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Abstract 

 

Gli3 and the Developmental Biology of the Mammalian Voice 

 

Maggie Michelle Rigney, M.A. 

The University of Texas at Austin, 2015 

 

Supervisor:  John B. Wallingford 

Vocal communication is essential to human behavior, but the developmental 

biology of the larynx is largely unexplored. Many human congenital syndromes present 

with laryngeal malformations as well as voice defects including Greig 

cephalopolysyndactyly (GCPS) patients (Sataloff et al., 1995; Papay & Arnold, 2002). 

GCPS is caused by null mutations and deletions in the Gli3 gene, a member of the 

hedgehog signaling pathway (Hui & Joyner, 1993; Johnson, 1967). Loss of Gli3 is often 

associated with catastrophic changes in neural crest-derived structures in face and skull 

(XXX). In this study, we aim to shed light on the development of the larynx, the origins 

of laryngeal tissues, and the role of Gli3 in the development of the neural crest-derived 

laryngeal components. Here we show that the thyroid cartilage and vocal ligament are 

derived from the neural crest whereas the other laryngeal cartilages and musculature are 

mesoderm-derived. We characterize molecular markers for various tissue types in the 

larynx including muscle, cartilage, neurons, and vocal ligament. We used the Gli3 null 

mouse to understand the role of Gli3 in laryngeal development and to better understand 

how congenital malformations of the larynx affect vocalizations. In Gli3xt/xt null embryos, 

we detected the increase of neural crest-derived vocal ligament tissue at the expense of 
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the thyroarytenoid muscle and the glottic opening. Finally, we detected a vocal phenotype 

consisting of changes in bandwidth and amplitude when comparing Gli3+/xt pups and their 

wild type littermates.
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INTRODUCTION 

 
The larynx, or voice box, is a complex three-dimensional structure composed of 

cartilages, intrinsic and extrinsic muscles, ligaments, and innervating neurons. As part of 

the respiratory system, the larynx is positioned in the airway at the base of the pharynx 

and above the tracheal cartilages. The larynx is a bifunctional organ that prevents 

aspiration of food and drink as well as producing sound for communication. While study 

of the neural basis of speech is a major area of interest (Takahashi et al., 2009; Vargha-

Khadem et al., 1998), the development of the larynx is an underexplored area of research 

(Thomas et al., 2009; Frazer, 1910). Existing studies describing the development of the 

larynx in mammals consist of either morphological investigations based on conventional 

H&E staining (Walander, 1955; Zaw-Tun & Burdi, 1985; Sanudo & Domenech-Mateu, 

1990), or clinical investigations of pathological morphologies (Benjamin and Inglis, 

1989; Kakodkar et al., 2012). These two most comprehensive studies to date have 

documented the basic steps of laryngeal cavity and cartilage development (Henick, 1993) 

and the development of the vocal fold epithelia (Lungova et al., 2015). A recent study 

comparing mature mouse and human vocal folds have documented similar laryngeal 

structure and muscular organization as well as similar distribution of elastic and collagen 

fibers in the vocal ligament (Watts et al., 2007; Watts et al., 2011). Proper patterning of 

these fibers is essential for effective vibration of the vocal fold during vocalization in 

humans and during ultrasonic vocalization in rodents (Watts et al., 2007; Johnson et al., 

2010).  

Roughly 6% of the United States are afflicted with voice disorders, although a 

portion of these develop from overuse, a clear segment of these develop due to unknown 

disease process or birth defects (Roy et al., 2005). Many human congenital syndromes 

have laryngeal malformations that lead to problems with respiration as well as vocal 

defects (Table 1) (Daniel, 2006; Ahmad & Soliman, 2007; Sataloff, 1995).  During 

laryngeal development, progenitor cells for epithelia, cartilage, muscle, and connective 
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tissue must perform a complex set of morphological movements to form a functional 

larynx (Henick, 1993). During morphogenesis, the signet-shaped cricoid cartilage must 

form around the airway and if formed improperly can lead to subglottic stenosis 

(narrowing of the airway) as seen in Larson’s syndrome and Fraser syndrome (Papay & 

Arnold, 2002; Hoeve et al. 1997).  Furthermore, the larynx is occluded during 

development and then the airway is reopened after the cartilages have formed; however if 

the airway is not reopened properly, it can result in glottic webbing or laryngomalacia 

resulting in difficulty breathing and raspy vocal quality (Henick, 1993; Strakowski et al., 

1988). Many other congenital syndromes present with abnormal vocal quality (i.e. high-

pitched voice, low-pitched voice, or raspy voice), but no laryngeal defects have been 

recorded or investigated (Table 1). We hypothesize that these patients have subtler 

laryngeal phenotypes that restrict normal vocal communication.  

  

Congenital 
Syndrome 

Larynx Phenotype Vocal Phenotype References 

Apert Syndrome Laryngomalacia Nasal voice, wet, 
whisper voice; Low 
pitched voice 

Shipster et al. 
2002 

Bardet-Biedl 
Syndrome 

Bifid epiglottis High pitched, breathy 
voice 

Beales et al., 
1999; Stevens & 
Ledbetter, 2005 

Bloom 
Syndrome 

Unknown High pitched voice Bloom, 1966; 
Katzenellenbogen 
et al., 1967; 
Keutel et al., 
1967  

Cri du Chat 
Syndrome 

Glottic anomalies; 
Vocal cord paralysis 

High pitched voice; 
weak meow-like cry in 
infants 

Manning, 1977; 
Niebuhr, 1971 

Cutis Laxa 
Syndrome 

Unknown Low pitched voice Beighton, 1972; 
Goltz et al., 1965 

Table 1: Human congenital syndromes with larynx malformations and vocal defects.  
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Table 1 continued. 

Congenital Syndrome Larynx Phenotype Vocal Phenotype References 
De Lange Syndrome Unknown  Low pitched voice Berg et al., 

1970; Breslau 
et al., 1981; 
Fraser et al., 
1978  

Deletion (18q) 
Syndrome 

Unknown Low pitched voice Gorlin, 1977; 
Schinzel et al., 
1975; Wilson 
et al., 1979   

Dubowitz Syndrome Unknown High pitched voice Wilheim & 
Mohes, 1986; 
Wilroy et al., 
1978 

Fraser Syndrome Laryngeal stenosis; 
Glottic webbing 

Abnormal, 
unspecific 

Papay & 
Arnold, 2002 

Greig 
Cephalopolysyndactyly 

Laryngeal hypoplasia; 
Cricoid stenosis 

Hoarse, raspy voice Brunner & 
Bokhoven, 
2005; Schulz et 
al., 2008 

Larsen’s Syndrome Subglottic stenosis; 
Laryngomalacia 

Unknown Hoeve et al 
1997; Le 
Marec et al., 
1994 

MuKusick-Kaufman 
Syndrome 

Tracheo-esophageal 
fistula 

Unknown Pul et al., 1994 

Non-Rhizomelic 
Chondrodysplasia 
Punctata 

Abnormalities in 
laryngeal cartilages 

High pitched voice Aberfeld et al., 
1965; Aberfeld 
et al., 1972; 
Mereu et al., 
1969 

Opitz Syndrome Laryngeal cleft; small 
larynx; subglottic 
narrowing 

Raspy voice; Hoarse 
voice 

Cordero et al., 
1978; 
Funderbunk & 
Stewart, 1978; 
Opitz, 1987; 
Opitz et al., 
1969; 
Schrander el 
al., 1995  
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Table 1 continued. 

