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Abstract  

Sonic hedgehog (Shh) is a critical secreted signaling molecule that regulates 

many aspects of organogenesis.  In the absence of Shh, many organs, including the 

foregut, larynx, palate, cerebellum and heart do not form properly.  However, the 

cellular details of the roles of Shh, including the relevant domains of Shh expression and 

reception, have not been elucidated for many of these processes.   

The single embryonic foregut tube must divide into the trachea and esophagus, 

which does not occur in the Shh-null mutant.  In Chapter 5, I use Cre-Lox technology to 

determine that the ventral foregut endoderm is the relevant source of Shh for this 

process and the mesoderm must directly receive that Shh signal.   Surprisingly, this 

signaling event appears to occur two days before the foregut begins to divide, indicating 

an early essential role for Shh in foregut division.   

Shh is also expressed at later stages in the maturing trachea and esophagus.  In 

Chapter 6, I demonstrate that these domains serve to establish differentiated mesoderm.  

In the trachea, Shh from the endoderm signals directly to the mesoderm to form the 

tracheal cartilage rings.  In the esophagus, the roles of Shh are more complex.  Shh 

regulates the size of the esophagus and controls patterning of the concentric rings of 

esophageal mesoderm, however this process seems to be indirect, requiring autocrine 

Shh signaling within the esophageal endoderm.   
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The laryngeal apparatus is entirely absent in the Shh-null mouse.  I n Chapter 3, I 

dissect the domains of Shh expression and reception required for laryngeal development 

and demonstrate that loss of endodermal Shh expression causes 

laryngotracheoesophageal clefts and malformed laryngeal cartilages.  As much of 

laryngeal morphogenesis poorly understood, I also utilize dual mesodermal and neural 

crest fate maps to determine the embryonic origins of various laryngeal tissues.  Finally, 

as Shh signaling often occurs in concert with Bone Morphogenic Protein (BMP) 

signaling, I investigate the roles of BMP signaling in laryngeal development.   

Much of Shh signaling occurs at the primary cilium, to which Smoothened, a 

critical pathway member, must translocate upon  Shh signal transduction.  This process 

requires a Smo-Kif3a-ϕÈÙÙÌÛÐÕɯÊÖÔ×ÓÌßɯÐÕɯÔÈÔÔÈÓÐÈÕɯÊÌÓÓɯÊÜÓÛÜÙÌȭɯɯ'ÖÞÌÝÌÙȮɯÛÏÌɯÙÖÓÌÚɯÖÍɯ

ϕÈÙÙÌÚÛÐÕÚɯÐÕɯÔÖÜÚÌɯËÌÝÌÓÖ×ÔÌÕÛȮɯÈÕËɯÛÏÌÐÙɯÙÌÓÈÛÐÖÕÚÏÐ×ɯÛÖɯ2ÏÏɯÚÐÎÕÈÓÐÕÎɯÏÈÝÌɯÕÖÛɯÉÌÌÕɯ

investigated in vivo.  To do so, in Chapter 4, I ÈÕÈÓàáÌɯÛÏÌɯ×ÏÌÕÖÛà×ÌÚɯÖÍɯÛÏÌɯϕÈÙÙƕɤϕÈÙÙƖɯ

double knockout embryos and demonstrate that they have palatal, cerebellar, 

cardiovascular and renal defects consistent with a specific impairment of mitogenic Shh 

signaling.  

Altogether, my work dissects t he cellular details of Shh signaling during multiple 

organ systems in the mouse embryo.  I further analyze the consequences of absent or 

misregulated Shh signaling across multiple developmental  contexts and determine that 

Shh plays critical and diverse roles in organogenesis.  
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1.  Introduction   

Embryonic development is one of the most tightly orchestrated and complex 

processes found in nature.  An enormous variety of cell signaling events and molecular 

processes must work in concert for the embryo to grow in size, specify tissues, and form 

organs.  An error in any one of these process can result in congenital malformations, 

commonly termeËɯɁÉÐÙÛÏɯËÌÍÌÊÛÚȭɂɯɯ3-5% of all births result in congenital malformations 

(Robinson and Linden, 1993) and more than 120,000 babies are born with a birth defect 

in the United States every year (www.marchofdimes.com) .  While the complete etiology 

of most bir th defects is unknown, many are due, at least in part, to underlying genetic 

lesions.  Mutation of even a single DNA base can at times change the function of a 

protein or inactivate a gene entirely.  Distressingly often, congenital malformations are 

fatal.  In fact, 20-30% of all infant deaths are due to genetic disorders (Berry, et al., 1987).   

If we hope to impact the frequency, severity, and consequences of birth defects, 

we must first understand normal embryonic development.  We must not only identify 

the genes involved in developmental processes, but also the molecular function of the 

proteins and how various genes interact with each other.  Furthermore, we need to 

identify the tissue (s) in which critical genes are expressed, the timing of that expression, 

and, in the case of secreted molecules, the relevant tissue target(s) of the signal.   

My thesis work focuses on the genetics underlying normal and abnormal 

development of structures in the anterior embryo, particularly the role of the secreted 
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signaling molecule, Sonic hedgehog (Shh).  Using the mouse as a model system, I 

identify novel, tissue -specific roles for Shh in morphogenesis of the anterior embryo and 

analyze the consequences of misregulated or absent Shh signaling.  By doing so, I 

provide in sight into the etiology of multiple birth defects.   

1.1  The mouse as a model for organogenesis  

(Õɯ5ÐÊÛÖÙÐÈÕɯ$ÕÎÓÈÕËȮɯɁÍÈÕÊàɂɯÔÐÊÌɯÞÌÙÌɯÞÐËÌÓàɯÉÙÌËɯÈÕËɯÛÙÈËÌËȮɯÙÌÚÜÓÛÐÕÎɯÐÕɯÈɯ

variety of phenotypic expression.  The establishment of genetically pure, inbred mouse 

strains by Clarence Cook Little in 1909 heralded the beginning of the house mouse, Mus 

musculus, as a genetic model organism.  Initially, mouse geneticists were limited to 

studying the consequences of spontaneous and induced random mutations.  With the 

advent of gene targeting, researchers had the ability to make targeted knockout mouse 

lines of their gene of interest.  Much insight was made into the functions of various 

genes during embryonic development by analyzing the consequences of these gene 

ablations.   

Unfortunately, knockout of many genes results in early lethality or severe 

phenotypes which preclude investigation of the roles of these genes in later embryonic 

development.  Cre-Lox technology (discussed in Section 1.4) has proven to be a valuable 

tool in dissecting the finer points of embryonic development.  With these new genetic 

tools, tissue-specific gene manipulations can be performed, ablating a single domain of 

gene expression while leaving gene expression intact in the rest of the developing 
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embryo.  Most recently, CreERs have allowed an even greater level of control, as genes 

of interest can be manipulate genes not only in embryonic space, but also in 

developmental time.    

Organogenesis, or the formation of organs in the developing embryo, largely 

occurs between the 3rd and 8th week of human gestation.  During this period, the heart 

forms and begins to beat, the common foregut tube divides into the trachea and 

esophagus, and the lungs, liver, kidneys, and the rest of the internal organs develop.  My 

work has encompassed many of these organ systems.  Division of the foregut tube is 

described in Section 5.2.  Formation and morphogenesis of the larynx is covered in 

Section 3.2.   Development of the palate, cerebellum, heart, lungs, and kidneys are all 

covered in Chapter 4.   

There is remarkable similarity between murine and human organ development.  

In the mouse, the period of organogenesis corresponds to embryonic day (E) 8.5-14.5.   

Nearly all of the same genes and developmental processes important for human organ 

development are also used in the mouse.  As it is not feasible to directly study 

embryonic organ development in humans, the mouse serves as a useful and tractable 

substitute model organism.   

Organogenesis occurs as a multi-step process, although these phases can 

temporally overlap .  First, the organ must be specified from a multipotential progenitor 

tissue.  Typically, a combination of secreted molecules "instructs" this tissue to become a 
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particular organ.  That organ must then be patterned, or subdivided, into the multiple 

tissue components that comprise the mature organ.  Next, morphogenesis of that organ 

begins.  During this period, the specified tissue changes its shape to resemble the mature 

organ.  Finally, the organ primor dium must both grow in size and differentiate.  As 

embryos grow rapidly, the tissue must proliferate to keep pace.  Differentiation is the 

cellular process of becoming a mature tissue.  It is during this final stage that individual 

cells convert into their  final form, such as muscle or cartilage.   

1.2  Molecular regulation  of Hedgehog signaling and the link to 
ɓarrestins  

Hedgehogs (Hhs) are a family of secreted molecules of which there are three 

mammalian homologues:  Sonic (Shh), Desert, and Indian.  Shh is widely expressed in 

the developing embryo, primarily in the endoderm.  As illustrated in Figure 1, Hhs 

signal through Gli transcription factors.  In the absence of Hh signaling, the 12-

transmembrane receptor Patched inhibits 7-transmembrane receptor Smoothened (Smo), 

and repressor Glis prevent transcription of Hh target genes.  However when Hh ligand 

is present, the inhibition of Smo by Patched is relieved, and Smo is phosphorylated by 

GRK2 (Chen, et al., 2011).   In mammalian cell culture, a -̡arrestin 2 ( a̡rr2)-Kif3a 

complex translocates active Smo to the primary cilium  (Kovacs, et al., 2008).  Through a 

poorly understood process, repressor Glis are themselves repressed and activator Glis 

translocate to the nucleus to transcribe Hh target genes.  Patched itself is a Hh target 

gene, often serving as a reporter for active Hh signaling.   
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Figure  1 ɬ Regulation of Shh signaling at the primary cilium  

In the absence of an Hh ligand, Patched inhibits Smoothened and 

transcription of Hh target ge nes does not occur.  Binding of a 

Sonic Hh to Ptch relieves its inhibition of Smo, which translocates 

to the primary cilium via a Barr2 -Kif3a complex.  Repressor Glis 

are then converted to activator Glis that translocate to the nucleus 

to transcribe Hh tar get genes.  (Details in text.)
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Figure  1:  Regulation of Shh signaling at the primary cilium  
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1.3  Established roles for Shh signaling in organogenesis  

Shh is a critical embryonic signaling molecule, regulating many developmental 

processes.  Shh plays a role in the node to regulate establishment of the left-right axis 

(Tsukui, et al., 1999).   Mammals born without Shh exhibit holoprosencephaly, a failure 

of midline structures to form .  As seen in Figure 2, the Shh-null mouse embryo  exhibits 

small size, aborted limb development , loss of midline craniofacial structures, and 

cyclopia.  Internally, Shh-null embryos have an undivided foregut tube, which normally 

compartmentalizes into the trachea and esophagus, as discussed in Section 5.2.  These 

embryos die at birth due to cardiovascular defects: the cardiac outflow tract is not 

divided into aorta and pulmonary artery, preventing proper circulation of oxygenated 

blood (Washington-Smoak et al., 2005).   

In addition to formation of midline  structures, Shh has critical functions  during 

the formation of many organs .  Shh is typically well -known for its expression in the limb 

bud, where it serves to pattern the digits (Harfe, et al., 2004).  Shh is also expressed in the 

oral epithelium, which promotes fusion of the palatal shelves to prevent cleft palate 

(Cobourne, et al., 2009), discussed in Section 4.3.4.  Proliferation and foliation of the 

cerebellum, discussed in Section 4.3.6, is also driven by Shh expression from granule cell 

precursors (Wechsler-Reya and Scott, 1999).  Shh expression from the notochord is 

required to pattern the neural tube (Ericson, et al., 1996).   
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Figure  2:  Shh-null phenotype  

In comparison to a wild -type littermate, the E12.5 Shh-null m ouse 

embryo is small in size and exhibits holoprosencephaly.  Scale bar 

indicates 5mm.   
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Additionally, Shh is robustly expressed throughout most of the endoderm 

during various stages of embryonic development.  As such, Shh expression (or lack 

thereof) plays a significant role in the development of endodermal organs.  Shh from the 

pharyngeal endoderm controls development of the mandible (Melnick, et al., 2005).  This 

domain also regulates development and branching morphogenesis of the 

submandibular gland (Jaskoll, et al., 2004) and proliferation and differentiation of 

thymocytes (Outram, et al, 2000).  Exclusion of Shh from pharyngeal pouches is critical 

for initiation of thyroid development (Fagman, et al, 2004) and positioning of the 

parathyroid (Moore-Scott and Manley, 2005).  In Chapter 3, I investigate the later roles of 

Shh from this tissue, which becomes the laryngeal endoderm.   

Shh expression is critical for the division of the common foregut tube into the 

trachea/lung and esophagus (Litingtung, et a l., 1998).  I explore the relevant Shh domain 

for this process in Chapter 5.  Later in development, Shh is required in the lung 

endoderm for branching morphogenesis, to prevent pulmonary cysts (Pepicelli, et al., 

1999).  As I demonstrate in Section 6.3.4, development of the tracheal cartilage rings is 

also regulated by Shh expression from the endoderm.  Section 6.3.1 reveals the function 

of Shh in the esophagus, where it plays a key role in regulating both esophageal size and 

development of the concentric r ings of esophageal smooth muscle.   

Rostral endodermal Shh expression also controls development of some non-

endodermal organs, such as the heart.  Shh expression from the pharyngeal endoderm is 
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important for division of the cardiac outflow tract into the a orta and pulmonary artery 

(Washington Smoak, et al.. 2005).   Additionally, Shh from the lung endoderm 

(Hoffmann, et al., 2009) plays a crucial role in septation of the heart into four chambers 

by regulating migration and differentiation of the dorsal meso cardium  (Goddeeris, et al., 

2008).  Details regarding the roles of endodermal Shh in cardiac development are found 

in Section 4.4.   

More caudally, endodermal Shh expression in the stomach regulates 

proliferation and differentiation of gastric glands and p revents intestinal transformation 

of the stomach lining (Ramalho-Santos, et al., 2000).  Exclusion of Shh from a small 

region of the endoderm is required for proper initiation  of the pancreas (Hebrok, et al., 

1998) and the Shh-null mouse has an annular pancreas (Ramalho-Santos, et al., 2000).  

Downregulation of Shh expression in the liver is important for cellular proliferation 

(Hirose, et al., 2009).  Shh is required for formation of the kidney, as the Shh-null mouse 

has bilateral renal aplasia (Hu, et al., 2006).  Later, Shh indirectly controls kidney 

development by regulating proliferation and differentiation of smooth muscle of the 

ureter (Yu, et al, 2002), discussed in Section 4.4.   

In the small intestine, Shh regulates both proliferation and patternin g of the 

crypt -villus axis (Madison, et al., 2005) and in the colon, Shh controls gut rotation and 

development of smooth muscle (Ramalho-Santos, et al., 2000).  Shh is also important for 

the formation of smooth muscle in the bladder (Shiroyanagi, et al., 2007).  Shh is 
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expressed in the urogenital sinus epithelium where it regulates proliferation, 

differentiation, and branching morphogenesis of the prostate (Freestone, et al., 2003). 

Genital and rectal development are also controlled by Shh, as the Shh-null mouse 

has persistent cloaca and lacks external genitalia (Haraguchi, et al., 2001).   The relevant 

domain of Shh expression for genital tubercle development is the urethral epithelium 

(Perriton, et al., 2002).  Inactivation of Shh later in development resu lts in hypospadias 

(Seifert, et al., 2009).   

Thus, Shh expression and signaling is critical for proper formation of nearly 

every organ in the mammalian body.  Shh (or its absence) is involved in the specification 

of certain organs, such as the pancreas and thyroid.  Shh is responsible for patterning of 

other organs and structures, like the digits and intestine.  For many organs, Shh plays a 

key role in morphogenesis, such as branching of the lung and submandibular gland 

epithelium.  Shh is also a potent mitogen, inducing proliferation of many tissues, 

including the cerebellum, prostate, and liver.  In other organs, including the foregut 

(trachea and esophagus), Shh is essential but its cellular roles have not been elucidated.  

1.4  Cre-Lox and CreER -Lox app roach  

The study of knockout mice has revealed a multitude of  roles of Shh during 

development.  However, the gross severity of the Shh-null phenotype has precluded 

investigation into many later roles of Shh during organogenesis and maturation .  By 

utilizing  a Cre-Lox approach, I dissect the roles of Shh in anterior organogenesis.  
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Specifically, I determine where and when the Shh signal is produced and received 

during various developmental processes.   

