken on the Leica TCS SP5/8 confocal microscope 

system.
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Figure 1. 
Wnt1-Cre; Fgfr2flx/flx mice have decreased auditory function. Auditory Brainstem Response 

(ABR) testing of control and Wnt1-Cre; Fgfr2flx/flx littermates at P30 (n=6). Mean values 

plus or minus standard error are plotted. **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Figure 2. 
The auditory bulla is dysmorphic in Wnt1-Cre; Fgfr2flx/flx mice. (A, C) μCT of P30 skulls of 

control and Wnt1-Cre; Fgfr2flx/flx littermates (n=3). (B, D) Higher magnification rendering 

of tympanic bulla and middle ear ossicles (boxed regions from A and C). (E) Measurements 

of the auditory canal area from control and Wnt1-Cre; Fgfr2flx/flx littermates (n=3). Lines in 

the inset image shows the area measured. (E) Measurements of the auditory bulla volume 

from control and Wnt1-Cre; Fgfr2flx/flx littermates (n=3), as shown in the inset image. ***p 
< 0.001 and ****p < 0.0001.
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Figure 3. 
The tympanic ring and retrotympanic process are hypoplastic in Wnt1-Cre; Fgfr2flx/flx mice. 

(A, B) Sagittal surface μCT rendering of the auditory bulla in control and Wnt1-Cre; 
Fgfr2flx/flx littermates at P30 (n=3). The tympanic ring is pseudo-colored red and 

retrotympanic process is pseudo-colored blue. (C, D) Alcian blue cartilage stain of the 

developing auditory bulla in control and Wnt1-Cre; Fgfr2flx/flx littermates at P5 (n=3). The 

membrane bones of the retrotympanic process and tympanic ring are demarcated with dotted 

lines. The white arrow indicates the most dorsal tip of the tympanic ring. i, incus; m, 

malleus; rt, retrotympanic process; s, stapes; and t, tympanic ring.
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Figure 4. 
The airspace cavities in Wnt1-Cre; Fgfr2flx/flx mice are reduced in size and dysmorphic. (A, 

B) Coronal orthogonal μCT slices through the middle ear at P30 in control and Wnt1-Cre; 
Fgfr2flx/flx littermates (n=3). The cavities of the external (e) and middle ear (m) are indicated 

in the control. Asterisk denotes abnormal middle ear airspace in mutant. (C, D) Histological 

sections stained with Hematoxylin-Eosin at P13 in control and Wnt1-Cre; Fgfr2flx/flx 

littermates (n=3). In panel D, the asterisks indicate abnormalities in the ear air space, 

arrowheads show the close proximity of the malleus to the cochlea, and the arrow marks 
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mesenchymal adhesion between the tympanic membrane and malleus. c, cochlea; e, external 

ear cavity; m, middle ear cavity; and tm, tympanic membrane.
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Figure 5. 
The ossicles of Wnt1-Cre; Fgfr2flx/flx mice exhibit ectopic bone at the sites of tendon/

ligament attachment and within the incudomalleal joint. (A, B) μCT renderings of the 

internal and base surfaces of the ear ossicles at P30 in control and Wnt1-Cre; Fgfr2flx/flx 

littermates (n = 3). Alizarin red and Alcian blue staining of ossicles disarticulated from 

control and Wnt1-Cre; Fgfr2flx/flx littermates at P30 (C, D) (n = 3) and P10 (E, F) (n = 3). 

Open arrowheads indicate ectopic bone at tendon/ligament attachment sites, arrows mark the 

ectopic bone nodule within the incudomalleal joint, and arrowheads denote ectopic bone on 

the manubrium. i, incus; m, malleus; and s, stapes.
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Figure 6. 
Ectopic cartilage forms within the synovial joint between the malleus and incus in Wnt1-
Cre; Fgfr2flx/flx mice. Histological sections of the middle ear stained with HBQ at P9 (A, C) 

(n=4) and P7 (B, D) (n=4) in control and Wnt1-Cre; Fgfr2flx/flx littermates. A’-D’ are higher 

magnification images of the incudomalleal joint region demarcated by the boxes in their 

corresponding lower magnification images. Arrows indicate normal joint space and asterisks 

mark the ectopic cartilage nodule. i, incus; and m, malleus.
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Figure 7. 
Specification of incudomalleal joint is abnormal in Wnt1-Cre; Fgfr2flx/flx embryos (A, C) 

Whole mount Alcian blue staining of the cartilage anlagen for the malleus and incus at 

E16.5 in control and Wnt1-Cre; Fgfr2flx/flx embryos (n=3). (B, D) Section in situ 
hybridization of Gdf5 in the incudomalleal joint at E16.5 in control and Wnt1-Cre; 
Fgfr2flx/flx embryos (n=3). Arrow indicates the developing incudomalleal joint. In panel D, 

the asterisk indicates reduced Gdf5 expression in the joint interzone. i, incus; and m, 

malleus.
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Figure 8. 
Ectopic cartilage within incudomalleal joint of Wnt1-Cre; Fgfr2flx/flx develops from Scx+ 

cells. (A, C) Safranin O staining of the incudomalleal joint at E18.5 in control and Wnt1-
Cre; Fgfr2flx/flx embryos (n=4). (B, D) Immunofluorescent staining for Scx-GFP (green)(B, 

B”) and anti-Fgfr2 (red)(B’, B”) in the incudomalleal joint at E18.5 in control and Wnt1-
Cre; Fgfr2flx/flx embryos (n=4). In panels C, D, D’ and D”, the asterisks indicate the 

developing ectopic cartilage. i, incus; jc, joint capsule; and m, malleus.
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