Congenital Syndrome Larynx Phenotype Vocal Phenotype References 
Oral-Facial-Digital 
Syndrome VI 

Hypoplastic 
epiglottis 

Poor speech Hayes et al., 2008 

Pachyonychia 
Congenita 

Unknown Raspy voice Cohn & 
McFarland, 1976; 
Jackson & Lawler, 
1951; Laing et al., 
1966  

Pallister-Hall 
Syndrome 

Laryngeal cleft; 
Bifid epiglottis; 
Larynotracheo-
esophageal cleft 
 

Hoarse, raspy voice Johnson et al., 
2005; Ondrey et 
al., 2000; Tyler, 
1985; Thomas et 
al., 1994;  
Brunner & 
Bokhoven, 2005; 
Li et al., 2014 

Silver-Russell 
Syndrome 

Unknown  High pitched, 
squeaky voice 

Hitchins et al. 
2001 

Seckel Syndrome Laryngeal stenosis High pitched voice Miller et al., 1978; 
Shiraishi et al., 
1995 

Urbach-Wiethe 
Disease 

Thickening of 
laryngeal structures 

Raspy voice Finkelstein et al., 
1982; Hofer & 
Ohman et al. 1974; 
Koganti, 2013 

Weaver Syndrome Anteriorly 
positioned larynx 

Low pitched voice Weisswichert et 
al., 1981; 
Crawford & 
Rohan, 2005 

Werner Syndrome Unknown Raspy voice; High 
pitched voice; 
Hoarse voice; 
Squeaky voice 

Epstein et al., 
1966; Zucker-
Franklin et al., 
1968 

Williams Syndrome Loss of elastin in 
vocal cords; Vocal 
cord paralysis 

Raspy voice Beuren et al., 
1964; Jones et al., 
1975; Kivaol et al., 
1965; Vaux et al., 
2003 
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Human patients with Pallister-Hall Syndrome (PHS) and Greig 

Cephalopolysyndactyly (GCPS) have a myriad of defects including polydactyly, 

hypothalamic harmatoma, imperforate anus, and craniofacial defects stemming from 

mutations in the gene Gli3 (Johnson et al., 2005; Bose et al., 2002; Hall et al. 1980).  

Many patients have laryngeal malformations including bifid epiglottis and some report a 

growling or hoarse vocal quality (Johnson et al., 2005; Ondrey et al., 2000; Tyler, 1985).  

Gli3 is a bifunctional transcription factor downstream of the hedgehog family of 

secreted proteins. In animal development, hedgehog signaling is integral to the 

development of the overall body plan as well as many individual organs and tissues (Hui 

& Angers, 2011). In the absence of sonic hedgehog, Gli3 is processed into a repressive 

transcription factor that enters the nucleus (Wang et al., 2000). However in the presence 

of the sonic hedgehog ligand, Gli3 processing is inhibited and activating Gli3 enter the 

nucleus (Huangfu & Anderson, 2005; Liu et al. 2005; Wang et al. 2000). Although PHS 

and GCPS are allelic and on the Gli3 phenotypic continuum, GCPS is largely caused by 

translocations, large deletions, and various other mutations, whereas PHS is nearly 

limited to frameshift and nonsense mutations (Johnston et al. 2005; Biesecker, 2006). To 

study these laryngeal defects, we examined mice with the naturally-occurring Gli3 null 

allele (Gli3xt) which is due to 3’ intragenic deletion of the Gli3 gene that likely produces a 

null allele (Hui & Joyner, 1993; Johnson, 1967). This allele is semidominant and results 

in partially penetrant Gli3-related defects most similar to GCPS in humans (Hui & 

Joyner, 1993). Homozygote mutants embryos are inviable and present with phenotypes 

including but not limited to exencephaly, anopthalmia, and polydactyly (Hui & Joyner, 

1993). No laryngeal phenotype had been reported for this mouse. 

Although animal models have contributed greatly to the study of laryngeal 

biology and medical technique testing, the mouse has not been used consistently in 

laryngeal research (Thomas et al., 2009). The mouse model has a wide array of genetic 

tools and is easily manipulated to study human birth defects, development, and disease 

(Behringer et al., 2014). Both anatomical and molecular/genetic analyses of the murine 

larynx are sparse and generally inconsistent (Henick, 1993; Sanudo & Domenech-Mateu, 
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1990; Thomas et al., 2009; Watts et al., 2011). There are conflicting reports about which 

laryngeal structures, particularly the cartilages, are populated by neural crest cells and 

which are not (Mori-Akiyama et al., 2003; Matsuoka et al., 2005). Neural crest cells are 

an important population of cells in vertebrate development. They migrate out of the 

dorsal neural tube and into the branchial arches, eventually giving rise to many structures 

in the face and neck. A study of chondrocytes in cranial neural crest cells reported a loss 

of the thyroid cartilage and epiglottis, but not the arytenoid or cricoid cartilages when the 

cartilage-determining gene, Sox9, was lost only in neural crest cells (Mori-Akiyama et 

al., 2003). However, Masuoka et al. reported all laryngeal cartilages, muscle attachments 

and constrictor muscles were neural crest-derived with the tracheal cartilages 

demarcating the anterior boundary between neural crest- and mesoderm-derived 

cartilages, although no data was shown (2005).  

Mice use the larynx to produce ultrasonic vocalizations (USVs), and these cries 

provide a tractable model for mammalian vocalization (Roberts, 1975; Fischer & 

Hammschmidt, 2011; Grimsley et al., 2011; Scattoni et al., 2009). Mice use USVs to 

communicate in at least two key scenarios: (1) by isolated pups to communicate their 

distress and location to their mother and (2) by sexually mature males to facilitate contact 

with females during mating (Fischer & Hammerschmit, 2011; Holy & Guo, 2005). The 

mouse infant isolation calls and male mating calls can be recorded to match laryngeal 

phenotypes with the vocal defects they cause. Using a mouse model for GCPS, our 

research will help to fill the gap in our knowledge of the developmental biology of the 

larynx by understanding how defects in the larynx impact the voice. 
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METHODS 

 

MOUSE LINES 

 

The following mouse lines were used: Gli3xt (Johnson, 1967; Hui & Joyner, 

1993); Wnt1-cre: Tg(Wnt1-cre)11Rth (Danielian et al., 1998); Mesp1-cre: (Saga et al., 

1999); and reporter line R26RmT/mG: GT(Rosa)26Sortm4(ACTB-tdTomato-EGFP)Luo 

(Muzumdar et al., 2007). Genotyping primers described in Table 2. In all phenotypes 

depicted, at least four animals per genotype were examined. Noon on the day a vaginal 

plug was detected was designated as E0.5. All animal work was performed in accordance 

with IACUC protocols at the University of Texas at Austin. 