In Cre-Lox genetics, a transgenic mouse expressing bacterial Cre recombinase 

under a tissue-specific promoter is bred to a second transgenic line with "floxed" alleles 

of the gene of interest (Figure 3).  Critical portions of these "floxed" genes are flanked by 

LoxP sites, 34 base pair recognition sequences of Cre recombinase.  When a cell normally 

expresses that tissue-specific promoter, Cre recombinase is produced, enters the nucleus, 

and binds to its LoxP recognition sequences.  It then recombines out the critical  region of 

the gene of interest, deleting all DNA sequence between the two LoxP sites.  Now, this 

cell is a "knockout" and no longer expresses the gene of interest.  As this is a permanent 

genetic change, all descendents of this cell will also be knockouts.  Nearby cells that 

don't express Cre retain function of the gene of interest.  For example, if a mouse which 

expressed Cre specifically in the endoderm were crossed to a Shh-floxed mouse, mutant 

progeny would lack all Shh expression from the endoderm.   
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Figure  3:  Cre-Lox genetic technology  

In Cre-Lox genetics, a mouse expressing Cre recombinase is mated 

to a floxed mouse.  When expressed, Cre recombines between the 

LoxP sites, deleting the intervening DNA sequence.  In nearby 

cells not expressing Cre, gene function remains intact, generating 

a tissue-specific knockout (details in text).   
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For additional fine -tune control of gene ablations, genes of interest can be 

temporally manipulated with CreERs.  CreER mice also express Cre under a tissue-

specific promoter.  However, that Cre is altered by conjugation to a mutant version of 

the estrogen receptor (ER), which responds to tamoxifen, an estrogen receptor 

antagonist.  In the absence of tamoxifen, the ER sequesters Cre in the cytoplasm.  Only 

upon tamoxifen administration do es the ER translocate to the nucleus, allowing Cre to 

recombine the LoxP sites.  This allows temporal ablation of genes by altering the timing 

of tamoxifen dosage to the pregnant dam.  For example, if a mouse carrying an 

endodermal-specific CreER were crossed to a Shh-floxed mouse, and the pregnant dam 

was injected with tamoxifen at E8.5, the resulting mutant progeny would lack Shh 

expression in the endoderm after E9.5 (allowing approximately 24 hours for 

recombination).   

While Cre and CreER strains are commonly used to ablate genes, some genes can 

be over-activated, or ectopically expressed, using Cre transgenics.  These mice have a 

"flox -stop-flox" sequence (a stop codon flanked by two LoxP sties) immediately 

preceding the coding sequence for a mutant, activated version of a gene of interest.  For 

example, the flox-stop-flox CA -Smo mouse expresses a constitutively active version of 

Smo that is immune to inhibition by Patched.  If this mouse is crossed to an endoderm-

specific Cre mouse, mutant progeny will have ectopic Hh signaling specifically in the 

endoderm, even when a Hh ligand is not present.   
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Additionally, Cre -Lox and CreER-Lox genetics can be used as a tool for long-

term fate mapping of individual cell populations.   In this technique the R26 -reporter 

(R26R) mouse is crossed to a Cre line to label all cells expressing Cre.  The R26R mouse 

contains a "flox-stop-flox" sequence preceding the geÕÌɯÍÖÙɯϕ-galactosidase, all inserted 

under the control of a ubiquitous promoter.  Thus, all cells that express Cre under a 

tissue-Ú×ÌÊÐÍÐÊɯ×ÙÖÔÖÛÌÙȮɯÈÕËɯÛÏÌÐÙɯÊÌÓÓÜÓÈÙɯËÌÚÊÌÕËÌÕÛÚȮɯÌß×ÙÌÚÚɯϕ-gal in that specific 

ÛÐÚÚÜÌȭɯɯ3ÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯϕ-gal can be revealed by LacZ staining, in which X -gal (5-bromo-

4-chloro-indolyl -ϕ-D-galactopyranoside ) is hydrolized to create an insoluble blue 

compound.  As an example, if a neural crest-specific Cre (Wnt1-Cre) were crossed to the 

R26R reporter and tissues were LacZ stained, all neural crest cells and their derivatives 

would be labeled blue.  As this is a permanent genetic change, this technique allows one 

to follow the fate of a particular group of cells throughout development.   

In Chapters 3 and 5, I utilize many diffe rent Cre recombinase-containing mouse 

strains.  For reference, Table 1 lists the relevant recombination patterns and time of 

recombination for the Cre strains used.   
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Table 1:  Cre recombination patterns  

Foxa2-NFP-Cre Notochord  (E7.5) and floorplate 

(E8.0).  Ectopic recombination in 

endoderm.  

Foxg1-Cre Foregut endoderm and mesoderm 

from E8.0. 

Ectopic recombination in 

notochord. 

Mef2C-Cre Ventral foregut mesoderm from 

E9.5. 

Nkx2.5-Cre Ventral foregut endoderm and 

mesoderm from E9.5. 

Shh-GFP-Cre Notochord and floorplate (E7.5 and 

E8.0).  Ventral (E8.5) and dorsal 

(E11.0) foregut endoderm.  

Shh-CreER Notochord and floorplate (E7.5 and 

E8.0).  Ventral (E8.5) and dorsal 

(E11.0) foregut endoderm. 

Sox17-iCre Foregut endoderm from  E8.0.  

Ectopic recombination in 

notochord.   

Wnt1-Cre Neural crest cells (E8.0). 
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2.  Materials and Methods  

2.1  Mouse strains and genotyping  

Table 2 lists the mouse strains and sources used.  Mice were housed and bred 

according to Duke IACUC regulatio ns.  Embryonic day (E) 0.5 designated as day of 

vaginal plug .  Pregnant dams were euthanized by cervical location and embryonic 

tissues rapidly harvested on ice.   

DNA was isolated from embryo tails and/or caudal tissues via standard ethanol 

precipitation.   Genotyping was performed using standard PCR protocols with the 

primers listed in Table 3.  In all Figures, "wild -type" indicates non-mutant littermates, 

confirmed by PCR genotyping.  
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Table 2:  Mouse strains 

Strain  Formal nomencl ature Reference 

Foxa2-NFP-Cre 
 
Tg(Foxa2*-cre)#Mku 

 

Kumar, et al., 2007 

Foxg1-Cre Foxg1tm1(cre)Skm Hebert and McConnell, 2000 

Mef2C-Cre Tg(Mef2c-cre)2Blk Verzi, et al., 2005 

Nkx2.5-Cre Nkx2-5tm1(cre)Rjs Moses, et al., 2001 

Shh-GFP-Cre Shhtm1(EGFP/cre)Cjt Harfe, et al., 2004 

Shh-CreER Shhtm2(cre/ERT2)Cjt Harfe, et al., 2004 

Sox17-iCre Sox17tm2.1(icre)Heli Engert, et al., 2009 

Wnt1-Cre Tg(Wnt1-cre)11Rth Jax #003829 

R26R Gt(Rosa)26Sortm1Sor Jax #003474 

Shh-flox  Shhtm2Amc Jax #004293 

Shh-null  ShhTm1Chg Chiang, et al., 2006 

Smo-flox  Smotm2Amc  Jax #004288 

Smo-null  Smotm3Mey  Goddeeris, et al., 2007 

CA-Smo Gt(ROSA)26Sortm1(Smo/YFP)Amc Jax #005130 

Ptch-LacZ Ptch1TmxMS Jax #003081 

Nog-flox  Nog tm1.1Rmh Stafford, et al., 2011 

Nog-null  N/A  Unpublished (S. Fausett) 

CA-BMPr1a 
Gt(ROSA)26Sortm1(CAG-

Bmpr1a)Que 
Rodriguez, et al., 2010 

Barr1-null  Arrb1 tm1Jse Conner, et al., 1997 

Barr2-null  Arrb2 tm1Rjl Bohn, et al., 1999 
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Table 3:  Genotyping primers  

Cre ƙɀ-CGGTGAACGTGCAAAACAGG -Ɨɀ 

ƙɀ-CCCCAGAAATGCCAGATTACG -Ɨɀ 

Shh-GFP-Cre ƙɀ-CTCGGCTACGTTGGGAATAA -Ɨɀ 

ƙɀ-GGGACAGCTCACAAGTCCTC -Ɨɀ 

ƙɀ-GGTGCGCTCCTGGACGTA-Ɨɀ 

Foxg1-Cre ƙɀ-TCCTATAAGTTGAATGGTATTTTG -Ɨɀ 

ƙɀ-AGTATTGTTTTGCCAAGTTCTAAT -Ɨɀ 

ƙɀ-TCACGAAGCACTTGTTGAGG -Ɨɀ 

ƙɀ-GAACGGCAGTACGAGAAGC -Ɨɀ 

Sox17-iCre 5ɀ-GTGTATAAGCCCGAGATGG -Ɨɀ 

ƙɀ-CTCAACTGTTCAAGTGGCAG -Ɨɀ 

ƙɀ-GATCTATGGTGCCAAGGATGAC -Ɨɀ 

Wnt1-Cre ƙɀ-GCGGTCTGGCAGTAAAAACTATC -Ɨɀ 

ƙɀ-GTGAAACAGGATTGCTGTCACTT -Ɨɀ 

R26R ƙɀ-GGAGCGGGAGAAATGGATATG -Ɨɀ 

ƙɀ-AAAGTCGCTCTGAGTTGTTAT -Ɨɀ 

ƙɀ-GCGAAGAGTTTGTCCTCAACC -Ɨɀ 

Shh-flox  ƙɀ-ATGCTGGCTCGCCTGGCTGTGGAA-Ɨɀ 

ƙɀ-GAAGAGATCAAGGCAAGCTCTGGC -Ɨɀ 

Smo-flox  ƙɀ-CCACTGCGAGCCTTTGCGCTAC -Ɨɀ 

ƙɀ-CCCATCACCTCCGCGTGCCA -Ɨɀ 

CA-Smo ƙɀ-GGAGCGGGAGAAATGGATATG -Ɨɀ 

ƙɀ-TGCTCAGGTAGTGGTTGTCG-Ɨɀ 

ƙɀ-CGTGATCTGCAACTCCAGTC -Ɨɀ 

ƙɀ-AAGTTCATCTGCACCACCG -Ɨɀ 

Ptch-LacZ ƙɀ-GTTTTCCCAGTCACGACGTT -Ɨɀ 

ƙɀ-CAGCAGCGGGTCTGTCAC -Ɨɀ 

Nog-LacZ ƙɀ-GCATGGAGCGCTGCCCCAAGC -Ɨɀ 

ƙɀ-GAGCAGCGAGCGCAGCAGCG -Ɨɀ 

ƙɀ-AAGGGCGATCGGTGCGGGCC-Ɨɀ 

Nog-null  ƙɀ-GAGTGCCGCTGAAACTTGACC -Ɨɀ 

ƙɀ-CGCTGGAGTAATCTCGGATGC -Ɨɀ 

ƙɀ-CCATTTTGATTTCCCCTCCCTT-Ɨɀ 

Nog-flox  ƙɀ-ACAGAGAAAC AAGACGCC -Ɨɀ 

ƙɀ-TTGTTAACCCTTTGCACGCC -Ɨɀ 

ƙɀ-GTTGGTGATTTGTACCCAGA -Ɨɀ 

CA-BMPr1a ƙɀ-GGTATGTAACGCGGAACTCC -Ɨɀ 

ƙɀ-CACTTGCTCTCCCAAAGTCG -Ɨɀ 
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ƙɀ-TAGTCTAACTCGCGACACTG -Ɨɀ 

Shh-null  ƙɀ-AAATAGGAGACAGCCTCGGAA -Ɨɀ 

ƙɀ-GTTCCACATACACTTCATTCTCAG -Ɨɀ 

ƙɀ-GACCATGTCTGCACACTTAGGTTCC -Ɨɀ 

ƙɀ-GAAGGCCAGGAGGAGAAGGCTCAC -Ɨɀ 

Smo-null  (LacZ) ƙɀ-ATCCTCTGCATGGTCAGGTC -Ɨɀ 

ƙɀ-CGTGGCCTGATTCATTCC-Ɨɀ 

Barr1-/-; Barr2+/- ƙɀ-GCTAAAGCGCATGCTCCAGA -Ɨɀ 

ƙɀ-GATCAAAGCCCTCGATGATC -Ɨɀ 

ƙɀ-ACAGGGTCCACTTTGTCCA -Ɨɀ 
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2.2  Tamoxifen and BrdU  administration  

Tamoxifen suspended in corn oil  at 20 mg/ml was injected intr aperit oneally at 

0.5-1.0 mg per gram body weight  as a single dose.  For BrdU labeling, pregnant dams 

were injected intraperitoneally with 50ug/g body weight BrdU.  Labeling proceeded for 

60 minutes before embryos were harvested. 

2.3  Tissue preparation and histology  

Embryonic tissues or whole embryos were dissected in PBST and fixed in 4% 

paraformaldehyde from 2 hours to overnight.  Paraffin samples were dehydrated 

through an alcohol series, cleared in xylene, and embedded in paraffin for sectioning at 

10um.  Frozen samples were passed through a sucrose gradient to 30% sucrose then 

equilibrated overnight in 1:1 30% sucrose:OCT at 20C.  The following day, samples were 

equilibrated in 1:3 30% sucrose:OCT for one hour and then embedded in 100% OCT.  

Frozen samples were stored at -80C and cryosectioned at 8-12um.   

For histological staining, slides were dewaxed in xylene and rehydrated through 

a graded alcohol series.  Hematoxylin and Eosin staining was performed using standard 

procedures.  Histological Alcian Blue staining was performed by incubating slides in 10 

mg/ml Alcian Blue 8GX in 3% acetic acid for 20-40 minutes.  For PAS-Schiff staining, 

slides were oxidized in 0.5% periodic acid for 5 minutes and stained with Schiff reagent 

for 15-20 minutes.   
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2.4  Immunohistochemistry  

Antibody staining was performed using standard procedures.  Antigen retrieval 

was performed by boiling  slides in 0.1M Sodium Citrate for 10 minutes and then slides 

were cooled to room temperature.  Slides were blocked in "modified Hogan block" 

(MHB: 1%BSA, 5% fetal bovine serum, 1% normal donkey serum in PBST) and primary  

antibodies were used at the following concentrations in MHB  at 4C overnight.   

Table 4:  Antibod ies used for immunohistochemistry  

Antigen  Conc. Supplier  Species Secondary Supplier  

-̓galactosidase 1:5,000 Cappel Rabbit 
Donkey -h

rabbit AF594 
Invitrogen  

BrdU 1:500 
Accurate 

Chem. 
Rat Goat h -rat Cy5 Jackson 

Cleaved 

caspase 3 
1:500 

Cell 

Signaling 
Rabbit 

Donkey -h

rabbit AF594 
Invitrogen  

E-cadherin 1:1000 Zymed Rat Goat h -rat Cy5 Jackson 

GFP 1:500 AbCam Rabbit 
Donkey -h

rabbit AF594 
Invitrogen  

ϔ-Smooth 

muscle actin 
1:500 Sigma Mouse 

Donkey -h

mouse AF488 
Invitrogen  

Sox9 1:1000 Chemicon Rabbit 
Donkey -h

rabbit AF594 
Invitrogen  

 

Slides were incubated with AlexaFluor -conjugated secondary antibodies (1:500 in MHB) 

for 2 hours at room temperature and nuclei were counterstained with DAPI.   Slides 

were imaged on an a basic fluorescent microscope and images edited in ImageJ and 

Picassa 
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2.5  Whole -mount E -cadherin staining  

For visualization of the tracheal and esophageal lumens, foreguts were 

microdissected from E12.5-E14.5 embryos and fixed in 4% paraformaldehyde for 15-30 

minutes, rocking at 4C.  Tissues were then permeabilized for 15-30 minutes in PBSTx 

with 1.0% Triton, rocking at 4C and blocked in PBSTx + 5% FBS 2 hours to overnight.  

Rat anti-E-cadherin was added to samples at 1:1000 and incubated rocking at 4C 

overnight.  Peroxidase-conjugated donkey anti -rat secondary antibody was used at 

1:2000 for 2 hours rocking at 4C.  After washing off excess antibody, samples were 

developed in 1X DAB in Stable Peroxidase Buffer.  After 3 minutes, staining was 

stopped by washing samples with excess PBS.  Foreguts were immediately imaged or 

post-fixed in 4% PFA overnight for storage.   

2.6  Bone and cartilage preparations  

Late stage embryos were dissected, removing skin and abdominal organs.  For 

tracheal cartilage staining, the rib cage and clavicle were opened.  Samples were fized in 

95% EtOH at room temperature overnight, stained in Alcian Blue solution (100ml acetic 

acid, 400ml 95% EtOH, 75mg Alcian Blue) for 2-3 days at room temperature.  Samples 

were next incubated in 2% KOH overnight, then stained with Alizarin red solution (5g 

KOH, 37.5 mg Alizarin Red in 500ml dH20) for 1-2 days at room temperature.  Embryos 

were cleared in 1% KOH in 20% glycerol, changed daily, for two weeks and stored in 1:1 

EtOH:glycerol.   
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2.7  LacZ staining  

Embryos or isolated organs were fixed in LacZ fix (4% PFA, 5mM EGTA, 2mM 

MgCl2 in 0.1M sodium phosphate buffer) for 30 minutes to 2 hours, depending on 

sample size, and then washed in LacZ wash buffer (0.1M sodium phosphate with 2mM 

MgCl2, 0.01% Deoxycholate, 0.02% NP-40).  Large embryos were permeabilized in 

PBSTx with 1% Triton for 30-60 minutes.  Next, samples were incubated in LacZ Stain 

(1X K-ferro, 1X K-ferri, 10ul/ml X -gal or Blu-o-gal in LacZ wash buffer) at 37C overnight, 

protected from light.  Stained samples were post-fixed in 4% PFA overnight and 

photographed or processed for histology.   
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3.  Embryonic origins and morphogenesis of the larynx  

3.1  Summary  

The larynx is a structurally complex organ in the neck that houses the vocal 

cords, or true vocal folds; it is commonly known as  the voice box.  As the connection 

between the mouth and the trachea, the larynx is essential for breathing, vocalization, 

and protection against food aspiration.  Congenital defects of the larynx are relatively 

common in humans, occurring at approximately  1 in 2000 births (McIntosh et al., 1954).  