 

Allele  Forward Primer Sequence Reverse Primer Sequence 

Wild type Gli3 5’ggcccaaacatctaccaacacatag 
 

5’gttggctgctgcatgaagactgac 

Null Gli3  5’taccccagcaggagactcagattag 5’aaacccgtggctcaggacaag 

Wnt1-cre 5’taagaggcctataagaggcgg 5’atcagtctccactgaagc 

R26RmT/mG 5’ctctgctgcctcctggcttct 5’tcaatgggcgggggtcgtt 

Table 2: Primers for genotyping.  

 

EMBRYO COLLECTION, FIXATION, AND HISTOLOGY 

 

Mouse embryos were collected at E18.5 in cold PBS and fixed for 2-3 days in 4% 

paraformaldehyde. All embryos were sectioned horizontally at 18µm for cryosections and 

4µm for paraffin sections. R26RmT/mG cryosections were stained with DAPI (1:1000) 

and then coverslipped with Vectashield (Vector Labs). Primary antibodies used for 
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immunohistochemistry on cryosections: anti-mouse myosin (M4276, Sigma; 1:250), anti-

mouse acetylated alpha tubulin (T6793, Sigma; 1:200), anti-mouse collagen 2a 

(MAB8887, Millipore; 1:200, requires pepsin retrieval), anti-mouse desmin (D1033, 

Sigma; 1:50), anti-rabbit elastin (HPA018111, Sigma; 1:200). Secondary antibodies used 

were Alexfluor 488 and Alexafluor 555 (Life Technologies) at 1:500. Sections were 

stained with DAPI (1:1000) and then coverslipped with Vectashield (Vector Labs). All 

immunohistochemistry was performed using a standard protocol with overnight primary 

antibody incubation at 4°C, 2 hour secondary antibody incubation, and 30 minute DAPI 

incubation. Hematoxylin and eosin staining and VVG staining (HT25A, Sigma) were 

performed by Rebecca Fitch at the Dell Pediatric Research Institute Tissue Processing 

Core according to instructions.  

 

CONFOCAL MICROSCOPY AND IMAGE ANALYSIS 

 

To visualize fluorescent R26RmT/mG and immunohistochemistry samples, 

confocal z-stacks were obtained using a 20X lens on a LSM700 and Zen software (Zeiss). 

Image stacks were projected using Fiji image analysis software. Area and width of 

morphological features were determined using the freehand selection and straight line 

tools, respectively. All histological sections were imaged with a 20X lens on a Scanscope 

(Aperio, Leica) and processed via ImageScope (Aperio, Leica) and Adobe Photoshop.  

 

COLLECTION OF PUP ISOLATION CALLS AND AUDIO ANALYSIS 

 

Male Gli3+/xt mice were mated with Swiss Webster females (Charles River 

Laboratories). When the pups were 5 days post-natal they were separated from the 

mother and isolated on bedding in a recording chamber. Ultrasonic vocalizations emitted 

by pups were recorded using UltraSoundGate system (Avisoft) and sound-recording 
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software RECORDER (Avisoft) with the microphone suspended 5cm from the pup. The 

first analysis consisted of 3 litters of P5 Gli3+/xt and wild type littermates each recorded 

for 60-90 seconds. In the first analysis, pup isolation call syllables were identified with 

SASLabPro (version 5.2, Avisoft Bioacoustics) and syllable classification was 

determined using the mouse syllable classification calculator (Grimsley et al., 2012). 

Spectrograms were computed for each individual pup (Hamming window, FFT length = 

1024, frame size = 100%, overlap = 98.43%). The start and end time stamps of the 

individual syllables with in the isolation calls of mice were detected using the single line 

threshold of -35dB within the automated parameter measurements of SASLab with a 

20ms hold time to allow for short periods of low intensity within a syllable. The 

computed markers were checked visually and any markers surrounding acoustic signals 

relating to movement noise were removed. The frequency contour of each syllable was 

extracted using automated parameter measurements in which the dominant frequency of 

labeled syllables was automatically computed at nine evenly spaced time points. These 

data, along with the syllable start time, end time, duration, bandwidth, mean peak 

frequency, mean dominant frequency, entropy, and harmonic-to-noise ratio were 

collected. The nine-point frequency contour was used to determine the number of 

discontinuous frequency steps that occurred within a syllable using the mouse syllable 

classification calculator (Grimsley et al., 2012). The threshold for frequency step was 

determined to be 16kHz and the threshold for high versus low syllables was determined 

to be 68kHz for our population. The second analysis consisted of 3 litters of P5 Gli3+/xt 

and wild type litter mates each recorded for 10 minutes using the same recording setup as 

above. The syllables were processed and analyzed by Roian Egnor, Janelia Farms.   
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RESULTS 

 

GENERAL ANATOMY OF THE EMBRYONIC MOUSE LARYNX 

 
The larynx is a complex 3D structure composed of multiple tissues types and to 

orient ourselves to the 18.5 day old embryonic mouse larynx, we began our study by 

assessing the anatomy histologically. The structure of the mouse larynx at E18.5 and in 

the adult mouse is generally the same (Figure 3A’, 3C). The mouse larynx sits in the 

throat rostral to the trachea, ventral to the esophagus, and caudal to the oral pharynx 

(Figure 1A, 2). The epiglottis is the most rostral aspect of the larynx projecting obliquely 

over the airway and is engaged to prevent ingested food entering the trachea (not shown). 

At the base of the epiglottis in the mouse is the small U-shaped alar cartilage and the 

glottis widens creating the vocal pouch (Figure 1, data not shown). The largest laryngeal 

cartilage is the U-shaped thyroid cartilage (Figure 1, 2, 3). The thyroid cartilage is 

composed of two large lamina that meet at the ventral midline and enclose the interior 

musculature ventrally and laterally (Figure 1A, 3A’, 3C). The thyroid cartilage articulates 

caudally with the signet-shaped cricoid cartilage, the only laryngeal cartilage to 

completely encircle the airway (Figure 1A, 2, 3A’, 3C). The cricoid has a broad dorsal 

lamina that articulates dorsorostrally with the paired pyramid-shaped arytenoid cartilages 

(Figure 1A, 1C, 2B).  

The various structures of the larynx change size and shape rostro-caudally. The 

arytenoids are prominent in the rostral portion of the larynx with the rostral most aspect 

of the cricoid lamina between them (Figure 1B, 1C, 2B). However, in more caudal 

sections, the arytenoids disappear as the main body of the cricoid cartilage takes shape 

(Figure 1D). In the human larynx, paired corniculate and cuneiform cartilages articulate 

anteriorly with the arytenoid cartilages; however these cartilages have not been 

appreciated in the mouse larynx (Figure 1, 2; Henick, 1993; Thomas et al., 2009). The 
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vocal folds are located in the laryngeal interior attaching ventro-rostrally to the thyroid 

cartilage and dorso-caudally to the arytenoid cartilages (Figure 1A, 1B, 1C, 2A, 2B). The 

vocal folds are composed of a squamous epithelium lining the interior of the vocal tract 

as well as bilaterally paired vocal ligaments, medial thyroarytenoid muscle, and lateral 

thyroarytenoid muscle (Watts et al., 2011; Gray, 2000). The vocal ligament can be 

distinguished from the striated muscle fibers of the thyroarytenoid muscle by its regions 

of high nuclear density connected by regions of loose connective tissue along the medial 

aspect of the vocal fold (Figure 1B, 1C, 2; Fayoux et al., 2004; Watts et al., 2011). 

During human vocalization, adduction of arytenoid cartilages brings the vocal folds 

together to occlude the glottis, the opening between the vocal folds. As air pressure builds 

up beneath the vocal folds, the vocal folds are pushed apart in an oscillating manner 

creating sound (Ahmad & Soliman, 2007; Daniel, 2006). Mouse vocalizations are 

ultrasonic and the precise mechanism of sound is unknown although it is thought to 

involve the ventral pouch (Fischer & Hammerschmitt, 2011; Holy & Guo, 2005; Riede, 

2011). 
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Figure 1.  
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Figure 1: General structure and anatomy of the embryonic mouse larynx. (A) 
Schematic of general position of the larynx in the adult mouse throat below 
the opening of the throat or pharynx and above the tracheal rings in the 
airway. Larger ventral view of the mouse larynx is dominated by the large 
thyroid cartilage (TC) and the signet-shape cricoid cartilage (CC). Dashed 
lines designate the approximate position of horizontal sections within the 
larynx. A look inside the mouse larynx with the ventral face of the larynx 
tilted forward and the rostral region of the larynx removed allowing a view 
of the internal larynx components: paired arytenoid cartilages (AC), vocal 
ligament (VL) and the medial and lateral thyroarytenoid muscles (MT and 
LT, respectively). (B-D) Horizontal hematoxylin and eosin stained sections 
of embryonic mouse larynx at E18.5 oriented with ventral down and moving 
from rostral to caudal through the larynx. Macula flava are indicated by 
black arrows. Schematics to the right show laryngeal structures present in 
horizontal section. Scale bar = 500µm. Wild type embryos: n=6. Other 
abbreviations: esophagus (E), glottis or glottic opening (G), and trachea 
(Tr).  
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Figure 2.  
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Figure 2: Sagittal sections of the embryonic mouse larynx. (A-C) Sagittal sections 
through E18.5 embryonic mouse larynx from lateral sections to medial 
section at the midline of the larynx. (A) Most lateral section showing the 
lamina of the thyroid cartilage, lateral thyroarytenoid muscle and a small 
region of the vocal ligament. (B) Reveals a cross section through nearly all 
components of the bilaterally symmetric larynx including the signet-shaped 
cricoid cartilage, both medial and lateral muscles of the thyroarytenoid 
muscle forming the vocal fold. (C) Midline section through the larynx 
lacking vocal fold components except the most ventral region of the vocal 
ligament and showing the esophagus located dorsal to the larynx. Wild type 
embryos: n=3. Abbreviations: arytenoid cartilages (AC), and cricoid 
cartilage (CC), esophagus (E), glottis (G), lateral thyroarytenoid muscle 
(LT), medial thyroarytenoid muscle (MT), pharynx (P), thyroid cartilage 
(TC), trachea (Tr), and vocal ligament (VL). 
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Figure 3. 
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Figure 3: Whole mount alcian blue staining of laryngeal cartilages. (A) Alizarin red 
(bone) and alcian blue (cartilage) staining of E18.5 wild type embryo. (A’) 
Dissection of alizarin red and alcian blue stained larynx including hyoid 
bone from Gli3+/+ embryo shown in a ventral view and caudal view. Wild 
type embryos: n=9. (B) Alizarin red and alcian blue staining of E18.5 
Gli3xt/xt embryo. (B’) Dissection of alizarin red and alcian blue stained 
Gli3xt/xt larynx including the hyoid bone shown in a ventral view and caudal 
view. Gli3xt/xt embryos: n=93 Skeletal preps are different shades of blue 
because they we processed with different batches of alcian blue. (C) Alcian 
blue stained larynx from a wild type adult female shown in a ventral view 
and caudal view. Wild type adults: n=2.  
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THE NEURAL CREST-DERIVED COMPONENTS OF THE LARYNX INCLUDE THE THYROID 

CARTILAGE, VOCAL LIGAMENT, AND CONNECTIVE TISSUE 

 

There are conflicting accounts about which structures in the larynx are neural 

crest-derived, particularly the origin of the cricoid and arytenoid cartilages (Matsuoka et 

al., 2005; Mori-Akiyama et al., 2003). We asked which components of the larynx are 

neural crest derived using Wnt1-cre, a neural crest-specific cre line, to drive GFP 

expression in neural crest derived tissues. We found, in contrast to Matsuoka et al.’s 

findings, that the thyroid cartilage, the alar cartilage, and the epiglottis are neural crest-

derived (Figure 4, data not shown). In addition, we are the first to report that the vocal 

ligament is neural crest-derived (Figure 4). The vocal ligament is critical to sound 

production and connects the thyroid cartilage rostroventrally to the arytenoid cartilages 

caudodorsally along the medial edge of the thyroarytenoid cartilage. Furthermore, the 

innervating neurons and the connective tissue of the larynx is neural crest-derived  