Despite this great clinical significance, little is known about the etiology of laryngeal 

defects.  In this chapter, I  review the normal anatomy of the larynx, congenital defects of 

the larynx, and existing mouse models of laryngeal malformations.  Multiple aspects of 

normal embryonic laryngeal development remain unclear or controversial in the 

literature.  As such, I employed lineage-mapping tools in the mouse to resolve some of 

these long-standing questions.  I establish the position of the rostral trachea in the early 

embryo and map the tissue origins of laryngeal cartilages.  I also investigate the role of 

two key developmental signaling pathways, activated by Hedgehog or Bone 

Morphogenetic Protein ligands, in laryngeal morphogenesis. Tissue-specific genetic 

manipulation of these pathways recapitulates human laryngeal birth defects, and 

indicates key tissue sources and targets for signaling via these pathways. These studies 

provide new mouse models for the molecular cell signaling events underlying normal 

and defective formation of the larynx.  
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3.3  Introduction  

The larynx is a complex cartilaginous box which houses the true vocal folds 

(vocal cords), twin infoldings of mucous membrane that produce noise u pon 

vocalization.  The vocal folds vibrate, as air is expelled from the lungs during phonation.  

Low frequency vibrations produce lower tones while faster vibrations produce higher 

tones.  Mammals have great vocal versatility as the length, tension, and shape of the 

vocal folds can all be modulated by the laryngeal musculature.   

To understand the etiology of congenital defects of the larynx, one must first 

have a basic understanding of normal laryngeal structure.  The hyoid bo ne, while not 

officially part of the larynx, supports the top of the thyroid cartilage, coupling it to the 

tongue (Figure 4A).  The thyroid cartilage is the largest component of the larynx, 

ÍÖÙÔÐÕÎɯÛÏÌɯɆ ËÈÔɅÚɯÈ××ÓÌȭɆɯɯ"ÈÜËÈÓÓàȮɯÛÏÌɯÓÈÙàÕÎÌÈÓɯɁÉÖßɂɯÐÚɯÊÖÕÛÐÕÜÌËɯÞÐÛÏɯÛÏÌɯÊÙÐÊÖÐËɯ

cartilage, which forms a complete ring around the larynx.  Sitting atop the dorsal cricoid 

cartilage are the smaller paired arytenoid, corniculate, and cuneiform cartilages.  The 

vocal folds are formed from the free borders of the conus elasticus membrane, attaching 

dorsally to the arytenoid cartilages and ventrally to the thyroid cartilage.  The outer 
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edges of the vocal folds are attached to laryngeal muscles while the inner edges are free 

to vibrate.  The glottis is defined as the true vocal folds and the space in between (also 

referred to as the rima glottidis) (Figure 4B).   
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Figure  4:  Anatomy  of the larynx  

A) Schematic model of the larynx and individual laryngeal 

cartilages.  Connective tissue and muscles are colored pink.  The 

level of the vocal cords (glottis) is indicated by a red dotted line.  

B) Cross-section of the larynx at the level of the glottis, viewed 

from above.  The vocal folds (bright red) stretch horizontally 

across the larynx.  The lateral aspects of the thyroarytenoid muscle 

(dark red) have been removed for visualization of the subglottic 

structures.   

 



 

30 

 

Figure  4:  Anatomy of the larynx  



 

31 

The interior of the larynx is regionally defined by relationship to the glottis, the space 

between the vocal folds; it is divide d into supraglottic, glottic, and subglottic sections.  

Cranially, the supraglottis begins with the epiglottis, a cartilaginous flap that guards the 

entrance to the larynx. During swallowing, the larynx is pulled upwards and the tongue 

forces the epiglottis down to cover the glottis.  As a result, ingested solids and fluids are 

prevented from entering the trachea.  The subglottis, comprised mostly of the cricoid 

cartilage and its lumen, is the narrowest part of the respiratory system and thus 

regulates intrapulmonary pressure.   

Tetrapods have diverse laryngeal structures, with mammalian larynges being the 

most complex.  The most primitive larynx is that of the lungfish, comprised of a simple 

muscular sphincter in the floor of the pharynx.  Of animals with l aryngeal cartilage, 

salamanders have only arytenoids and frogs have a cricoid and arytenoids but lack vocal 

folds.  Most reptiles have an annular thyrocricoid cartilage and arytenoid cartilages, but 

only geckos and chameleons have true vocal folds. Some species, including crocodilians, 

have a flap of mucous membrane that serves as an epiglottic analogue, but only 

mammals have a true cartilaginous epiglottis.  Moreover, only mammals have distinct 

thyroid and cricoid cartilages, creating a mobile crico -thyroi d joint that permits 

additional modulation of vocal fold length and tension. (Reviewed by Kirchner, 1993.)   

Rather than vocal folds, birds have a sound-producing organ called a syrinx located at 

the base of the trachea where it bifurcates into the bronchi. The syrinx works much like 
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the larynx: sounds are produced by forced air, which vibrates membranous walls to 

produce noise.    

Among mammals, the development and structure of the larynx is highly 

conserved.  At birth, the larynges of mice and humans are nearly identical, located at the 

level of the second and third cervical vertebrae.  The most significant difference arises 

postnatally, as the human larynx descends to the level of C3-C6 by age six while the 

murine larynx remains high in the neck.  As a re sult of this remarkable similarity 

between human and murine larynges, the mouse serves as a tractable model for 

investigation into normal and abnormal laryngeal development.  Indeed, many mutant 

strains have reported laryngeal defects.  Unfortunately, cons ideration of the larynx in 

the vast majority of these reports is cursory in nature, limited to descriptions of 

dysmorphic or absent laryngeal cartilages. As such, surprisingly few mechanistic details 

of laryngeal development have been elucidated from mouse genetic models to date. 

While previous studies have elegantly reconstructed 3D wax or computer -aided 

models of developing human or murine larynges, several controversies regarding 

laryngeal development remain.  Most fundamentally, there is no consensus regarding 

the embryonic origin of multiple laryngeal structures.  There are also conflicting 

conclusions in the literature regarding the boundary between the posterior larynx and 

the rostral trachea.  During development, a portion of the laryngeal lumen beco mes 

obliterated by an epithelial seam, termed the epithelial lamina, that later recanalizes.  
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However, whether the epithelial lamina represents the infraglottis (Kallius, Frazer), the 

glottis (Walander), or the supraglottis (Zaw -Tun, Henick) is disputed.  Confounding the 

debate, it is unclear whether the trachea arises by outgrowth of the respiratory 

diverticulum (lengthening caudally) or by an active septation process (lengthening 

rostrally), affecting the position of the boundary between the trachea and i nfraglottis.  

Some (Zaw-Tun and Burdi, 1985) believe the laryngeal ventricles to be the permanent 

structure derived from the fifth pharyngeal pouch, while others disagree (Viejo et al, 

2012).  Finally, the origins of the laryngeal cartilages, whether from neural crest or 

mesoderm, are debated.  In this chapter, I apply mouse genetic lineage tracing 

technology to address many of these questions.   

Laryngeal and laryngotracheoesophageal clefts (LTE clefts) are abnormal 

connections between the larynx (and possibly trachea) and the esophagus.  LTE clefts 

form when the process of laryngeal compartmentalization is disrupted or incomplete.   

These clefts often allow ingested substances to enter the airway, or air to enter the 

alimentary tract.  LTE clefts are classified by the length of the aberrant communication; 

for example, a Type I cleft does not continue caudal to the vocal folds, whereas a Type 

IV cleft extends into the thoracic trachea (Figure 5).  Submucous or occult clefts, in which 

the soft tissue is intact despite a cartilaginous cleft, are often asymptomatic and thus 

have only recently been recognized as a Type 0 (Tucker and Maddalozzo, 1987).   
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The complex morphology of the larynx and its origins from multiple precursor 

lineages suggests multiple layers of interactions must occur between tissues to achieve 

compartmentalization of the larynx from other structures and organs. Of particular 

importance are the tissue interactions which allow the larynx to be fully partitioned 

from the esophagus, as openings connecting these organs can be catastrophic. Such 

interactions are often mediated by intercellular signaling molecules and pathways. For 

example, the Ephrin -B2 knockout mouse may provide insight into the molecular control 

of laryngeal and tracheoesophageal compartmentalization.  Reverse Ephrin -B2 signaling 

has been implicated in multiple septation events at the embryonic midline (Dravis and 

Henkemeyer, 2011).  A very recent report posits that Eph-ephrin interactions regulate 

midline fusion of the posterior l arynx and reveals that the eprhin -B2 knockout mouse 

also has type III or IV laryngotracheoesophageal clefts (Neilan, et al., 2012).   

Two additional intercellular signaling pathways, activated by hedgehog (Hh) or 

bone morphogenetic protein (BMP) ligands, seem to be particularly good candidates for 

regulating the tissue interactions that underlie laryngeal compartmentalization. Both 

sonic hedgehog (Shh) and multiple BMPs are expressed in the ventral rostral foregut 

endoderm in the timeframe of active larynge al morphogenesis. My  analysis of Hh and 

BMP signaling mouse mutants provides new data, discussed below, demonstrating that 

disruption of either pathway can result in laryngeal clefting and revealing the tissue 

specificity of the se signaling interactions.  
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Figure  5:  Classes of laryngotracheoesophageal clefts 

Dorsal views of the larynx and trachea with red indicating the 

connection to the esophagus.  A Type I laryngotracheoesophageal 

(LTE) cleft does not extend into the cricoid cartilage.  Type II clefts 

include the cricoid region.  Type III LTE clefts extend through the 

cricoid into the cervical trachea.  Type IV clefts extend well into 

the thoracic trachea, and can reach the level of the bronchi.  CC, 

cricoid cartilage; TC, thyroi d cartilage 
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3.4  Results  

3.4.1  Early laryngeal development   

In the mouse embryo, the respiratory primordium is first identifiable at Carnegie 

stage 11 (17-21 somites, E9.5) as an epithelial thickening of the ventral foregut 

endoderm.  At stage 12 (22-27 somites, E10.0) the respiratory primordium is an 

outpocketing of the foregut lumen and the lung buds are visible.  This respiratory 

diverticulum can be thought of as being subdivided into the rostral laryngotracheal 

sulcus (LTS) and caudal primitive pulmon ary sac (PPS) (Figure 6C).  Controversy exists 

regarding the geographic location of the laryngeal anlage within this respiratory 

primordium, predominantly regarding the relative positions of the glottis and 

infraglottis in the early embryo.   

To resolve these issues, I employed genetic fate-mapping tools to trace the level 

of the glottis back through development.  The tissues surrounding the laryngeal 

endoderm are predominantly  derived from two sources: neural crest cells (NCCs) and 

splanchnic mesoderm.  Mi ce containing Cre recombinase expressed under neural crest 

(Wnt1-Cre) or mesodermal (Mef2C-Cre) promoters were crossed to R26R reporter mice, 

which express b-galactosidase after Cre-mediated recombination.  As this is a permanent 

genetic modification, all cells which express Cre and the descendents of those cells will 

be labeled blue after LacZ staining.  The nature of the visualization chemistry is such 

that neighboring cells, those which did not express Cre in their forebears, are not 
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labeled. Consequently, this technique permits a long-term, genetic lineage trace of 

individual cell populations.   

At birth, the ventral tissues above the glottis  are labeled with Wnt1 -Cre; R26R 

(Figure 12EF) whereas the ventral tissues below the glottis are labeled with Mef2C-Cre; 

R26R (Figure 12GH).  Thus the morphological boundary between these the Wnt1-Cre 

and Mef2C-Cre domains marks the level of the glottis .  

Examination of this boundary at earlier timepoints permits us to follow the 

glottis backwards through development,  thus identifying the origins of the Wnt1 -Cre(+) 

supraglottis and the Mef2C-Cre(+) infraglottis.  When examined at E10.0, the tissues 

surrounding the LTS and rostral PPS are Wnt1-Cre(+) (Figure 6A) whereas those 

surrounding the caudal PPS are Mef2C-Cre(+) (Figure 6B).  These data indicate that the 

future infraglottis, trachea, and lung develop from the PPS, whereas the future 

supraglottis forms from the LTS  (Figure 6C). 
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Figure  6:  Neural crest and mesoderm fate maps 

(A) Sagittal view of E10.0 Wnt1-Cre; R26R with the LTS stained Wnt1-

Cre(+).  (B) Sagittal view of E10.0 Mef2C-Cre; R26R demonstrating the 

ventral PPS is Mef2C-Cre(+).  (C) Schematic view of the E10.0 larynx 

showing the relative domains of Wnt1 -Cre (pink) and Mef2 C-Cre (green).  

PPS, primitive pulmonary sac; LTS, laryngotracheal sulcus.  Scale bars 

indicate 250 µm. 
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3.4.2  Laryngeal compartmentalization  

At stage 13 (28-33 somites, E10.5) the bronchi emerge as the carina, the point at 

which the bronchi bifurcate, s eparates from the top of the respiratory diverticulum.  The 

LTS becomes compressed laterally by growing mesodermal anlagen.    The foregut 

begins to compartmentalize into the trachea/larynx and esophagus via a poorly 

understood process (reviewed by Fausett and Klingensmith, 2011).  On the dorsal side of 

the developing larynx/trachea, controversy relates to the existence (or lack thereof) of an 

ascending tracheoesophageal septum, which potentially changes the boundary between 

the infraglottis and rostral tra chea.  Unfortunately, the Mef2C-Cre lineage-trace we 

employ here only labels the ventral side of the developing larynx/trachea and therefore 

cannot address this issue (the necessary Cre driver to resolve this issue does not appear 

to exist).  Sanudo and Domenech-Mateu (1990) measured the length of the primary LTS 

from stage 11-15 and found no change in length, which they interpreted as evidence 

against a septation process.  However the entire embryo grows rapidly in size from E9.5-

E12.0, so the fact that the distance between the top of the septum and the fourth 

pharyngeal pouch is constant is consistent with a septation mechanism.  However, as the 

primary LTS only becomes the supraglottis, these measurements do not address 

separation of the trachea and infraglottis from the developing esophagus.   

During stage 14 (34-36 somites, E11.0), the arytenoid swellings form and are 

pushed craniomedially into the pharyngeal cavity by the developing 4 th pharyngeal arch 
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artery and the growing laryngeal mesoderm (Zaw -Tun and Burdi, 1985).  These 

swellings begin to compartmentalize, or separate, the developing larynx from the dorsal 

esophagus (Figure 7A).  At the beginning of stage 15 (37-44 somites, E11.5-E12.0) the 

epithelial lamina forms ventrally where the laryngeal lum en is compressed by the lateral 

walls and continues rostrally between the arytenoid swellings ( Figure 7B).  This 

developing endodermal plate closes the ventral aspect of the lumen.  Using the Mef2C-

Cre and Wnt1-Cre lineage traces, one can identify the future supraglottis, glottis, and 

infraglottis.  As discussed above and in Figure 6, all supraglottic tissues are Wnt1-Cre(+) 

whereas all subglottic tissues are Mef2C-Cre(+).  Surrounded by Mef2C-Cre(+), Wnt1-

Cre(-) cells, the epithelial lamina will form the i nfraglottis.   
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Figure  7:  Laryngeal compartmentalization  at E11.5 

A-D) H&E staining of E11.5 larynx in transverse sections demonstrates 

the process of laryngeal compartmentalization.  E-H) E11.5 Mef2C-Cre 

fate map (Mef2C-Cre; R26R) shows the epithelial lamina is completely 

surrounded by Mef2C(+) mesoderm.  I-L) While surrounding structures 

are Wnt1(+) (Wnt1-Cre; R26R), the tissue immediately around the 

epithelial lamina is Wnt1( -), indicating a mesodermal origin .  AS, 

arytenoid swellings; EL, epithelial lamina; Es, esophagus; Ph, pharynx; 

Tr, trachea.  Scale bars indicate 250 µm.   

 



 

42 

 

By stage 16 (45-51 somites, E12.0-E12.5), the epithelial lamina have juxtaposed 

and formed an epithelial seam, which  blocks the entire primitive laryngopharynx except 

the narrow dorsal pharyngotracheal duct.    While other studies  have described the 

pharyngotracheal duct as patent throughout development, I was unable to see a lumen 

rostrally after E11.5 (compare Figure 7C to 8C).  The rostral ends of the arytenoid 

swellings and associated epithelial lamina protrude into the pharyngeal lumen ( Figure 

8BC), thus separating the rostral larynx from the developing esophagus.  A cluster of 

apoptotic cells are present at the point at which thi s epithelial seam detaches from the 

esophageal epithelium (Figure 8GH).  This compartmentalization process creates a band 

of mesodermal tissue, continuous with the tracheoesophageal septum, that separates the 

larynx from the esophagus (Figure 8E).   