(Figure 4). In order to determine the tissue origin of the remaining laryngeal components, 

we used a Mesp1-cre line, a mesoderm-specific driver, to drive GFP expression in 

mesoderm-derived tissues. The arytenoid cartilages, cricoid cartilage, and laryngeal 

musculature are mesoderm-derived (Figure 5).  
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Figure 4: Neural crest-derived components of the larynx include the thyroid cartilage, 
vocal ligament, neurons, and connective tissue. Wnt1-cre driven GFP 
(green) marks neural crest contributions. (A-C) Horizontal sections from 
rostral to caudal showing E18.5 larynx with neural crest-derived tissues 
labeled in green including the neurons and connective tissue. (A’-C’) 
Horizontal sections of the larynx with non-neural crest-derived tissues 
labeled in tomato. (A’’-C’’) Merged horizontal sections. (A’’’-C’’’) 
Schematic of specific neural crest-derived laryngeal tissues: thyroid 
cartilage (TC) and vocal ligament (VL). Scale bar = 250µm. Wild type 
embryos: n=7. Other abbreviations: glottis (G). 
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Figure 5: The cricoid cartilage, arytenoid cartilages, and the laryngeal musculature are 
mesoderm-derived. Mesp1-cre driven GFP (green) marks mesoderm 
contributions. (A-C) Horizontal sections from rostral to caudal showing 
E18.5 larynx with mesodermal tissues marked in green including the 
extrinsic and intrinsic laryngeal musculature. (A’-C’) Horizontal sections of 
the larynx with non-mesoderm-derived tissues labeled in tomato. (A’’-C’’) 
Merged horizontal sections. (A’’’-C’’’) Schematic of specific mesoderm-
derived laryngeal tissues: medial thyroarytenoid muscle (MT), lateral 
thyroarytenoid muscle (LT), arytenoid cartilages (AC), and cricoid cartilage 
(CC). Scale bar = 500µm. Wild type embryos: n=3. Other abbreviations: 
glottis (G). 
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MOLECULAR TISSUE MARKERS IN THE EMBRYONIC MOUSE LARYNX 

 

As we were the first to report the vocal ligament’s tissue origin, we wanted to 

confirm the identity of the region we believe to be the vocal ligament in the developing 

mouse embryo. As the majority of laryngeal histology has been performed in adult mice 

and no unique molecular markers have been attributed to ligaments, we endeavored to 

use molecular markers identify the other structures of the larynx. The laryngeal cartilages 

and musculature are readily identified through molecular markers. We labeled sections of 

E18.5 mouse larynx with collagen 2a, myosin II, and acetylated α-tubulin antibodies to 

confirm the tissue types present in the larynx. Collagen 2a, a cartilage marker, labels all 

cartilaginous structures of the larynx – the thyroid cartilage, arytenoid cartilages, and 

cricoid cartilage (Figure 6A). Myosin II is a skeletal muscle marker and labels all the 

intrinsic and extrinsic muscles of the larynx including the medial and lateral 

thyroarytenoid muscles (Figure 6B). The thyroarytenoid muscle is also labeled by desmin 

(Figure 7). Desmin is an intermediate filament usually found near the Z line of 

sarcomeres in mature skeletal muscles, but is known to be involved in myonuclear 

spacing during myotube development (Chapman et al., 2014). Desmin is localized to the 

myonuclei in the E18.5 thyroarynetoid muscle suggesting the muscle is still developing 

and the nuclei are being spaced (Figure 7). Acetylated α-tubulin marks stable 

microtubules including those found in the axons of neurons innervating the larynx 

(Figure 6C). As there are no known distinguishing molecular markers for ligaments, these 

markers allow us to identify the muscle, cartilage, and neurons of the larynx and identify 

the vocal ligament by deficit.  

The vocal ligament is of a dense layer of connective tissue composed of elastin 

for elasticity and collagen for strength and structure (Gray, 2000; Fayoux et al., 2004; 

Watts et al., 2011). We initially endeavored to label the elastic fibers of the vocal 

ligament with elastin antibody; however the signal was very weak and only visible in 

sagittal sections (Figure 8). We followed up this result with a Verhoeff-van Gieson 
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(VVG) elastic stain that stains elastin fibers black to confirm the region we identified as 

the vocal ligament (Watts et al., 2011). Key components of the vocal ligament are the 

bilateral macula flava. These regions of high nuclear density are composed of fibroblasts 

that produce the collagen and elastin of the vocal ligament (Fayoux et al., 2004). In wild 

type mouse E18.5 mouse embryos, we found it difficult to verify the presence of well 

developed elastin fibers in the vocal ligament although the macula flava are present 

(Figure 9A, A’). We performed a VVG stain on adult female mouse larynges and verified 

the presence of elastin throughout the adult vocal ligament and in the macula flava 

(Figure 9B, B’). We observed the macula flava to have less nuclear density than the 

embryonic larynx with nuclei concentrated medially and ventrally near the greatest 

density of elastin fibers (Figure 9B, B’). It is likely that at E18.5 the fibroblasts of the 

macula flava have not yet begun to produce elastin and therefore the vocal ligament 

structure hasn’t fully matured. This is highly likely as the labeling of myonuclei with 

desmin show the muscles have not fully matured (Figure 7) and the mouse larynx is 

known to continue to develop past birth in mice continuing to change through early 

sexual maturity (Fischer & Hammershcmidt, 2011).  

 



 23 

 

Figure 6: Molecular markers of laryngeal tissues in embryonic larynges. (A-A’) 
Horizontal section of E18.5 larynges showing cartilages labeled with 
collagen 2a and nuclei labeled with DAPI. Wild type embryos: n=2. (A’’) 
Schematic showing the cartilages of the larynx labeled by collagen 2a: 
thyroid cartilage (TC), arytenoid cartilages (AC), and cricoid cartilage (CC). 
(B-B’) Horizontal section showing intrinsic and extrinsic laryngeal muscles 
labeled with myosin II and nuclei labeled with DAPI. Wild type embryos: 
n=8. (B’’) Schematic showing the muscles of the larynx labeled by myosin 
II including both the medial (MT) and lateral thyroarytenoid muscles (LT). 
(C-C’) Horizontal section showing acetylated α-tubulin labeled neurons in 
the larynx and nuclei labeled with DAPI. Wild type embryos: n=1. (C’’) 
Schematic showing the neurons that innervate the thyroarytenoid muscles of 
larynx shown as yellow stars. In each schematic all unlabeled structures are 
grey. Scale bar = 500µm. Other abbreviations: glottis (G).  
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Figure 7: Desmin labels the thyroarytenoid muscle. (A) Schematic of the larynx 
showing the region of the thyroarytenoid muscle where (A’) originates. (A’) 
Striated thyroarynetoid muscle from E18.5 embryo labeled with the 
intermediate filament desmin and phalloidin. Desmin localizes to the nuclei 
of the developing myofibers. Scale bar = 50µm. Wild type embryos: n=1. 
Abbreviations: arytenoid cartilages (AC), and cricoid cartilage (CC), glottis 
(G), lateral thyroarytenoid muscle (LT), medial thyroarytenoid muscle 
(MT), thyroid cartilage (TC), and vocal ligament (VL).  
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Figure 8: Elastin labels the vocal ligament. (A) Sagittal section of E18.5 embryonic 
larynx with nuclei labeled. (B) Schematic describing the structures present 
in the sagittal section with black box indicating the region of the zoom. (C) 
Zoom of caudal region of thyroid cartilage with vocal ligament labeled by 
elastin attaching to the dorsal surface of the thyroid cartilage and following 
the rostral edge of the medial thyroarytenoid muscle back towards the 
arytenoid cartilage. Scale bar = 100µm. Wild type embryos: n=1. 
Abbreviations: arytenoid cartilages (AC), and cricoid cartilage (CC), glottis 
(G), medial thyroarytenoid muscle (MT), thyroid cartilage (TC), trachea 
(Tr), and vocal ligament (VL). 
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Figure 9: Elastin in embryonic E18.5 and adult vocal ligaments. (A) Horizontal VVG 
elastin stained sections of E18.5 mouse embryo. (A’) Zoom shows densely 
packed nuclei present in the macula flava of the vocal ligament with no 
black elastin fibers visible. Wild type embryos: n=2. (B) Horizontal VVG 
elastin stained sections of 8 week old adult female mouse. Wild type adults: 
n=6. (B’) Zoom shows less dense packing of nuclei in the macula flava of 
the vocal ligament compared to (A’) and the presence of black elastin fibers 
in the ventral and medial edges of the macula flava. Black arrows indicate 
macula flava and black dashed box indicates zoom region. 
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LOSS OF GLI3 RESULTS IN EXPANSION OF NEURAL CREST-DERIVED VOCAL LIGAMENT 

 

Once we established a fate map and identified the tissue types present in the 

larynx, we used these tools to interrogate the specific role of Gli3 in the formation of the 

mouse larynx. Alcian blue skeletal preps of Gli3xt/xt larynges revealed normal laryngeal 

cartilages although slightly smaller than wild type laryngeal skeletal preps (Figure 3A’, 

3B’). In order to observe phenotypes in the vocal ligament and muscle, we used the 

neural crest-specific cre line to drive GFP expression in a Gli3 null background. The loss 

of Gli3 results in a stepwise expansion of the neural crest-derived vocal ligament at the 

expense of the thyroarytenoid muscle and the glottic opening (Figure 10A, B, C). To 

quantify this expansion, we measured the area of the vocal ligament and found the Gli3+/xt 

vocal ligaments (Kruskal Wallis: p<0.05) and the Gli3xt/xt vocal ligaments were 

significantly larger than wild type mice (Kruskal-Wallis: p<0.0001) (Figure 10D). 

Through ratio metric analysis of total thyroarytenoid muscle area to total vocal ligament 

area, we determined that this ratio is significantly smaller in Gli3xt/xt embryos compared to 

Gli3+/xt (Kruskal-Wallis: p<0.01) and wild type embryos (Kruskal-Wallis: p<0.0001) 

(Figure 10E). To ensure that these changes were not due to changes in the size of the 

larynx, we measured total laryngeal area and found that Gli3xt/xt larynges are significantly 

smaller than wild type and Gli3+/xt larynges (One-Way ANOVA: p<0.0001) (Figure 10H). 

Therefore, as the size of the larynx decreases with loss of Gli3, the region of the larynx 

consumed by the expansion of neural crest tissue is increased. 

The expansion of the neural crest-derived is most predominant at the ventral 

midline of the larynx (Figure 10A’, B’, C’). In wild type embryos, the region between the 

epithelial lining and the interior ventral face of the thyroid cartilage is populated by a thin 

layer of neural crest-derived connective tissue of consistent width that we termed the 

thyroglottal connective tissue. When we measured the width of the thyroglottal 

connective tissue in Gli3xt/xt embryos it was significantly wider compared to Gli3+/xt and 

wild type larynges (Kruskal-Wallis: p<0.0001) (Figure 10F). The width of the 

thyroglottal connective tissue was not significantly different between wild type and 
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Gli3+/xt larynges. The expansion of the thyroglottal connective tissue is also significantly 

decreased the size of the glottal opening in Gli3xt/xt larynges compared to Gli3+/xt and wild 

type (Kruskal-Wallis: p<0.0001) (Figure 10G). Not only did this neural crest expansion 

decrease the size of the glottis, it caused a buckling of the vocal fold (Figure 10A’, B’, 

C’).  

In order to better understand how the neural crest-derived vocal ligament is 

expanded in Gli3xt/xt larynges, we observed the neural crest streams in the second 

branchial arch at E8.5 (Figure 11). The neural crest stream in the second branchial arch at 

E8.5 appears to be wider in the Gli+/xt embryo than in the wild type embryo (Figure 

11A’’, 11B’’). Furthermore, the space between the first and second branchial arches 

appears to be wider in the Gli3+/xt embryo as well (Figure 11A’’, 11B’’). This experiment 

had an extremely small sample size with only 1 individual in each category and no 

Gli3xt/xt embryos available for analysis. This result is similar to neural crest expansion 

seen in Fuz-/- embryos with the end result being an expansion of neural crest-derived 

tissue in the maxilla causing a high arched palate (Tabler et al. 2013). Fuzzy (Fuz) 

protein is a key regulator of ciliogenesis, which plays a key role in hedgehog signaling 

(Brooks & Wallingford, 2012; Gray et al., 2009; Park et al., 2006). We observed the 

larynx in Fuz-/- E18.5 embryos and found a small disorganized region of muscle and 

cartilage (Figure 12). We were unable to distinguish which of the cartilage pieces were 

the equivalents of the thyroid cartilage, arytenoid cartilages, or the cricoid cartilage. 

Futhermore, the glottis was completely occluded and the esophagus opening was small 

and misshapen as well (Figure 12).   
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Figure 10. 



 30 

Figure 10: Loss of Gli3 results in expansion of neural crest-derived vocal ligament. 
Wnt1-cre driven GFP (green) marks neural crest contributions. (A-C) 
Horizontal sections of E18.5 larynges from wild type, Gli3+/xt, and Gli3xt/xt 

with neural crest-derived tissues labeled in green. Loss of functional copies 
Gli3 results in a stepwise expansion of neural crest-derived vocal ligament 
(VL) and thyroglottal connective tissue. (A’-C’) Merge of neural crest-
derived tissues (GFP) and tissue of other origin (tomato) with zoom region 
marked by dashed line. (A’’-C’’) Zoom of glottis (G) and vocal ligament 
with thyroglottal connective tissue width marked by yellow line. Scale bar = 
250µm. (A’’’-C’’’) Schematics of sections identifying neural crest-derived 
tissue highlighting the expansion of the neural crest-derived vocal ligament 
(VL, dark blue). Other abbreviations: thyroid cartilage (TC). (D-J) Each 
point on graphs is a measurement from a single horizontal section with lines 
representing the median and quartiles. Graphs compare larynges from E18.5 
embryos.  Gli3+/+: n=7, Gli3+/xt: n=8; Gli3xt/xt: n=5. (D) Kruskal-Wallis: 
p<0.0001. (E) Kruskal-Wallis: p<0.0001. (F) Kruskal-Wallis: p<0.0001. (G) 
Kruskal-Wallis: p<0.0001. (H) One-way ANOVA: p<0.0001. (I) Kruskal-
Wallis: p<0.0001. (J) One-way ANOVA: p<0.0001. Significance: * p<0.05; 
** p<0.01; *** p<0.001; **** p<0.0001. 
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Figure 11: Neural crest stream in second branchial arch may be wider at E8.5 in Gli3+/xt 