Molecular regulation  of laryngeal compartmentalization has not  previously been 

investigated.  Shh and Nog, both critical secreted signaling molecules, are both 

expressed in the epithelium of the  larynx during the period of compartmentalization.  

Shh is expressed in the dorsal and ventral midline of the  rostral esophagus and strongly 

expressed in the EL (Figure 9A). Intriguingly, Shh expression is significantly lower at the 

dorsal end of the EL, the point where it remodels to separate from the esophagus.   Nog 

is expressed in a pattern complementary to that of Shh, with highest levels in the lateral 

pouches of the rostral esophagus and low levels in the EL (Figure 9B).  As both Shh and 
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Nog are present in the compartmentalizing larynx, we wanted to determine  if either 

play a role in laryngotracheoesophageal compartmentalization.   
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Figure  8:  Laryngeal compartmentalization  

A) Undivided pharyngeal region.  B) Arytenoid swellings 

separate the future larynx from the esophagus.  C) Epithelial 

lamina caudal to arytenoid swellings.  D) Epithelial lamina 

separates from the esophagus.  E) Trachea and esophagus.  (F-I) 

Rostral to caudal sections through the compartmentalizing larynx 

and esophagus demonstrating local pattern of apoptosis (cleaved 

caspase 3, red).  As, arytenoid swelling; EL, epithelial lamina; Es, 

esophagus; Ph, pharynx; Tr, trachea.  Scale bars indicate 250 µm. 

 



 

45 

 

 

 

 

 

Figure  9:  Shh and Nog expression in the E12.5  larynx  

(A) The Shh expression pattern at E12.5 is concentrated medially, 

with strong expression in the EL.  A slight downregulation of Shh 

at the point of compartmentalization is observed.  (ShhGFP-Cre 

embryo stained with anti -GFP).  (B)  Noggin is expressed in a 

complementary pattern to Shh, with highest e xpression in the 

lateral pouches of the rostral esophagus.  Low-level expression is 

present in the EL.  (Nog-LacZ embryo stained with anti -ϕÎÈÓȺȭɯɯ

Scale bars indicate 250 µm.   
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3.4.3  Shh and laryngeal clefting  

As discussed above, the arytenoid swellings and epithelial  lamina divide the 

pharynx into laryngeal and esophageal aspects.  The arytenoid swellings enlarge to fill 

the pharyngeal lumen, the epithelial lamina forms to compartmentalize the larynx, and 

apoptotic remodeling occurs along the dorsal epithelial lamina to separate the laryngeal 

and esophageal epithelia.  Laryngeal clefts may form when any step in this process is 

ËÐÚÙÜ×ÛÌËȭɯɯ ÚɯÙÌ×ÖÙÛÌËɯÉàɯ2ÌÎÈÐɯÌÛɯÈÓȭȮɯȹƖƔƔƝȺȮɯÈÉÓÈÛÐÖÕɯÖÍɯÛÏÌɯɁ×ÏÈÙàÕÎÌÈÓɯÌÕËÖËÌÙÔɯ

ÌÕÏÈÕÊÌÙɂɯÖÍɯ2ÏÏɯÌß×ÙÌÚÚÐÖÕɯÙÌÚÜÓÛÚɯÐÕɯÏà×Ö×ÓÈÚÛÐÊɯÈÙàÛÌÕÖid swellings.   We recreate 

this phenotype with endoderm -specific ablation of Shh, using the Nkx2.5-Cre 

recombination driver. In these mutants, no identifiable arytenoid swellings are present 

(Figure 10AB).  This creates a Type I laryngeal cleft, or a failure of the most-rostral 

compartmentalization of the larynx from the esophagus.  Thus, Shh expression from the 

pharyngeal endoderm is required for normal laryngeal compartmentalization.   

As Shh is a secreted ligand, we wanted to determine the domain of Shh reception 

required for normal laryngeal compartmentalization.  We first examined whether the 

pharyngeal endoderm itself required Shh in an autocrine fashion by ablating the Shh 

receptor Smo with ShhGFP-Cre (not shown).  This removes the receptor from the cells 

that express Shh. As this manipulation did not produce laryngeal clefts, we next 

examined whether ventral mesoderm was the relevant target by ablating Smo with 

Mef2C-Cre (not shown). We also used Nkx2.5-Cre, which would ablate Smo in both 
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ventral mesoderm and endoderm (not shown).  Shh signaling is not required in either 

ventral mesoderm or endoderm, as none of these ablations produced a laryngeal cleft 

phenotype.  Finally, we analyzed whether NCCs (or their derivatives) were the target of 

Shh signaling during laryngeal compartmentalization.  Ablation of Smo with Wnt1 -Cre, 

which deletes Smo only in nascent and migrating NCCs, produces laryngeal clefts 

indistinguishable from Nkx2.5 -Cre; Shhflox/ - (Figure 10BCDE).  Together, these tissue-

specific genetic manipulations  of Shh expression and signal reception indicate that Shh 

ligand produced by the pharyngeal endoderm must be received by neural crest cells as a 

critical signaling component of laryngeal compartmentalization.  
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Figure  10:  Shh in laryngeal clefting  

A) Rostral to caudal sections through a wild -type, compartmentalized 

larynx and esophagus at E18.5.  B) Ablation of endodermal Shh results in 

a laryngeal cleft and the larynx separates from the esophagus in an 

abnormally caudal position.  (CDE) Ablation of Smo from NCCs with 

Wnt1-Cre recapitulates the laryngeal cleft phenotype.  Es, esophagus; 

LTEC, laryngotracheoesophageal cleft; Lx, larynx; Tr, trachea.  Scale bars 

indicate 500 µm.   

 



 

49 

3.4.4  BMP and laryngeal clefting  

Shh signaling often acts in concert with BMP signaling antagonism, as in neural 

tube patterning ( Liem, et al., 2000).  Accordingly, we addressed whether genetic 

reduction of a key BMP antagonist expressed in the spatiotemporal context of laryngeal 

development  might also cause disruptions.  During patterning and morphogenesis of 

the future neck region, Noggin expression in the laryngeal endoderm  (Figure 9B) 

coincides with Shh expression and is present in a partially complementary pattern .   We 

thus wanted to determine if this domain of Nog expression  plays a role in laryngeal 

compartmentalization.   

As Nog is a secreted BMP antagonist, absence of Nog will result in excess BMP 

signaling in cells that normally express Nog and the surrounding tissue.  When we used  

ShhGFP-Cre to ablate Nog in the laryngeal endoderm and notochord, the mutants 

(ShhGFP-Cre; Nogflox/null  embryos) have a laryngeal cleft (Figure 11B), connecting the 

larynx to the esophagus.  This cleft extends through the cricoid cartilage, splitting it 

dorsally, and is thus a Type II  LTE cleft.  Therefore, BMP antagonism in the larynx is 

required for proper compartmentalization of the larynx.   

As this manipulation increases BMP signaling in both the laryngeal endoderm 

and surrounding tissue, it was not clear what the relevant target of Nog was for 

laryngeal compartmentalization.   Nog could either prevent BMP signaling in the 

laryngeal mesoderm or in the laryngeal endoderm per se.  To distinguish between these 
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two possibilities, we also used a constituti vely active allele of BMP receptor 1A  to cell-

autonomously increase BMP signaling.  When this genetic manipulation was performed 

in the endoderm (ShhGFP-Cre; CABmpr1a embryos, not shown), similar LTE clefts were 

obtained.  Thus, for laryngeal compartmenta lization, Nog expression from the laryngeal 

endoderm is required to prevent excess BMP signaling in the endoderm itself.   

We sought to determine a possible cellular basis for these defects. In these 

ShhGFP-Cre; caBmpr1a mutants, the dorsal cluster of apoptotic cells in the remodeling 

epithelial lamina is never observed (Figure 11D). On the other hand, a cluster of cleaved-

caspase 3 positive cells is present during remodeling of the wild-type epithelial lamina 

(Figure 11C).  It is intriguing to speculate th at this apoptosis is required to separate the 

foregut into the larynx and esophagus.  However, the Apaf1-null mouse , in which 

apoptosis is inhibited (Nagasaka, et al., 2010), has no report of laryngeal cleft, ind icating 

that apoptosis is not absolutely required for foregut division.  The apoptosis observed in 

wild -type and absent with excess BMP signaling is likely a byproduct of the remodeling 

process.   
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Figure  11:  BMP in laryngeal clefting  

(A) Wild -type larynx caudal to separation point from esophagus  

at E15.5.  (B) Activation of CA -Bmpr1a within the endoderm 

causes a laryngeal cleft at the level of the cricoid cartilage.  (C) 

Apoptotic cells at site of epithelial remodeling in the wild -type 

larynx  at E12.5.  (D) No cluster of apoptosis is observed when CA-

BMPr1a is activated in the endoderm.  Scale bars indicate 250 µm 

in A -D and 100 µm in C' and D'.   
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3.4.5  Laryngeal cartilage development and d eformities  

The scaffolding of the larynx is provided by three large single cartila ges 

(epiglottic, thyroid, and cricoid) and three smaller paired cartilages (arytenoid, 

corniculate, and cuneiform) (Figure 4A).  The thyroid and cricoid are hyaline cartilages 

ÛÏÈÛɯÏÖÜÚÌɯÛÏÌɯÔÈÑÖÙÐÛàɯÖÍɯÛÏÌɯÓÈÙàÕßȭɯɯ3ÏÌɯÛÏàÙÖÐËɯÊÈÙÛÐÓÈÎÌɯÍÖÙÔÚɯÛÏÌɯɁ ËÈÔɀÚɯÈ××ÓÌɂɯ

on the ventral side of the larynx.  The cricoid cartilage, the only cartilage to form a 

complete ring around the larynx, forms the dorsal wall of the larynx and connects to the 

top of the trachea.  The pairs of arytenoid (mostly hyaline), corniculat e, and cuneiform 

(elastic) cartilages are located in the interior of the larynx and influence the position and 

tension of the vocal folds.  The hyoid bone, while not technically a component of the 

larynx, connects to the thyroid cartilage via the thyrohyoi d membrane and serves to 

anchor and couple the tongue to the larynx.  Cartilaginous in the embryo, the hyoid 

becomes bone via endochondrial ossification.   

Short term, dye based fate mapping studies have established that the laryngeal 

skeletal structures are formed from the pharyngeal arches.  The pharyngeal arches are 

transient embryonic structures located at the lateral sides of the neck that become 

populated by a mix of mesoderm and neural crest cells (NCCs).  The lesser horns and 

the superior portion of  the hyoid body are derived from the second arch, while the 

greater horns and inferior portion of the hyoid body are derivatives of the third arch.  

The epiglottic and thyroid cartilages are derived from the fourth pharyngeal arch and 
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the rest come from the sixth arch (Cochard, 2002).  While the hyoid is widely believed to 

be of neural crest in origin, there is no consensus in the literature regarding whether the 

more caudal cartilages are derivatives of NCCs (Matsuoka et al., 2005), lateral plate 

mesoderm (Kaufman and Bard, 1999), or a combination of both (Jeong et al., 2004).   As 

the only laryngeal cartilage to express GFAP (widely expressed in the CNS), the 

epiglottic cartilage has been hypothesized to be a derivative of the neural crest (Kepes et 

al., 1998, Katori et al., 2011).   

To resolve this controversy, we employed a genetic lineage trace in the mouse, 

Wnt1-Cre; R26R, in which all NCC derivatives are permanently marked, to establish the 

first long -term fate map of neural crest contributions to the larynx.   By E10.5, neural 

crest cells (NCCs) are present along the lateral sides of the future larynx (Figure 12A).  

At E12.5, this NCC-derived domain encircles all except the dorsal-most aspect of the 

larynx.  The arytenoid swellings, in the interior of the larynx, are notably non -neural 

crest in origin (Figure 12B).    These data indicate that the rostral cartilages are 

predominantly NCC -derived and suggest that the caudal cartilages are mesodermal.  

The epiglottis (Figure 12C) and hyoid bone (Figure 12D)  are entirely Wnt1-Cre(+) and 

Mef2C-Cre(-), indicating a NCC origin, whereas the arytenoid cartilages ( Figure 12EF) 

and cricoid cartilage (Figure 12GH) are Wnt1-Cre(-) and Mef2C-Cre(+), therefore derived 

from mesoderm.  Interestingly, while the horns and  the majority of the body of the 
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thyroid cartilage are Wnt1 -Cre(+), Mef2C-Cre(-), the ventralmost caudal portion is Wnt1 -

Cre(-), Mef2C-Cre(+) (Figure 12GH), indicating mesodermal contributions .   
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Figure  12:  Complementary Wnt1 -Cre and Mef2C -Cre  lineage traces 

A) Transverse section through the larynx of E10.5 Wnt1-Cre; R26R 

embryo.  LacZ(+) NCCs have migrated into the laryngeal region.  

B) By E12.5, NCCs almost entirely surround the developing 

arytenoid swellings, which are mesodermal in origin. C-F) E17.5 

transverse.  The epiglottic cartilage (C), hyoid bone (D), and 

majority of the thyroid cartilage (E) are derived from NCCs.  

However, the arytenoid cartilages (E) and cricoid cartilage (F) are 

not.  A small portion of the ventrocaudal thyroid ca rtilage (* in F) is 

also not of NCC origin (F).  Using the Mef2C-Cre mesodermal 

lineage trace, we confirm that the arytenoid cartilages (G) cricoid 

cartilage (H) and the small portion of the thyroid cartilage (* in H) 

are mesodermal.  AC, arytenoid cartilage;  AC, arytenoid cartilage; 

AS, arytenoid swelling; CC, cricoid cartilage; EC, epiglottic 

cartilage; Es, esophagus; HB, hyoid bone; Lx, larynx; TC, thyroid 

cartilage.  Scale bars indicate 250 µm.   
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Figure  12:  Complementary Wnt1-Cre and Mef2C -Cre lineage traces 
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At Carnegie ÚÛÈÎÌɯƕƙȮɯÛÏÌɯɁÔÌÚÖËÌÙÔÈÓɯÈÕÓÈÎÌÕɂɯÏÈÝÌɯÊÖÕËÌÕÚÌËɯÐÕÛÖɯËÐÚÛÐÕÊÛɯ

hyoid and cricothyroid parts and begin expressing pre -chondrocyte marker Sox9 (Figure 

13A).  During stages 17-18, chondrification centers appear in the hyoid (E13.0) and 

cricoid (E14.0) primordia  (Zaw-Tun and Burdi, 1985).  Lateral and dorsal fusion of the 

cricothyroid anlagen occurs.  During stages 19-23, chondrification of the hyoid, thyroid, 

and cricoid occurs by E15.0, followed by the epiglottis at E16.0 (Katori et al, 2011) 

(Figure 13B).  The cuneiform and corniculate cartilages fuse with the apices of the 

arytenoids. 

The subglottis is the region of the larynx immediately caudal to the vocal folds, 

encompassing the cricoid cartilage region and extending to the tracheal opening.  In the 

infant, the subglottis is the narrowest part of the larynx.  Congenital subglottic stenosis, 

the third most common laryngeal defect, is a narrowing of the larynx below the level of 

the glottis.  Subglottic stenoses can be categorized into soft tissue (usually acquired) or 

cartilaginous (usually congenital) in etiology.  Soft tissue stenosis is caused by an 

overgrowth of the laryngeal mucosa.  The submucosa proliferates rapidly during cricoid 

chondrification, tran siently herniating into the dorsal subglottis.  If the cricoid does not 

proportionally increase in size, persistence of this excess tissue could cause stenosis.  

Cartilaginous stenosis is caused by a small or misshapen cricoid cartilage.  Most 

commonly, th e cricoid cartilage is elliptical (narrow transversely) but may instead be 

flattened (narrow anteroposteriorly) or generally thickened (Holinger, 1999).  The first 
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tracheal ring can sometimes telescope within a flattened cricoid, trapping it and 

narrowing the airway (Kakodkar et al, 2012).  Individuals with Fraser syndrome often 

have hypoplasia or stenosis of the larynx (van Haelst et al., 2007).  The 22q11 monosomy 

syndromes have an increased incidence of congenital subglottic stenosis, laryngeal webs 

and clefts.   

Many fundamental cellular processes are essential for proper laryngeal cartilage 

development.  Sox9 is an essential and early transcription factor during chondrogenesis.    

Haploinsufficiency of Sox9 causes thin hyoid and laryngeal cartilages (Bi  et al., 2001) 

whereas ablation of Sox9 from NCCs (with Wnt1 -Cre) results in a loss of the hyoid and 

thyroid cartilages (Mori -Akiyama et al., 2003).  Similarly, loss of Fibulin-1, an ECM 

protein which regulates cell mobility, causes gross abnormalities of NCC-derived 

structures, including a reduction of the hyoid and thyroid cartilages (Cooley et al., 2008).   

Stereotypic developmental signaling pathways, including Hh, Wnt, and BMP, 

are also essential for laryngeal cartilage development.  Ablation of R-spondin2, an 

ÈÊÛÐÝÈÛÖÙɯÖÍɯ6ÕÛɤϕ-catenin signaling, results in dysmorphic laryngeal cartilages and 

fusions between the arytenoids and cricoid (Yamada et al., 2009).    Simultaneous 

ablation of Wnt -1 and Wnt-3a causes malformations of the thyroid cartilage and absence 

of the main body of the hyoid bone (Ikeya et al., 1997).   
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Figure  13:  Development of laryngeal cartilages  

(A) Transverse view of the developing laryngeal cartilages.  

Developing pre -cartilage condensations of the future cricoid and 

thyroid cartilages are visualized with anti -Sox9 staining (red).   (B) 

Alcian blue staining of mature laryngeal cartilages, ventral view. 

CC, cricoid cartilage; TC, thyroid cartilage.  Scale bars indicate 500 

µm.   
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3.4.6  BMP in laryngea l cartilage development  

Bmp-7-deficient embryos have an absent cricoid and malformed thyroid cartilage 

and hyoid bone (Zouvelou et al., 2009).  Crossveinless 2 (Cv2; Bmper) is a BMP-binding 

protein that positively regulates the sizes of laryngeal cartilage s (Ikeya et al., 2006).  

Similarly, ablation of Follistatin -like 1 (Fstl 1), a TGF-ϕɯÍÈÔÐÓàɯÈÕÛÈÎÖÕÐÚÛȮɯÊÈÜÚÌÚɯÎÙÖÚÚɯ

disorganization of the laryngeal cartilages (Geng et al., 2011).   

Many mouse mutants have small or hypoplastic laryngeal cartilages; howev er 

the signaling events that regulate chondrification of the larynx have not been previously 

elucidated.   In addition to laryngeal clefts, we  report that ablation of Noggin is the first 

genetic model to have enlarged laryngeal cartilages.  Specifically th e thyroid cartilage 

and hyoid bone are much thicker than those of wild -type littermates (Figure 14B).  

Additionally, both lateral and midline fusions are present between the hyoid bone and 

thyroid cartilage.  Noggin is expressed in multiple tissues around the developing larynx, 

including the notochord, floor plate, endoderm, and in neural crest cells , but it is unclear 

which of these domains are responsible for limiting laryngeal cartilage size.  Ablation of 

Noggin from the notochord, floor plate, and endod erm with ShhGFP-Cre does not affect 

the size of the laryngeal cartilages.  However, ablation of Noggin from neural crest cells 

with Wnt1 -Cre (Figure 14C) cause the large laryngeal cartilages seen in the Noggin-null 

mouse, with premature ossification center s. When autocrine BMP signaling is increased 

even more, by activation of Bmpr1a within the neural crest, the over -ossification 
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phenotype is even more dramatic (Figure 14D).  Collectively, these data indicate that 

neural crest cells per se produce Noggin to protect themselves from surrounding BMPs.    
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Figure  14:  Noggin and laryngeal cartilage  

A) Wild -type laryngeal cartilage and hyoid bone with single 

midline ossification center.  B) Noggin -null hyoid bone is large 

and exhibits premature ossification, lateral and midline fusions 

with the thyroid cartilage, and a cleft in the cricoid cartilage.  C) 

Ablation of Nog from NCCs causes extensive overgrowth and 

over ossification of the hyoid bone, as well as thyroid cartilage 

deformities .  D) Activation of Bmpr1a in NCCs exacerbates the 

phenotypes, precluding identification of individual skeletal 

elements.  Scale bars indicate 1mm.   
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3.4.7  Shh and laryngeal cartilage  

In addition to being important for proper laryngeal compartmentalizati on, Sonic 

hedgehog (Shh) is also essential for laryngeal cartilage development.  Hedgehog 

signaling is likewise important for development of the laryngeal apparatus.  Ablation of 

Hh signaling from the neural crest results in absence of the hyoid and thyroi d cartilages 

(Jeong et al., 2004).  A knockout of Kinesin-2 subunit Kif3a, essential for intraflagellar 

transport and Hh signaling, phenocopies this mutant (Kolpakova -Hart et al., 2007).  In 

the Shh-null mouse, no laryngeal cartilage is present (Figure 15A) and no laryngeal 

structures are identifiable.  In fact, there is no communication between the oral cavity 

and the foregut tube.  However, the relevant domain(s) of Shh signal production and 

ÛÙÈÕÚËÜÊÛÐÖÕɯÈÙÌɯÜÕÒÕÖÞÕȭɯɯ ÉÓÈÛÐÖÕɯÖÍɯÛÏÌɯɁ×ÏÈÙàÕÎÌÈÓɯÌÕËÖËÌÙÔɯÌÕÏÈÕÊÌÙɂɯÖÍɯ2ÏÏɯ

expression, MFCS4, causes deformation of the hyoid, loss of the epiglottis, and 

hypoplasia of the arytenoid swellings (Sagai et al., 2009).  Unlike the Shh-null, however, 

the cricoid and thyroid cartilages are easily identifiable and morph ologically normal.  

We thus hypothesized that axial Shh expression (from the notochord and floor plate) is 

responsible for the development of these caudal laryngeal cartilages.  To address the 

axial domain, we ablated Shh with Foxa2-NFP-Cre; however, we did not see a laryngeal 

phenotype (not shown).  This led us to reconsider the entire anterior endodermal 

domain of Shh expression, more broad than the MFCS4 enhancer, with an endodermal-

deletion of Shh with Nkx2.5 -Cre.  Surprisingly, we found that the endode rmal domain 



 

64 

of Shh is indeed responsible for laryngeal morphogenesis.  In the absence of Shh from 

the nascent foregut endoderm, the hyoid bone, thyroid cartilage, and arytenoid 

cartilages do not form, and the cricoid cartilage is severely malformed ( Figure 15BC).   

While we determined that the endodermal domain of Shh is essential for 

laryngeal cartilage development, which cells receive that secreted signal is not known.  

Three likely domains of Shh reception exist:  neural crest, mesoderm, and the endoderm 

itself.   First, we examined the role of autocrine Shh signaling, back to the endoderm 

itself by ablating Smoothened with ShhGFP-Cre (Figure 15D) and found  no role for 

autocrine Shh signaling in laryngeal development.  Next, we confirmed the work of 

Jeong et al. (2004) by ablation of Smoothened in the neural crest (with Wnt1-Cre).  As 

expected, loss of Hh reception in the neural crest resulted in loss of the hyoid and 

thyroid cartilages ( Figure 15E), the laryngeal derivatives of neural crest.  Finally, we 

ablated Smoothened in the caudal laryngeal mesoderm with Mef2C-Cre, and found that 

the arytenoid and cricoid cartilages are lost, further supporting a mesodermal origin 

(Figure 15F).  Consistent with a small portion of the thyroid cartilage being mesoderma l 

in origin, ablation of Smo within the laryngeal mesoderm did produce a small defect in 

the caudal, ventral thyroid cartilage.  Thus, Shh expression from the foregut endoderm 

signals directly to neural crest for the formation of the rostral laryngeal cart ilages and 

also signals directly to mesoderm for the caudal cartilages. 
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Figure  15:  Shh and laryngeal cartilage  

(A) Shh-null larynx and trachea exhibit nearly complete absence 

of cartilage.  (B) Alcian blue staining of wild -type laryngeal 

cartilage.  (C) Ablation of endodermal Shh results in a loss of the 

thyroid cartilage and deformity of the cricoid cartilage.  (D) 

Ablation of Shh reception from the endoderm does not cause 

laryngeal defects.  (E) Ablation of Shh reception from  splanchnic 

mesoderm causes a defect of the cricoid cartilage and tracheal 

rings, but the thyroid cartilage is mostly present, missing only a  

small ventrocaudal portion (*).  Scale bars indicate 1mm.   
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3.4.8  Laryngeal musculature , epithelia, and c onnect ive tissue  
development  

By stage 17-18, the primordia of intrinsic and extrinsic laryngeal muscles are 

visible. The musculature and connective tissue of the larynx can be subdivided in to the 

intrinsic elements that are confined to the larynx and the extrin sic elements that provide 

connections to surrounding structures.  The intrinsic muscles join together the cartilages 

of the larynx and change the shape of the laryngeal cavity to adjust pitch and tone 

during vocalization.  All intrinsic muscles of the lary nx come from the sixth branchial 

arch mesoderm except the cricothyroid, a fourth arch derivative.  The extrinsic muscles 

support the larynx and influence the relationship between the hyoid bone and the larynx 

during swallowing and phonation.  While origina lly believed to be derived from 

(paraxial) somitic mesoderm, it was recently established that the majority of the extrinsic 

musculature of the larynx comes from Isl1(+) splanchnic mesoderm (Nathan et al., 2008).  

Similarly, the membranes and ligaments of the larynx may also be subdivided into 

extrinsic and intrinsic categories.  The lateral cricothyroid membranes, referred to as the 

conus elasticus, connect the thyroid, cricoid, and arytenoid cartilages.   

During the "fetal stage," goblet cells and submucosal glands develop.  The larynx 

develops neurologic reflexes: myenteric plexuses and ganglion cells are differentiated by 

13 weeks (Kakodar, et al., 2012).  The free edge of the vocal folds, the anterior glottis, is 

covered with stratified squamous epitheli um, 5-25 cells thick (Hopp, 1955).  The 
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posterior glottis is covered with pseudostratified, ciliated epithelium, with microridges 

and microvilli.  The true vocal folds also contain skeletal muscle, the vocalis.   

The glossopharyngeal nerve (CN IX), derived from the third branchial arch, 

sends fibers to the upper epiglottis.  However, the majority of the larynx is innervated 

by two branches of the vagus nerve (CN X).  The superior laryngeal nerve, from the 

fourth branchial arch, innervates the lower epiglott is, provides sensory innervations to 

the glottis and laryngeal vestibule, and motor innervations of the cricothyroid muscle.  

The recurrent laryngeal nerve, from the sixth arch, creates sensory innervations to the 

subglottis and motor innervations to all o ther muscles of the larynx.   

Multiple congenital laryngeal defects, including cri -du-chat and vocal cord 

paralysis, may be due to defects in laryngeal innervations.  In cri -du-chat syndrome, the 

posterior portion of the glottis remains open during phonati on, producing a 

ÊÏÈÙÈÊÛÌÙÐÚÛÐÊɯɁÔÌÞÐÕÎɂɯÊÙàȭɯɯ"ÙÐ-du-chat syndrome is associated with 5p15 deletion 

(Church, et al., 1995).  Vocal cord immobility is the second most common defect of the 

larynx.  While unilateral paralysis is usually the result of injury, bilateral paralysis is 

typically congenital.  As idiopathic vocal cord paralysis usually resolves with age, it is 

hypothesized to be the result of an immature vagus nerve.   Arnold -Chiari malformation 

can cause hydrocephalus, which may cause bilateral vocal cord paralysis.   

Disruption of fundamental cellular processes underlying laryngeal 

morphogenesis leads to expected laryngeal defects in the mouse.   Ablation of myogenin, 
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a MyoD family bHLH transcription factor that activates skeletal muscle differentia tion, 

results in a near-complete loss of laryngeal skeletal musculature (Tseng et al., 2000).  The 

authors hypothesize that the myogenin knockout mouse may be unable to adequately 

close its glottis, which may be similar to cri -du-chat syndrome in human inf ants.   

3.4.9  Recanalization of the larynx  

At stage 15, a transverse pouch develops between the arytenoid swellings and 

the hypobranchial eminence (future epiglottis), termed the laryngeal cecum .  However, 

because the arytenoid swellings block a portion of the laryngeal lumen, this pouch is 

blind and does not connect to the trachea.  Between stages 19-23, or E14.5-E16.0 in the 

mouse, the epithelial lamina begins to recanalize in a dorsocranial to ventrocaudal 

direction ( Figure 16).  This brings the pharyng oglottic duct in continuity with the 

laryngeal cecum.  It has been previously debated whether this recanalizing portion of 

the larynx represents the infraglottis or supraglottis.  As the site of recanalization is 

surrounded by Mef2C -Cre labeled mesoderm, I demonstrate that the recanalized portion 

of the larynx is, in fact, the infraglottis.   

The lateral sides of the laryngeal cecum expand to form ventricular outgrowths.  

These outgrowths are more pronounced in humans (Zaw -Tun and Burdi, 1985) than in 

the mouse (Henick, 1993).  It is debated whether the laryngeal ventricles represent the 5th 

pharyngeal pouch (Zaw -Tun and Burdi, 1985) or develop from the midline of the 

pharyngeal floor between the third and fourth pouches (Viejo et al., 2012).  The lumen 
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caudal to the EL, Zaw-3ÜÕɀÚɯÐÕÍÙÈÎÓÖÛÛÐÚȮɯÌÕÓÈÙÎÌÚɯÈÕËɯÛÏÌɯ×ÏÈÙàÕÎÖÎÓÖÛÛÐÊɯËÜÊÛɯÈÚÚÜÔÌÚɯ

a vertical position along the dorsal margin of the EL.  During stage 17-18 (52-64 somites, 

E13.0-E14.0) the laryngeal cecum grows caudally to the level of the glottis.   
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Figure  16:  Recanalization of the infra glottis  

A)  Sagittal section through E18.5 pharynx, larynx, and trachea.  B-

D) Sections of recanalizing larynx through the planes indicated in 

(A).   Scale bars indicate 500 µm.   
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3.4.10   Maturation of the larynx  

#ÜÙÐÕÎɯ"ÈÙÕÌÎÐÌɀÚɯɁÍÌÛÈÓɯÚÛÈÎÌɂɯÖÙɯ$ƕƚȭƙ-E19.5 in the mouse, recanalization of the 

epithelial lamina is completed.  By the 10th week in humans, only a perforated 

ÔÌÔÉÙÈÕÌɯȹɁÞÌÉɂȺɯÙÌÔÈÐÕÚɯÈÛɯÛÏÌɯÓÌÝÌÓɯÖÍɯ9ÈÞ-3ÜÕɀÚɯ×ÙÌÚÜÔ×ÛÐÝÌɯÎÓÖÛÛÐÚ.  During the 

12th week, the EL disappears completely and the laryngeal lumen is continuous.    

Defects at the level of the glottis interfere with breathing and phonation.  Laryngeal 

atresia, while rare, is the congenital failure of the laryngeal opening t o develop and 

requires an immediate tracheotomy at birth.  The three classes of laryngeal atresia are 

interpreted to be the result of developmental arrest during various stages of 

recanalization of the epithelial lamina (Zaw -Tun, 1998).  In Type I atresia, it appears that 

no recanalization has occurred: a shallow cleft is present between the apices of the 

arytenoids, but caudally no lumen is patent because the epithelial lamina is intact.   Type 

II atresia may result from arrest mid -recanalization, creating a partially -formed 

vestibule.   As the epithelial lamina at the level of the glottis is last to recanalize, arrest at 

this stage may cause Type III laryngeal atresia, also referred to as glottic webs.  

Congenital laryngeal webs are abnormal membranous tissue present across the lumen of 

the larynx, most common at the level of the glottis (75%) but may also be supra- or infra -

glottic.  Currently, no mouse models of laryngeal atresia or laryngeal webs have been 

reported.   
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Also during the fetal stage, the bil ateral outgrowths from the laryngeal cecum 

ËÐÓÈÛÌɯÈÕËɯÉÌÊÖÔÌɯÛÏÌɯÓÈÙàÕÎÌÈÓɯÝÌÕÛÙÐÊÓÌÚȭɯɯ3ÏÌɯÜ××ÌÙɯÈÕËɯÓÖÞÌÙɯɁÓÐ×ÚɂɯÖÍɯÛÏÌɯ

ventricular openings become the false and true vocal folds, respectively (Zaw-Tun and 

Burdi, 1985).  Vocal processes form from the arytenoid swellings .    The lingual surface 

of the epiglottis is covered by a stratified squamous epithelium.  The majority of the 

laryngeal surface, like most of the larynx, is covered by respiratory epithelium: 

pseudostratified, with ciliated columnar cell s and scattered mucous-secreting goblet 

cells (Hopp, 1955).   

Caudal to the epiglottis are the vestibular folds, or false vocal folds, which are 

not used for vocalization but are important for resonance.  The vestibular folds are 

formed from the free edges of the quadrangular membranes and do not contain muscle.  

3ÏÌɯÓÈÙàÕÎÌÈÓɯÝÌÕÛÙÐÊÓÌɯȹÈÓÚÖɯÒÕÖÞÕɯÈÚɯÛÏÌɯÓÈÙàÕÎÌÈÓɯÚÐÕÜÚɯÖÙɯ,ÖÙÎÈÕÎÕÐɀÚɯÚÐÕÜÚȺɯÐÚɯÈɯ

spindle-shaped indentation between the vestibular folds and true vocal folds, bordered 

laterally by the thyroar ytenoid muscle. The anterior portion of the ventricle has an 

Ö×ÌÕÐÕÎɯÛÖɯÛÏÌɯÓÈÙàÕÎÌÈÓɯÚÈÊÊÜÓÌɯȹÈÒÈɯÓÈÙàÕÎÌÈÓɯ×ÖÜÊÏȮɯ'ÐÓÛÖÕɀÚɯ×ÖÜÊÏȺȮɯÈɯÕÈÙÙÖÞɯ

membranous diverticulum that extends rostrally to the level of the top of the thyroid 

cartilage.  The laryngeal saccule contains mucous-secreting glands which lubricate the 

vocal folds.   