embryo than wild type embryo. (A) E8.5 wild type embryo (9 somites). (A’, 
A’’) Neural crest stream in second branchial arch with yellow line 
designating the distance between the first and second branchial arched and 
the blue line designating the width the neural crest stream in the second 
branchial arch. Wild type embryos: n=1. (B) E8.5 Gli3+/xt embryo (9 
somites). (B’, B’’) Neural crest stream in second branchial arch of Gli3+/xt 
embryo with yellow line designating the distance between the first and 
second branchial arched and the blue line designating the width the neural 
crest stream in the second branchial arch. Wild type embryos: n=1. Scale bar 
= 100µm. 
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Figure 12: Fuz-/- larynx shows disorganization of muscle and cartilage components at 
E18.5. (A) Hematoxylin and eosin stained horizontal section through Fuz+/- 
shows no laryngeal phenotype at E18.5. Fuz+/- embryos: n=1. (B) 
Hematoxylin and eosin stained horizontal section through Fuz-/- laryngeal 
region shows disorganized muscle and cartilage components and a 
completely obscured glottis. Fuz-/- embryos: n=2. Scale bar = 500µm. 
Abbreviations: arytenoid cartilages (AC), cricoid cartilage (CC), glottis (G), 
medial thyroarytenoid muscle (MT), lateral thyroarytenoid muscle (LT), and 
thyroid cartilage (TC). 
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GLI3+/XT PUPS ARE SIGNIFICANTLY QUIETER THAN WILD TYPE LITTERMATES 

 

As this increase in neural crest-derived tissue could potentially affect resonance 

and vocal quality, we wanted to investigate whether the Gli3 null mouse exhibited a 

vocal phenotype. When pups are separated from their mothers they produce ultrasonic 

infant isolation calls to alert their mother to their location and distress (Fischer & 

Hammerschmidt, 2011). Since Gli3xt/xt embryos are inviable, we recorded the ultrasonic 

calls of five day old (P5) Gli3+/xt pups and their wild type littermates. We recorded pups 

from three litters born from a Gli3+/xt female mated with a Gli3+/xt male. Each pup would 

be isolated from both mother and littermates in a recording chamber and recorded for 2 

minutes. Each litter contained 10-12 pups each with 7 to 9 Gli3+/xt pups and 3 to 4 wild 

type pups. Many of the syllables were discarded from the analysis because they were 

“clipped”, meaning the calls were too loud for the recording system to fully capture 

resulting in distorted data. This greatly reduced the number of syllables present for 

analysis. Using SASLab Pro software and Grimsley et al.’s syllable classification 

calculator (2012), we classified the pup isolation calls into four syllable types: low 

frequency, 1 frequency step, high frequency, and multiple frequency steps. The 

percentage of calls each pup emitted of each syllable type was not significantly different 

between wild type pups and Gli3+/xt pups (Figure 13A-D). For each syllable we measured 

syllable duration, bandwidth, mean peak frequency, mean dominant frequency, entropy, 

harmonic-to-noise ratio, and Q10 values. Out of all variables measured, only bandwidth 

showed a significant difference in the low frequency syllables (Mann-Whitney: 

p=0.0344) (Figure 13E) and the 1 frequency step (1FS) syllables (Mann-Whitney: 

p=0.0454) (Figure 13F). Bandwidth is the difference between the highest and lowest 

frequencies present in a call where frequency refers to the speed of vibration determining 

the pitch of the call. There were no significant differences in bandwidth in the high 

syllables (Unpaired T-Test: p=0.2934) (Figure 13G) or multiple frequency step (MFS) 

syllables (Mann-Whitney: p=0.1907) (Figure 13H). Furthermore, in a standard least 

squares fit model analysis, litter effects explained the majority of the variability in the 
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dataset as Litter A and Litter C were significantly different from Litter B in most 

parameters measured (p<0.0001).  

This litter effect coupled with the “clipping” described above greatly reduced our 

confidence in this dataset and we decided to repeat the experiment. In the second 

recording experiment, we employed methods to reduce clipping and recorded pups for 10 

minutes instead of 2 minutes to increase our syllable sample size per individual and per 

genotype. Our preliminary data from this experiment shows differences in call amplitude 

(volume or loudness) is the major effect separating calls of Gli3+/xt pups and their wild 

type littermates (Figure 13I). Furthermore, amplitude differences produce differences in 

call duration even if articulation is the same. This can be observed in a frequency 

contours plot, where frequency is plotted as a function of time, showing the quieter wild 

type pups with longer call durations and the louder Gli3+/xt pups with shorter call 

durations (Figure 13J). Although this is promising, distance from microphone and angle 

of the mouth to the microphone changes amplitude dramatically. At the beginning of each 

recording session, the pup would be placed in the same spot underneath the microphone 

with its mouth at the same angle; however some pups were more mobile than others and 

would crawl or roll around during recording. No video was collected during recording, 

but the pups final location and orientation at the end of the recording session were noted. 

As the E18.5 Gli3+/xt embryos showed a decrease in thyroarytenoid muscle area, 

we wanted to know if this change persisted in P5 larynges. We collected the larynges of 

the Litter B of P5 pups from our first round of isolation call recordings, sectioned them 

horizontally and labeled them with myosin II and DAPI to visualize the muscles and 

cartilage (Figure 14A, 14B). Unfortunately, none of the parameters that we were able to 

quantify (thyroarytenoid muscle area, thyroglottal connective tissue width, or glottic area) 

were significantly different between the Gli3+/xt pups and their wild type littermates 

(Figure 14C-G). These results are likely not representative of all three litters from the 

first round of recordings because Litter B calls were significantly different from Litters A 

and C regardless of genotype. Furthermore, sectioning errors resulting in collection of 

fewer than normal sections of each larynx.  
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Figure 13. 