Other supraglottic congenital defects of the larynx include, lymphangiomas, 

saccular cysts, and laryngocoeles.  Lymphangiomas, or abnormal development of 
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lymphatic tissue, can develop to block the upper airway.  Saccular cysts and 

laryngocoeles are abnormal dilations or herniations of the laryngeal saccule.  A 

laryngocoele is patent with the laryngeal ventricle and filled with air.  On the other 

hand, saccular cysts do not open into the ventricle and are often filled with mucous.  

Saccular cysts are thought to form when patency between the laryngeal saccule and 

ventricle is not maintained during embryogenesis.  

3.5  Discussion  and future directions  

Much of this work revolves around the dual fate maps of Mef2C-cre 

(mesodermal) and Wnt1-Cre (NCC).  Mef2C-Cre labeled laryngeal tissues up to the 

cricoid cartilage and Wnt1 -Cre labeled those down to an including the thyroid cartilage.  

This serendipitously marked the level of the glottis as th e interface between these two 

domains.  These dual fate maps served three scientific purposes.  First of all, they 

resolved the controversy regarding embryonic origins of the supraglottis , glottis, and 

infraglottis, demonstrating that the primitive pulmona ry sac contributes only to the 

infraglottis and the laryngotracheal sulcus becomes the supraglottis.  Secondly, the dual 

fate maps resolved the controversy regarding what part of the larynx is formed by the 

epithelial lamina, and, thus, what part must reca nalize to create an open connection 

between the pharynx and the trachea.  Positioned between the Mef2C-Cre-labeled 

mesodermal arytenoid swellings, the epithelial lamina clearly becomes the infraglottis.   

Lastly, comparison of these fate maps at late stages demonstrates that the hyoid and 
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most of the thyroid cartilage are derived from NCCs, whereas the arytenoids, cricoid, 

and a small portion of the thyroid cartilage are derivatives of splanchnic mesoderm.   

Shh plays multiple key roles in laryngeal develop ment.  Shh expression from the 

vFGE is required for laryngeal compartmentalization, and I demonstrate that this 

domain of Shh signals to NCCs to promote separation of the larynx from the esophagus.  

Experiments demonstrated that, unlike many other contexts , the role of Noggin is to 

cell-autonomously protect the cells that secrete it.  Regarding laryngeal 

compartmentalization, Nog produced by the endoderm protects the endoderm from 

excess BMP signaling.  Likewise, during development of NCC-derived laryngeal 

cartilages, Nog secreted by NCCs is essential for preventing BMPs from signaling to 

those NCCs.   

With respect to development of the laryngeal cartilages, I determined that Shh 

signals directly from the laryngeal endoderm to NCCs and foregut mesoderm .  While 

the mechanism of Shh's action was not determined, the simplest model is that Shh acts 

as a survival or proliferation signal.  When this signal is ablated, both NCC and 

mesoderm-derived laryngeal cartilages do not form.  We also determined that Noggin 

negatively regulates the size of laryngeal cartilages and, with the ablation of Nog, 

provide the first mouse model of thickened laryngeal cartilages.  Thus, Noggin is likely 

to serve as an anti-proliferative signal, controlling laryngeal cartilage size.   
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Al together, this work resolves many debates regarding laryngeal morphogenesis 

impossible to answer without modern genetic tools.  Additionally, I demonstrate key 

functions of Shh and BMP signaling in compartmentalization of the larynx from the 

esophagus and in the development of the laryngeal cartilages.  I determined the relevant 

domains of Shh and Nog expression and reception in the developing larynx, which is 

the first step towards a greater molecular understanding of laryngeal development.   
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4. ɓarrestins  and Shh in the developing embryo  

4.1  Summary  

Arrestins, a family of multifunctional cytosolic adaptor proteins, are widely 

studied for the ability to desensitize and internalize activated G -protein coupled 

ÙÌÊÌ×ÛÖÙÚɯȹ&/"1ÚȺȭɯɯϕ-arrestins, the non-visual arrestins, are furthermore known to 

mediate signaling through a wide variety of other receptor families, many of which 

ÊÖÕÛÙÖÓɯÒÌàɯÚÐÎÕÈÓÐÕÎɯÌÝÌÕÛÚɯËÜÙÐÕÎɯÌÔÉÙàÖÎÌÕÌÚÐÚȭɯɯ ÚɯÉÖÛÏɯÛÏÌɯϕÈÙÙÌÚÛÐÕƕɯȹArrb1) and 

ϕÈÙÙÌÚÛÐÕƖɯȹArrb2) knockout mouse strains are viable, we sought to determine the 

ÌÚÚÌÕÛÐÈÓɯÙÖÓÌÚɯÖÍɯϕ-arrestins during development.  Given the large number of signaling 

×ÈÛÏÞÈàÚɯ×ÖÛÌÕÛÐÈÓÓàɯÔÐÚÙÌÎÜÓÈÛÌËɯÐÕɯÛÏÌɯÈÉÚÌÕÊÌɯÖÍɯϕÈÙÙÌÚÛÐÕÚȮɯÞÌɯÞÌÙÌɯÚÜÙ×ÙÐÚÌËɯÛÖɯ

ÍÐÕËɯÛÏÈÛɯϕÈÙÙƕɤϕÈÙÙƖɯËÖÜÉÓÌɯÒÕÖÊÒÖÜÛɯȹ#*.) mice are born alive without major external 

defects.  'ÖÞÌÝÌÙȮɯϕÈÙÙÌÚÛÐÕɯ#*.ɯ×Ü×ÚɯÈÙÌɯÚÔÈÓÓɯÐÕɯÚÐáÌȮɯØÜÐÊÒÓàɯÉÌÊÖÔÌɯÊàÈÕÖÛÐÊȮɯÈÕËɯ

do not survive 48 hours postnatally, mostly due to complications from a severe cleft 

ÚÌÊÖÕËÈÙàɯ×ÈÓÈÛÌȭɯɯ(ÕÛÌÙÕÈÓÓàȮɯϕÈÙÙÌÚÛÐÕ DKO pups also have cardiovascular, cerebellar, 

ÙÌÕÈÓȮɯÈÕËɯÚÒÌÓÌÛÈÓɯÈÕÖÔÈÓÐÌÚȭɯɯ,ÖÚÛɯϕÈÙÙÌÚÛÐÕɯ#*.ɯ×ÏÌÕÖÛà×ÌÚɯÈÙÌɯÊÖÕÚÐÚÛÌÕÛɯÞÐÛÏɯ

specific impairment of mitogenic Shh signaling; in contrast, DKO pups do not have 

anomalies in tissues for which Shh acts principally as a morphogen.  Thus, many 

ÚÐÎÕÈÓÐÕÎɯ×ÈÛÏÞÈàÚɯÐÕɯÞÏÐÊÏɯϕÈÙÙÌÚÛÐÕÚɯÏÈÝÌɯÉÌÌÕɯÚÏÖÞÕɯÛÖɯÈÊÛɯin vitro  do not require 

ϕÈÙÙÌÚÛÐÕÚɯËÜÙÐÕÎɯËÌÝÌÓÖ×ÔÌÕÛȭɯɯ'ÖÞÌÝÌÙȮɯÔÐÛÖÎÌÕÐÊɯ2ÖÕÐÊɯÏÌËÎÌÏÖÎɯÚÐÎÕÈÓÐÕÎɯÈ××ÌÈÙÚɯ

ÛÖɯÙÌØÜÐÙÌɯϕÈÙÙÌÚÛÐÕÚɯÛÖɯÍÜÓÍÐÓÓɯÐÛÚɯËÌÝÌÓÖ×ÔÌÕÛÈÓ roles.   
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4.3  Introduction  

Proper signaling through transmembra ne receptors is critical for basic cellular 

function during development, homeostasis, and disease.  The largest family of receptors, 

G-protein coupled receptors (GPCRs), respond to a wide variety of extracellular ligands, 

whose binding induces a conformati onal change required for recognition and 

phosphorylation by GPCR kinases (GRKs) (Premont and Gainetdinov, 2007).  Arrestins 

are a family of multifunctional signaling and adaptor proteins with the ability to 

desensitize and internalize ligand -activated GPCRs (Lefkowitz et al., 2005).   Arrestins 

are recruited to phosphorylated GPCRs, where they physically inhibit signaling and/or 

mediate clathrin -dependent endocytosis of the activated GPCR.  Classically, 

GPCR/GRK/arrestin interactions result in receptor desensitization, or termination of 

signaling to G-proteins.  However, arrestins can also potentiate a diverse array of 

ÚÐÎÕÈÓÐÕÎɯÌÝÌÕÛÚȮɯÐÕÊÓÜËÐÕÎɯÛÏÌɯÎÌÕÌÙÈÛÐÖÕɯÖÍɯɁÚÐÎÕÈÓÖÚÖÔÌÚɂȮɯÐÕɯÞÏÐÊÏɯËÐÚÛÐÕÊÛɯÚÐÎÕÈÓÐÕÎɯ

events are enhanced by physically assembling critical components on arrestin scaffolds 

(Lefkowitz et al, 2006).     



 

78 

1ÌÊÌÕÛÓàȮɯÔÈÕàɯÐÕÛÌÙÈÊÛÐÖÕÚɯÉÌÛÞÌÌÕɯϕ-arrestins and non-GPCRs, especially 

developmentally important receptors, have been reported in a wide variety of contexts, 

from C. elegans to human cell culture.  (Reviewed in Kovacs, et al., 2009.)  ARR-1, the sole 

C. elegans arrestin, and kurtz, the single non-visual arrestin in Drosophila both have 

traditional arrestin functions, modulating sensory input in olfactory neurons.  Arr -1 

mutants, are not defective in chemotaxis (Fukuto, et al., 2004), but have deficiencies in 

olfactory adaptation and recovery, likely the result of faulty receptor endocytosis 

(Palmitessa et al., 2005).  ARR-1 regulates C. elegans longevity through a interactions 

with DAF -2 and DAF-18, the orthologues of IGF-1R and PTEN, respectively (Palmitessa 

and Benovic, 2010).  ARR-1 also participates in the unfolded protein response and a p38 

MAPK signaling pathway required for innate immunity through regulation of GPCR 

signaling in C. elegans neurons (Singh and Aballay, 2012).   

Kurtz is an essential neural gene in Drosophila melanogaster (Roman, et al, 2000) 

that helps maintain olfactory sensitivity (Ge, et al., 2006) and exploratory activity (Liu, et 

al., 2007), functioning canonically as a desensitizer of GPCR signaling (Johnson, et al., 

2008).  Kurtz also participates in Notch signaling, forming a complex with Deltex and 

Notch and promoting the E3 ubiquitin ligase activity of Deltex on Notch, resulting in 

Notch degradation (Mukherjee, et al., 2005).  Additionally, Kurtz can inhibit both MAPK 

ERK and NF-ϝ!ɯÚÐÎÕÈÓÐÕÎɯȹ3Ð××ÐÕÎȮɯÌÛɯÈÓȮɯƖƔƕƔȺȭɯɯ1ÌÊÌÕÛɯÙÌ×ÖÙÛÚɯÏÈÝÌɯÐÔ×ÓÐÊÈÛÌËɯ*ÜÙÛáɯÐÕɯ

negative regulation of Hedgehog signaling, promoting internalization and degradation 
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of Smoothened in an activity -independent manner (Molnar, et al., 2011) parallel to 

internalization by ubiquitination (Li, et al., 2012).    

In Xenopus, ßϕÈÙÙƖ is required for convergent extension and midline intercalation 

of mesoderm during embryonic axis elongation.  ßϕÈÙÙƖ is essential for non-canonical 

Wnt/planar cell polarity signaling by r egulation of Dishevelled, but does not participate 

in the G-protein mediated non -canonical Wnt/Ca2+ signaling pathway (Kim et al., 2007).  

In fact, the balance between xBarr2 and casein kinase 1/2 may direct which non-

canonical Wnt signaling pathway is act ivated (Bryja, et al., 2008).   Simultaneously, 

ßϕÈÙÙƖ is involved in the negative regulation of canonical Wnt signaling, as axis 

duplication by ectopic Wnt8 is suppressed in the ßϕÈÙÙƖ morphant (Bryja, et al., 2007).   

$ß×ÌÙÐÔÌÕÛÚɯÐÕɯÔÈÔÔÈÓÐÈÕɯÊÌÓÓɯÊÜÓÛÜÙÌɯÏÈÝÌɯÍÜÙÛÏÌÙɯÐÔ×ÓÐÊÈÛÌËɯϕÈÙÙÌÚÛÐÕÚɯÐÕɯ

developmÌÕÛÈÓɯ×ÈÛÏÞÈàÚȭɯɯ#ÐÚÏÌÝÌÓÓÌËƕɤƖɯÞÌÙÌɯÐËÌÕÛÐÍÐÌËɯÈÚɯϕÈÙÙƕ-interacting proteins 

ÐÕɯÛÏÌɯÏÜÔÈÕɯÏÌÈÙÛȮɯÈÕËɯÞÌÙÌɯÍÖÜÕËɯÛÖɯÙÌÎÜÓÈÛÌɯϕ-catenin stabilization and LEF-

mediated transcription in HEK -293 cells (Chen, et al., 2001).  In (non-canonical) Wnt5a 

stimulation  ÖÍɯÛÏÌɯÚÈÔÌɯÊÌÓÓɯÛà×ÌȮɯ#ÝÓƖɯÙÌÊÙÜÐÛÚɯϕÈÙÙƖɯÛÖɯÔÌËÐÈÛÌɯÌÕËÖÊàÛÖÚÐÚɯÖÍɯ%ÙÐááÓÌËƘɯ

(Chen, et al., 2003a).  ϕ-arrestins have recently been implicated in multiple novel roles in 

ÛÏÌɯ3&%ϕɯÚÐÎÕÈÓÐÕÎɯ×ÈÛÏÞÈàȭɯɯ ÍÛÌÙɯÙÌÊÙÜÐÛÔÌÕÛɯÉàɯ3&%ϕ1((ȮɯϕÈÙÙƖɯÔÌËÐÈÛÌÚɯÛÏÌɯ

interÕÈÓÐáÈÛÐÖÕɯÖÍɯÈÊÛÐÝÈÛÌËɯ3&%ϕ1(((ɯÛÖɯËÖÞÕÙÌÎÜÓÈÛÌɯ3&%ϕɯÚÐÎÕÈÓÐÕÎɯÐÕɯ'$*-293 cells 

(Chen, et al., 2003b).   
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ϕÈÙÙƖɯÐÚɯÈɯ×ÖÚÐÛÐÝÌɯÙÌÎÜÓÈÛÖÙɯÖÍɯ'ÏɯÚÐÎÕÈÓÐÕÎɯËÜÙÐÕÎɯáÌÉÙÈÍÐÚÏɯÌÔÉÙàÖÎÌÕÌÚÐÚȮɯÈÚɯ

ÒÕÖÊÒËÖÞÕɯÖÍɯϕÈÙÙƖɯÐÕɯÛÏÌɯ9ÌÉÙÈÍÐÚÏɯÊÈÜÚÌÚɯÈɯÙÌËÜÊÛÐÖÕɯÖÍɯ'ÏɯÚÐÎÕÈÓÐÕg (Wilbanks, et 

al., 2004)ȭɯɯɯ(ÕɯÔÈÔÔÈÓÐÈÕɯÊÌÓÓɯÊÜÓÛÜÙÌȮɯϕÈÙÙƖɯȫɯ&1*ƖɯÔÌËÐÈÛÌɯÊÓÈÛÏÙÐÕ-dependent 

internalization of activated Smoothened to potentiate Shh signaling (Chen, et al, 2004).  

Mammalian Smo translocates to the primary cilium in a ligand -dependent manner to 

transduce hedgehog signaling (Corbit, et al., 2005).   This ciliary localization of Smo is 

ËÌ×ÌÕËÌÕÛɯÖÕɯÈɯϕÈÙÙÌÚÛÐÕɤ*ÐÍƗÈɤ2ÔÖɯÊÖÔ×ÓÌßɯȹ*ÖÝÈÊÚȮɯÌÛɯÈÓȭȮɯƖƔƔƜȺȭɯɯ4ÕÓÐÒÌɯÔÖÚÛɯ&/"1ÚȮɯ

all of these receptors with non-ÊÈÕÖÕÐÊÈÓɯϕ-arrestin interactions are essential for 

embryonic development.  

ϕ-arrestin1 (Arrb1ȺɯÈÕËɯϕ-arrestin2 (Arrb2), the two mammalian non -visual 

ÈÙÙÌÚÛÐÕÚȮɯÈÙÌɯÜÉÐØÜÐÛÖÜÚÓàɯÌß×ÙÌÚÚÌËɯÐÕɯÈËÜÓÛɯÛÐÚÚÜÌÚȭɯɯ(ÕɯÛÏÌɯÈÉÚÌÕÊÌɯÖÍɯϕ-arrestin1, 

ÔÐÚÙÌÎÜÓÈÛÌËɯÚÐÎÕÈÓÐÕÎɯÛÏÙÖÜÎÏɯϕ-adrenergic receptors, angiotensin receptors, and many 

other GPCRs has been reported by us and others (e.g. Conner et al., 1997; Kohout, et al., 

2001; Rajagopal, et al., 2006).  2ÐÔÐÓÈÙÓàȮɯϕÈÙÙƖɯÒÕÖÊÒÖÜÛɯÔÐÊÌɯÏÈÝÌɯÈÕɯÐÕÊÙÌÈÚÌËɯÈÕÈÓÎÌÚÐÊɯ

response to morphine, due to misregulatiÖÕɯÖÍɯϟ-opioid receptor desensitization (Bohn, 

ÌÛɯÈÓȮɯƕƝƝƝȺȭɯɯ ÉÓÈÛÐÖÕɯÖÍɯÌÐÛÏÌÙɯϕÈÙÙƕɯÖÙɯϕÈÙÙƖɯÐÕɯÛÏÌɯÔÖÜÚÌɯÏÈÚɯÉÌÌÕɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÈɯ

wide variety of adult physiological processes and disease states, diet-induced obesity 

(Zhuang, et al., 2011), insulin resistance (Luan, et al., 2009), allergic asthma (Walker, et 

al., 2003), lung tumor growth and angiogenesis (Raghuwanshi, et al., 2008), and 

initiation and progression of myeloid leukemia (Fereshteh, et al., 2012).  In contrast, lack 
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ÖÍɯÌÐÛÏÌÙɯϕÈÙÙƕɯÖÙɯϕÈÙÙ2 does not prevent apparently normal mouse development 

(Conner, et al, 1997; Bohn, et al, 1999), indicating either redundancy or non -requirement 

during embryogenesis.  As over 1600 GPCRs have been identified in the murine genome 

(www.informatics.jax.org ) and given the enormous size of the ϕarrestin interactome 

(reviewed by Shukla, et al, 2011), unimportance seems unlikely.   

(ÕËÌÌËȮɯÞÏÌÕɯϕÈÙÙƕɯÈÕËɯϕÈÙÙƖɯÒÕÖÊÒÖÜÛɯÚÛÙÈÐÕÚɯÞÌÙÌɯÐÕÛÌÙÊÙÖÚÚÌËȮɯËÖÜÉÓÌɯ

ÒÕÖÊÒÖÜÛɯȹ#*.Ⱥɯ×ÙÖÎÌÕàɯÞÌÙÌɯÕÌÝÌÙɯÖÉÚÌÙÝÌËȭɯɯ3ÏÌɯ&/"1ɤ&1*ɤϕÈÙÙɯ×ÈÙÈËÐÎÔɯÐÚɯÝÌÙàɯ

large, so many sÐÎÕÈÓÐÕÎɯÌÝÌÕÛÚɯÈÙÌɯ×ÖÛÌÕÛÐÈÓÓàɯÔÐÚÙÌÎÜÓÈÛÌËɯÐÕɯÛÏÌɯϕÈÙÙɯ#*.ɯÌÔÉÙàÖȭɯɯ

Additionally, as few GPCRs are individually required for development, GPCR 

ÔÐÚÙÌÎÜÓÈÛÐÖÕɯÊÈÜÚÐÕÎɯϕÈÙÙɯ#*.ɯÓÌÛÏÈÓÐÛàɯÞÖÜÓËɯÓÐÒÌÓàɯÉÌɯÊÖÔÉÐÕÈÛÖÙÐÈÓȭɯɯ%ÜÙÛÏÌÙÔÖÙÌȮɯ

in mammalian cell culture ȮɯÒÕÖÊÒËÖÞÕɯÖÍɯϕ-arrestins has been reported to cause 

misregulation of a wide variety of global cellular processes, including DNA damage 

response (Hara, et al., 2011), apoptosis (Ahn, et al., 2009), protein translation (DeWire, et 

al., 2008), and actin filament severing (Zoudilova, et al., 2010).   

4.4  Results  

4.4.1  ɓarrestins are mostly dispensable for murine development  

&ÐÝÌÕɯÛÏÌɯÕÜÔÉÌÙɯÖÍɯÙÌ×ÖÙÛÌËɯϕÈÙÙÌÚÛÐÕɯÐÕÛÌÙÈÊÛÖÙÚɯÈÊÙÖÚÚɯÝÈÙÐÖÜÚɯÊÖÕÛÌßÛÚȮɯÛÏÌÙÌɯ

were many possible phenotypes owing to complete absenÊÌɯÖÍɯϕÈÙÙÌÚÛÐÕÚȭɯɯ ÚɯÚÜÊÏȮɯÞÌɯ

ÚÖÜÎÏÛɯÛÖɯËÌÛÌÙÔÐÕÌɯÛÏÌɯÌÈÙÓÐÌÚÛɯÙÌØÜÐÙÌÔÌÕÛɯÍÖÙɯϕ-arrestins in mammalian development 

ÉàɯÈÕÈÓàáÐÕÎɯÛÏÌɯϕ-arrestin DKO mouse embryo. 

http://www.informatics.jax.org/
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 ÚɯÐÕɯÛÏÌɯÈËÜÓÛɯÔÖÜÚÌȮɯÉÖÛÏɯϕÈÙÙƕɯÈÕËɯϕÈÙÙƖɯÈÙÌɯÜÉÐØÜÐÛÖÜÚÓàɯÌß×ÙÌÚÚÌËɯÐÕɯÈÓÓɯ

tissues examined at E12.5 and E15.5, with minor variances in relative expression (Figure 

17 Ⱥȭɯɯ3ÖɯÎÌÕÌÙÈÛÌɯϕÈÙÙÌÚÛÐÕƕȮɯϕÈÙÙÌÚÛÐÕƖɯËÖÜÉÓÌɯÒÕÖÊÒÖÜÛɯȹϕÈÙÙɯ#*.ȺɯÔÐÊÌȮɯÞÌɯ

ÐÕÛÌÙÊÙÖÚÚÌËɯϕÈÙÙƕ-/-ȰɯϕÈÙÙƖǶɤ- ÔÐÊÌɯÎÌÕÌÙÈÛÌËɯÍÙÖÔɯÛÏÌɯÖÙÐÎÐÕÈÓɯϕÈÙÙƕɯȹ"ÖÕÕÌÙȮɯÌÛɯÈÓȮɯ

ƕƝƝƛȺɯÈÕËɯϕÈÙÙƖɯȹBohn, et al, 1999) knockout lines, back-crossed 12 generations onto 

C57Bl/6 (Figure 17!Ⱥȭɯɯ ÚɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÞÌÙÌɯÕÌÝÌÙɯÖÉÚÌÙÝÌËɯÐÕɯÛÏÌɯÊÖÓÖÕàȮɯÞÌɯÚÖÜÎÏÛɯ

to determine the timing of lethality.  Due to the large number of signaling interactions 

possibly disru×ÛÌËȮɯÞÌɯÞÌÙÌɯÚÜÙ×ÙÐÚÌËɯÛÏÈÛɯϕÈÙÙɯ#*.ɯÌÔÉÙàÖÚɯÞÌÙÌɯ×ÙÌÚÌÕÛɯÈÛɯÕÌÈÙ-

Mendelian ratio at E18.5 (Figure 18A) and appeared viable and outwardly normal, other 

than small in size (Figure 18B, Figure 17C).  The wet weight of lung, kidney, and brain 

were proportion al to body weight ( Figure 17DE and data not shown).  Careful 

ÖÉÚÌÙÝÈÛÐÖÕɯÙÌÝÌÈÓÌËɯÛÏÈÛɯ#*.ɯ×Ü×ÚɯÞÌÙÌɯÉÖÙÕɯÈÓÐÝÌȮɯÐÕËÐÊÈÛÐÕÎɯÛÏÈÛɯϕÈÙÙÌÚÛÐÕÚɯÈÙÌɯÕÖÛɯ

required for embryonic viability.   

 ÚɯÛÏÌɯÈÉÓÈÛÐÖÕɯÖÍɯÉÖÛÏɯϕÈÙÙÚɯ×ÙÖËÜÊÌËɯÈɯÚÐÎÕÐÍÐÊÈÕÛÓàɯÔÐÓËÌÙɯ×ÏÌÕÖÛà×Ìɯthan 

expected, we wanted to ensure that upregulation of SAG and Xarr (the two mammalian 

visual arrestins, normally expressed in the eye) had not occurred in non-visual tissues.  

Neither transcript was detected at significant levels in DKO or WT non -visual tissues at 

E12.5 or E15.5 (not shown).  Thus, gross compensation by ectopic visual arrestins had 

ÕÖÛɯÖÊÊÜÙÙÌËɯÐÕɯÛÏÌɯÈÉÚÌÕÊÌɯÖÍɯϕÈÙÙÌÚÛÐÕÚȭɯɯ 
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Figure  17:  Barr DKO verification  

(A) ϕarr1 and ϕarr2 transcripts are expressed in all embryonic 

tissues examined at E15.5, with minor variation in relative 

expression level.  (B) Mating strategy used to generate ϕarr DKO 

embryos.  (1) ϕarr1-/- and ϕarr2-/- strains were crossed to generate 

double heterozygotes, which were backcrossed to ϕarr1-/- (2) to 

ÎÌÕÌÙÈÛÌɯɁϕÈÙÙɯÛÙÐ×ÓÌÚɂȭɯ (3) Non-consanguineous ɁϕÈÙÙɯÛÙÐ×ÓÌÚɂɯ

were intercrossed to generate the experimental litters.  (C) ϕarr 

DKO pups were significantly smaller than  wild -type littermates at 

birth (p<0.02)  (D)  ϕarr DKO lungs are smaller than wild -type 

ÓÐÛÛÌÙÔÈÛÌÚɀȭɯɯ(E) ϕarr DKO lungs are proportional to body size.  (F) 

Some ϕarr DKO pups exhibited abnormal subcutaneous bruising, 

but no obvious internal bleeding .  Scale bars indicate 2mm.      
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Figure  18:  ϕarrestins are not required for embryoni c viability  

(A)  &ÌÕÖÛà×ÐÕÎɯÙÌÚÜÓÛÚɯÐÕËÐÊÈÛÌɯÛÏÈÛɯϕÈÙÙɯ#*.ɯÌÔÉÙàÖÚɯÈÙÌɯ

present at near Mendelian ratio and viable at E19.0. (B) ϕÈÙÙɯ#*.ɯ

pups have reduced body size and weight at birth, but appear 

outwardly normal. (C) 6ÏÐÓÌɯÔÖÚÛɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÚÜÙÝÐÝÌɯÛÞÖɯÖr 

more hours after birth, all fostered DKO pups died within 24 

hours. (D)  3ÏÌɯÔÈÑÖÙÐÛàɯÖÍɯÉÖÛÏɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÈÕËɯÓÐÛÛÌÙÔÈÛÌÚɯ

established spontaneous breathing and inflated their lungs.  Scale 

bars indicate 5mm.   
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4.4.2  ɓarr DKO pups exhibit respiratory distress despite having 
normal lungs  

I ÞÈÕÛÌËɯÛÖɯËÌÛÌÙÔÐÕÌɯÛÏÌɯÊÈÜÚÌɯÖÍɯÛÏÌɯϕÈÙÙɯ#*.ɯ×ÖÚÛÕÈÛÈÓɯÓÌÛÏÈÓÐÛàȭɯɯ#ÜÌɯÛÖɯÈɯ

high rate of maternal cannibalism, experimental litters were extracted by Cesarean 

section and fostered to recently postpartum ICR dams.    Upon manual or maternal 

stimulation most DKO pups gasped, moved, and squeaked, 75% established a regular 

ÉÙÌÈÛÏÐÕÎɯ×ÈÛÛÌÙÕɯÈÕËɯÕÖÙÔÈÓɯÖßàÎÌÕÈÛÐÖÕȭɯɯ(ÕÛÙÐÎÜÐÕÎÓàȮɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÞÌÙÌɯÛÞÐÊÌɯÈÚɯ

likely to exhibit moderate to severe bruising after birth or C -section as littermates 

(Figure 17G).   'ÖÞÌÝÌÙȮɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÉÌÊÈÔÌɯÊàÈÕÖÛÐÊɯÈÍÛÌÙɯÉÐÙÛÏȮɯÈÕËɯÈ××ÌÈÙÌËɯÛÖɯ

die of respiratory distress.   

No C-ÚÌÊÛÐÖÕÌËɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÚÜÙÝÐÝÌËɯ×ÈÚÛɯƗƔɯÏÖÜÙÚɯȹFigure 18C), although a 

very few DKO pups were observed in the colon y at P2 and P3.   Atelectasis, or failure to 

inflate the lung, was observed in a similar percentage of C-sectioned DKO pups and 

littermates (Figure 18D)ȭɯɯɯ ÓÛÏÖÜÎÏɯϕÈÙÙɯ#*.ɯÓÜÕÎÚɯÞÌÙÌɯÕÖÙÔÈÓɯÐÕɯÚÐáÌɯÈÕËɯ

appearance, defects in the lung epithelium can cause respiratory distress and/or 

ÈÛÌÓÌÊÛÈÚÐÚȭɯɯɯ'ÖÞÌÝÌÙȮɯÛÏÌɯϕÈÙÙɯ#*.ɯÓÜÕÎɯÈ××ÌÈÙÚɯÏÐÚÛÖÓÖÎÐÊÈÓÓàɯÕÖÙÔÈÓɯÈÕËɯÍÜÕÊÛÐÖÕÈÓɯ

(Figure 19ABC), with ample surfactant ( Figure 19DE), and no excess glycogen (Figure 

19FG).   
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Figure  19:  Normal histology and differentiation of the Barr DKO lung  

(A) -  ÕÈÓàÚÐÚɯÖÍɯÓÜÕÎɯÚÛÙÜÊÛÜÙÌɯÈÕËɯÏÐÚÛÖÓÖÎàɯËÌÔÖÕÚÛÙÈÛÌÚɯÛÏÈÛɯÐÕÍÓÈÛÌËɯϕÈÙÙɯ

DKO lungs (A')  were histologically identical to those of WT littermates.  (B) - The 

number, size, and distribution of terminal  air sacs, assessed in histological 

ÚÌÊÛÐÖÕɯÉàɯÕÜÔÉÌÙɯÖÍɯÈÓÝÌÖÓÈÌɯ×ÌÙɯÜÕÐÛɯÈÙÌÈȮɯÐÚɯÚÐÔÐÓÈÙɯÐÕɯϕÈÙÙɯ#*.ɯÈÕËɯ63ɯ

littermate lungs. (C) - The average width of alveolar septa, not significantly 

ËÐÍÍÌÙÌÕÛɯÐÕɯ63ɯÈÕËɯϕÈÙÙɯ#*.ɯÓÜÕÎÚȮɯÐÚɯÈÕɯÐÕÝÌÙÚÌɯÔÌÈÚÜÙÌɯÖÍɯÓÜÕÎɯmaturity, as 

the septal walls remodel and thin immediately before birth. (D) - The epithelium 

ÖÍɯϕÈÙÙɯ#*.ɯÓÜÕÎÚɯÈ××ÌÈÙÚɯÏÐÚÛÖÓÖÎÐÊÈÓÓàɯÔÈÛÜÙÌɯÈÛɯÉÐÙÛÏȮɯÞÐÛÏɯÈÔ×ÓÌɯÚÜÙÍÈÊÛÈÕÛ-

C (labeled in green) is present in the medial and distal alveolar compartment 

(identified by lack of underlying pulmonary smooth muscle layer, labeled with 

anti-smooth muscle actin (red). (E) - The absolute proportion of mature type II 

pneumocytes, identified by expression of SP-C (green in D) and normalized to 

the total number of nucle i (blue in D), ÐÚɯÕÖÙÔÈÓɯÐÕɯÛÏÌɯϕÈÙÙɯ#*.ɯÓÜÕÎȭɯ(F) - 

Pulmonary maturity, as measured by persistence of embryonic glycogen in the 

postnatal airways, can be quantified by PAS-Schiff staining (purple) in frozen 

section. No excess glycogen (arrowheads) was apparent in the distal airways of 

/Ɣɯ63ɯÖÙɯϕÈÙÙɯ#*.ɯÓÜÕÎÚɯÈÍÛÌÙɯƕ-2 hours of spontaneous breathing. (G) - The 

ÖÝÌÙÈÓÓɯ×ÌÙÊÌÕÛÈÎÌɯÖÍɯ/ 2ǶɯÊÌÓÓÚɯÐÚɯÕÖÙÔÈÓɯÐÕɯϕÈÙÙɯ#*.ɯÓÜÕÎÚɯƕ-2 hours 

postnatally.  Scale bars indicate 500 µm in A and 100 µm in D and F.   
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4.4.3  Cleft secondary  palate is responsible for most ɓarr DKO 
lethality  

Upon necropsy, large amounts of air, and very little milk, were found in the 

stomach and intestine of DKO pups (Figure 20A), indicating a defect in the respiratory 

and/or alimentary systems.    Examination by serial histological section revealed no 

tracheoesophageal fistulas or laryngeal clefts (not shown), which would allow passage 

ÖÍɯÐÕÏÈÓÌËɯÈÐÙɯÐÕÛÖɯÛÏÌɯÚÛÖÔÈÊÏȭɯɯ'ÖÞÌÝÌÙȮɯƜƗǔɯÖÍɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÏÈÝÌɯÈÕɯÖÝÌÙÛɯÊÓÌÍÛɯ

secondary palate (Figure 20B), allowing  free communication between the oral and nasal 

ÊÈÝÐÛÐÌÚȮɯÈÕËɯ×ÙÌÝÌÕÛÐÕÎɯÐÚÖÓÈÛÐÖÕɯÖÍɯÛÏÌɯÙÌÚ×ÐÙÈÛÖÙàɯÈÕËɯÈÓÐÔÌÕÛÈÙàɯÚàÚÛÌÔÚȭɯɯ(ÕɯÛÏÌɯϕÈÙÙɯ

DKO pups with cleft palate, every swallow included a substantial amount of air.  While 

all newborn mouse pups swallow air  ËÜÙÐÕÎɯÛÏÌɯÍÐÙÚÛɯÍÌÞɯ×ÖÚÛÕÈÛÈÓɯÏÖÜÙÚȮɯϕÈÙÙɯ#*.ɯ

pups were unable to prevent massive amounts of air from entering the stomach.   