 36 

Figure 13: Gli3+/xt pups are significantly quieter than wild type littermates. (A-D) 
Graphs show percent of total calls that each individual made of each call 
type. Each dot represents a single pup with lines representing the median 
and upper and lower quartiles. (A) Unpaired T-Test: p=0.2325. (B) 
Unpaired T-Test: p=0.4111. (C) Mann-Whitney: p=0.3402. (D) Mann-
Whitney: p=0.1937. (E-H) Each point on graphs represents the mean 
bandwidth of vocalizations in a particular syllable type for an individual pup 
with lines representing the median and upper and lower quartiles. (E) Mann-
Whitney: p=0.0344. (F) Mann-Whitney: p=0.0454. (G) Unpaired T-Test: 
p=0.2934. (H) Mann-Whitney: p=0.1907. Gli3+/+: n=10, Gli3+/xt: n=23. 
Significance: * p<0.05. (I) Plot of amplitudes from ~1000 Gli3+/+ (red) and 
~1000 Gli3+/xt (blue) vocalizations from a litter of P5 pups: Gli3+/+: n=3, 
Gli3+/xt: n=4. (J) Frequency of the same ~1000 Gli3+/+ (red) and ~1000 
Gli3+/xt (blue) vocalizations plotted as a function of time showing shorter call 
durations in Gli3+/xt pups. Panels I and J generated by Roian Egnor, Janelia 
Farms. 
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Figure 14. 
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Figure 14: Myosin immunostaining in pup laryngeal tissue reveals no significant 
differences between Gli3+/xt and wild type littermates. (A-B) Horizontal 
sections of P5 larynges from wild type and Gli3+/xt with myosin II labeled in 
green. (A’-B’) Merge of myosin II labeled tissues and nuclei (magenta). 
Scale bar = 500µm. (A’’-B’’) Schematics of sections identifying muscle and 
cartilage present in horizontal sections of P5 larynges. Abbreviations: 
arytenoid cartilages (AC), glottis (G), medial thyroarytenoid muscle (MT), 
lateral thyroarytenoid muscle (LT), and thyroid cartilage (TC). (C-G) Each 
point on graphs is a measurement from a single horizontal section with lines 
representing the median and quartiles. Kruskal-Wallis: (C) p=0.1521, (D) 
p=0.1699, (E) p=0.3250, (F) p=0.2126, (G) p=0.1871. Graphs compare 
larynges from 5 day old pups. Gli3+/+: n=3, Gli3+/xt: n=7.  
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DISCUSSION 

 

In this study, we aim to shed light on the development of the larynx, origins of the 

tissue, and relate human voice defects to those in mice. We definitively show that the 

thyroid cartilage and vocal ligament are derived from the neural crest whereas the other 

laryngeal cartilages and musculature are mesoderm-derived. In Gli3xt/xt null embryos, we 

quantified the increase of neural crest-derived vocal ligament tissue at the expense of the 

thyroarytenoid muscle and the glottic opening. Finally, we detected a vocal phenotype 

consisting of changes in bandwidth and amplitude when comparing Gli3+/xt pups and their 

wild type littermates.  

The mechanism through which excess neural crest populates the vocal ligament is 

unknown. Primary cilia of cranial neural crest is known to be important for forming 

midline structures in the face through coordination of hedgehog signaling (Bruggman et 

al., 2010) and FGF signaling (Tabler et al., 2013). At E10.5, Gli3 represses Fgf8 

expression independently of sonic hedgehog signaling in the first branchial arch and loss 

of Gli3 results in an expansion in Fgf8 expressing domains (Aoto et al., 2002). Loss of 

Fuz, a protein involved in ciliagenesis, in mouse embryos also results in expansion of 

Fgf8 expressing domains and subsequently an excess neural crest populating the first 

branchial arch (Tabler et al., 2013). Although it is unknown which branchial arch 

contributes to the tissues of the mouse larynx, laryngeal precursors at the level of the 4th 

branchial arch at E9.5 (Henick, 1993; Allie et al., 2013). Potentially, loss of Gli3 in the 

4th branchial arch causes Fgf8 hyperactivity and thus an increase in neural crest.  

Defective ciliary function is associated with laryngeal malformations and vocal 

defects. Planar cell polarity (PCP) proteins are mutated in a class of human diseases that 

also affect laryngeal and palatal formations and lead to persistent voice defects. 

Intriguingly, ciliopathy patients frequently present with voice defects: breathy, high-

pitched voices in Bardet-Biedl and Oral-Facial-Digital syndromes; hoarse voice in 
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Joubert Syndrome (Beales et al 1999; Garstecki et al 1972; Maria et al 1999; Rimoin et al 

1967). The etiology of these defects is unknown, but gross laryngeal defects such as bifid 

epiglottis and laryngeal clefting are also common features of ciliopathies (Stevens et al 

2005; Carron 2006; Papay and Arnold 2002) though likely underreported, as they are 

often undetected unless life-threatening. A systematic characterization of the laryngeal 

morphology of ciliopathy mouse models would increase our understanding of the 

connection between laryngeal morphology and vocal quality. 

Although both Gli3+/xt and Gli3xt/xt embryos both show significantly larger vocal 

ligaments than wild type embryos, there is still a high degree of variability between 

individuals within genotypes. This high degree of variability is also prevalent in our pup 

isolation call datasets. Furthermore, GCPS and PH patient populations show a wide 

spectrum of defects ranging in severity with loss of one or both Gli3 alleles 

(Radhakrishna et al 1999; Demunger et al., 2015; Debeer et al., 2003; Johnston et al., 

2005). This high variability is likely due to pleiotropy as Gli3 operates on several levels 

throughout development (Biesecker, 2006). In order to extract clearer results from our 

vocalization dataset, we could quantify vocal phenotype for each pup and correlate it with 

the severity of the vocal ligament phenotype.  

During human vocalization, the arytenoids will adduct the vocal ligaments 

together over the trachea. Then air pressure builds up beneath the vocal folds and causes 

vibration. If there is excess tissue or the ligaments do not come perfectly together, that 

the larynx will not vibrate properly, thus changing the quality of the voice. Although the 

mechanism of production of ultrasonic calls in mice is not well understood, it is highly 

likely that an excess of tissue in vocal ligament causing a decrease in the size of the 

glottic opening as well as the intrinsic musculature would alter the quality of USVS. 

Furthermore, on an organismal level, an individual with a malformed larynx unable to 

produce proper vocalizations may not survive infancy or be able to attract a mate in 

adulthood, severely reducing the individual’s fitness.  

The current study is focused on only a single species and with an eye toward 

elucidating the etiology of human congenital voice defects; however, it is important to 
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note that these experiments could also shed light on fundamental mechanisms of animal 

behavior. Variations in vocal repertoire drive speciation in animals as diverse as frogs 

and lemurs, and these variations stem from changes in vocal tract morphology. It is 

unclear whether mouse USV performances can signal information about the caller’s 

health or quality as shown with male scent marks (Zala et al. 2004). Potentially, subtle 

changes in laryngeal morphology and subsequently vocal phenotype due to defects in a 

major signaling pathway (hedgehog signaling) would, if detectable, be beneficial to 

females when choosing a mate or choosing between offspring to care for in times of 

limited resources. Thus, by filling a current gap in our knowledge of mechanisms 

governing vocal tract development, we could connect vocal defects with their underlying 

structural and genetic causes.   
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