Upon further examination of skeletal structure by Alcian blue and Alizarin red 

ÚÛÈÐÕÐÕÎȮɯÈÓÓɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÏave severe defects of the basisphenoid and palatine bones 

and surrounding cartilages, which include and support the secondary palate ( Figure 

20CD)  The palatine bone, dramatically hypoplastic in the DKO, normally forms the rear 

of the hard palate.  Even in DKO pups without ov ert cleft palate, the palatine hypoplasia 

creates a condition referred to as occult or submucous cleft palate, in which the oral and 

nasal cavities are only separated by mucous, not bony, tissue.  The secondary palate 

defects in the ϕÈÙÙɯ#*.ɯÈ××ÌÈÙɯÐÚÖÓÈÛÌËȮɯÈÚɯÊÈÙÌÍÜÓɯÔÌÈÚÜÙÌÔÌÕÛɯÖÍɯÖÛÏÌÙɯÊÙÈÕÐÖÍÈÊÐÈÓɯ
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structures in whole -mount and skeletal preparations did not reveal any significant 

differences (not shown).   



 

89 

 

Figure  20:  Postnatal Barr DKO lethality is du e to cleft secondary palate 

(A)  2ÏÖÙÛÓàɯÈÍÛÌÙɯÉÐÙÛÏȮɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÉÌÎÐÕɯÛÖɯÈÊÊÜÔÜÓÈÛÌɯÈÐÙɯÐÕɯ

the stomach, eventually resulting in extreme distension of the 

abdomen, due to large amounts of air in the stomach and 

intestine. (B) The wild -type palate forms the roof of the mouth.  

(C) A large cleft secondary palate (**)  allows for free 

communication between the oral and nasal cavities of the DKO 

mouse (D)  In a view of the base of the skull, cartilage is stained 

with Alcian Blue and ossified bone with Alizarin Red. (E)  These 

structures, which comprise and support the palate, are markedly 

hypoplastic in all DKO pups examined, even those without an 

overt cleft secondary palate. (FG) This hypoplasia can be 

recapitulated by knockdown of Shh directly in Shh -CreER/flox 

embryos and tamoxifen administration at E10.5.   1°P, primary 

palate; 2°P, secondary palate; CP, cleft palate; int, intestine; PS, 

palatal shelf; st, stomach.   Scale bars indicate 500 µm in A, D-G 

and 5mm in B and C.   
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 As cleft secondary palate appearÚɯÛÖɯÉÌɯÓÈÙÎÌÓàɯÙÌÚ×ÖÕÚÐÉÓÌɯÍÖÙɯÕÌÖÕÈÛÈÓɯϕÈÙÙɯ

DKO lethality, we sought to determine which cellular processes required for 

×ÈÓÈÛÖÎÌÕÌÚÐÚɯÈÙÌɯËÐÚÙÜ×ÛÌËɯÐÕɯÛÏÌɯϕÈÙÙɯ#*.ɯÌÔÉÙàÖȭɯɯ6ÏÐÓÌɯ×ÈÓÈÛÈÓɯÚÏÌÓÝÌÚɯÈ××ÌÈÙÌËɯ

normal at E12.5 (3/3), examination at later stages revealed defects both in size and 

ÔÖÙ×ÏÖÎÌÕÌÚÐÚɯÖÍɯÛÏÌɯϕÈÙÙɯ#*.ɯ×ÈÓÈÛÌȭɯɯ(ÕɯÕÖÙÔÈÓɯ×ÈÓÈÛÈÓɯËÌÝÌÓÖ×ÔÌÕÛȮɯÉÐÓÈÛÌÙÈÓɯ×ÈÓÈÛÈÓɯ

shelves elevate above the tongue at E13.5 (Figure 21A) to meet at the midline by E14.5 

(Figure 21C) where they fuse into a single palatal structure to separate the oral and nasal 

ÊÈÝÐÛÐÌÚȭɯɯ(ÕɯÛÏÌɯÈÉÚÌÕÊÌɯÖÍɯϕÈÙÙÌÚÛÐÕÚȮɯÏÖÞÌÝÌÙȮɯ×ÈÓÈÛÈÓɯËÌÝÌÓÖ×ÔÌÕÛɯÐÚɯËÐÚÙÜ×ÛÌËɯÈÛɯ

ÔÜÓÛÐ×ÓÌɯÚÛÈÎÌÚȭɯɯ Ûɯ$ƕƗȭƙȮɯÔÈÕàɯϕÈÙÙɯ#*.ɯ×ÈÓÈÛÈÓɯÚÏÌÓÝÌÚɯÏÈËɯÍÈÐÓÌËɯÛÖɯÊÖÖÙËÐÕÈÛÌÓàɯ

elevate above the tongue (Figure 21B).  Furthermore, examination at E14.5 revealed that 

DKO palatal shelves that did elevate were still markedly hypoplastic and do not meet at 

the midline ( Figure 21D).  Both of these defects in elevation and medial growth lead to a 

failure of palatal fusion, ca using cleft palate.   
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Figure  21:  Hypoplastic  and dysmorphic  palatal shelves in the Barr DKO  

(A) At E13.5, littermate palatal shelves (PS) have elevated above 

the tongue and grow towards the midline.  ( B) (ÕɯÚÖÔÌɯϕÈÙÙɯ#*.ɯ

embryos, the palatal shelves fail to coordinately elevate.  (C) By 

E14.5, wild-type palatal shelves meet at the midline to separate 

the oral and nasal cavities.  (#Ⱥɯ,ÖÚÛɯϕÈÙÙɯ#*.ɯ×ÈÓÈÛÌÚɯÈÙÌɯ

markedly hypoplastic, resulting in a dramatic cleft palate (** in D) 

Chondrogenesis, marked by Sox9 (red), does not appear to be 

impaired . L-PS, left palatal shelf, MEE, midline epithelial edge; 

NC, nasal cavity; NS, nasal septum; OC, oral cavity; R -PS, right 

palatal shelf; T, tongue .  Error bars indi cate 250 µm.   



 

92 

4.4.4  Barr DKO cleft palate corresponds to decreased Shh signaling  

Unf ortunately, the combination of palatal phenotypes, incomplete penetrance of 

cleft palate, and large number of signaling pathways implicated in both cleft palate and 

ϕÈÙÙÌÚÛÐÕɯÐÕÝÖÓÝÌÔÌÕÛɯÔÈËÌɯÐËÌÕÛÐÍÐÊÈÛÐÖÕɯÖÍɯÛÏÌɯÚÐÎÕÈÓÐÕÎɯÐÕÛÌÙÈÊÛÐÖÕÚɯÔÐÚÙÌÎÜÓÈÛÌËɯÐÕɯ

ÛÏÌɯϕÈÙÙɯ#*.ɯ×ÈÓÈÛÌɯËÐÍÍÐÊÜÓÛȭɯɯ6ÌɯÛÏÌÙÌÍÖÙÌɯÜÚÌËɯan unbiased approach, employing 

signal transduction PathwayFinder qPCR arrays (SABiosciences) to analyze the 

expression level transcriptional targets for 18 distinct signal transduction pathways.   Of 

84 transcriptional targets present on the qPCR array, 22 were significantly 

downregulated (p<0.05) in the E13.5 DKO palatal shelves (Figure 22A).  Of these, 

Hedgehog signaling was the most prominent pathway, with multiple target genes 

downregulated ( Figure 22B).  Thus, it appears that misregulation of Hh signaling in the 

absence of ϕÈÙÙÌÚÛÐÕÚɯÓÌÈËÚɯÛÖɯÊÓÌÍÛɯ×ÈÓÈÛÌɯÐÕɯÛÏÌɯ#*.ɯÌÔÉÙào.   

!ÌÊÈÜÚÌɯÈÓÓɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÏÈÝÌɯÚÒÌÓÌÛÈÓɯÈÉÕÖÙÔÈÓÐÛÐÌÚɯÐÕɯÛÏÌɯ×ÈÓÈÛÈÓɯÙÌÎÐÖÕȮɯÐÛɯÐÚɯ

×ÖÚÚÐÉÓÌɯÛÏÈÛɯÛÏÌÚÌɯËÌÍÌÊÛÚɯ×ÙÖËÜÊÌɯÊÓÌÍÛɯ×ÈÓÈÛÌɯÐÕɯÛÏÌɯÔÈÑÖÙÐÛàɯÖÍɯϕÈÙÙɯ#*.ɯÌÔÉÙàÖÚȭɯɯ

Thus, the decrease in Shh target gene expression may be an unrelated phenomenon on 

top of a preexisting cleft palate.  To determine whether the skeletal hypoplasia and cleft 

palate are etiologically linked or isolated events, we attempted to recapitulate the 

skeletal phenotype by specifically modulating Shh expression in wild -type mice.  To do 

this, we used a tamoxifen-inducible cre driver driven by the Shh promoter, Shh -CreER, 

to reduce Shh expression by tamoxifen administration at E10.5.  While no cleft palate 
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was observed, all pups wit h reduced Shh expression at E10.5 have skeletal hypoplasia 

(Figure 20FG) ÐËÌÕÛÐÊÈÓɯÛÖɯÛÏÈÛɯÐÕɯÛÏÌɯϕÈÙÙɯ#*.ȮɯÐÕËÐÊÈÛÐÕÎɯÛÏÈÛɯÙÌËÜÊÌËɯ2ÏÏɯÌß×ÙÌÚÚÐÖÕɯ

ÊÈÕɯÈÊÊÖÜÕÛɯÍÖÙɯÛÏÌɯÌÕÛÐÙÌɯÚ×ÌÊÛÙÜÔɯÖÍɯ×ÈÓÈÛÈÓɯ×ÏÌÕÖÛà×ÌÚɯÚÌÌÕɯÐÕɯÛÏÌɯϕÈÙÙɯ#*.ɯÔÐÊÌȭ 
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Figure  22:  Shh signaling is decreased during development of the Barr DKO palate  

#ÖÞÕÙÌÎÜÓÈÛÐÖÕɯÖÍɯ'ÌËÎÌÏÖÎɯ×ÈÛÏÞÈàɯÛÈÙÎÌÛÚɯÐÕɯ$ƕƗȭƙɯϕÈÙÙɯ#*.ɯ×ÈÓÈÛÌȭ   
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4.4.5  ɓarr DKO pups also exhibit cardiovascular, skeletal, and renal 
defects  

In addition to cle ÍÛɯ×ÈÓÈÛÌȮɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÌßÏÐÉÐÛɯÈɯÕÜÔÉÌÙɯÖÍɯÖÛÏÌÙɯ×ÏÌÕÖÛà×ÌÚȮɯ

either subtler in nature or at lower penetrance.  While the normal aorta arches to the left 

(Figure 23 ȺȮɯƘƕǔɯÖÍɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÏÈÝÌɯÈɯÙÐÎÏÛ-sided aortic arch (Figure 23B).  Of 

these, 75% have a retro-esophageal left subclavian artery (Figure 23C) and 30% have 

persistent truncus arteriosus (not shown).  However, circulation appears otherwise 

normal in the majority  of these mice and the presence of cardiac defects did not correlate 

with postnatal survival.   

Occasionally DKO pups had cardiac defects which would have contributed to 

earlàɯ×ÖÚÛÕÈÛÈÓɯÓÌÛÏÈÓÐÛàȭɯɯ(ÕɯÖÕÌɯϕÈÙÙɯ#*.ɯ×Ü×ȮɯÈɯËÖÜÉÓÌɯÈÖÙÛÐÊɯÈÙÊÏɯÊÙÌÈÛÌËɯÈɯÝÈÚÊÜÓÈÙɯ

ring which may have compressed the trachea and esophagus (not shown ).  However, 

the vast majority of right -sided aortic arches were isolated, with no aberrant left 

ligamentum arteriosus or association with tetralogy of Fallot.   Small ventricular 

septation defects were present in approximately 15% of DKO pups, but also would not 

impact immediate postnatal survival.         

6ÏÐÓÌɯÛÏÌɯÔÈÑÖÙÐÛàɯÖÍɯÛÏÌɯϕÈÙÙɯ#*.ɯÚÒÌÓÌÛÖÕɯÐÚɯÕÖÙÔÈÓȮɯÈÓÓɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÏÈÝÌɯ

an isolated defect in lumbar vertebral development, including 85% with only an isolated 

defect in the L4 vertebra (Figure 23E).  The 5th ossification center of the sternum is 

underdeveloped or absent in 7/9 DKO pups examined (Figure 23G).     
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ƚɤƝɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÏÈËɯËàÚÔÖÙ×ÏÐÊɯÒÐËÕÌàÚɯȹFigure 24B), which often consisted 

of little more tissue than one to three large cystic pockets (Figure 24D).  Gross molecular 

examination of laminin (for basement membranes) and E-cadherin (for epithe lia) 

outlines the normal glomerular structure of littermate kidneys ( Figure 24E), and 

demonstrates the near-ÊÖÔ×ÓÌÛÌɯÓÈÊÒɯÖÍɯÖÙÎÈÕÐáÈÛÐÖÕɯÐÕɯÛÏÌɯϕÈÙÙɯ#*.ɯÒÐËÕÌàɯȹFigure 

24F). 
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Figure  23:  Cardiovascular and skeletal defects in B arr DKO pups  

(A) In wild -type littermates, the cardiac outflow tract (OFT) is 

septated into the pulmonary artery and aorta, which arches to the 

left above the heart before continuing down into the abdomen. (B) 

 ××ÙÖßÐÔÈÛÌÓàɯƙƔǔɯÖÍɯϕÈÙÙɯ#*.ɯÔÐÊÌɯÏÈÝÌɯÈÕɯÈÉÕormal right -

sided aortic arch, and 20% of these were associated with a failure 

to septate the cardiac outflow tract, similar to the common human 

birth defect, persistent truncus arteriousus. (C) Many (40%) of 

ϕÈÙÙɯ1  ÚɯÈÓÚÖɯÏÈËɯÈÕɯÈÉÌÙÙÈÕÛɯÙÌÛÙÖÌÚÖ×ÏÈÎÌÈÓɯleft subclavian 

(RELS) artery. (D)  Wild -type littermate skeleton stained with 

Alcian blue and Alizarin red.  (E) Although reduced in size, the 

ϕÈÙÙɯÈßÐÈÓɯÚÒÌÓÌÛÖÕɯÐÚɯÎÌÕÌÙÈÓÓàɯÐÕËÐÚÛÐÕÎÜÐÚÏÈÉÓÌɯÍÙÖÔɯÛÏÈÛɯÖÍɯ

ÓÐÛÛÌÙÔÈÛÌÚȮɯÏÖÞÌÝÌÙɯÈÓÓɯϕÈÙÙɯ#*.ɯ×Ü×ÚɯÏÈÝÌɯËÌÍÌÊts in 

ossification of the 4th lumbar vertebra, compare #ɀɯwith  $ɀ, which 

occasionally (~20%) extends to include L1-L4. (F)  At birth, six 

ossification centers are present in the wild-type sternum.  (G) ϕÈÙÙɯ

DKO pups also have a minor defect in the sternum, with a specific 

loss of the 5th ossification centers, but no abnormalities in vertebral 

or rib number. Ao, aorta; Es, esophagus; L4, 4th lumbar vertebra, 

LAA, left aortic arch, LCC, left common carotid; LSC, left 

subclavian; Pa, pulmonary artery; RAA, rig ht-sided aortic arch; 

RELS, retroesophageal left subclavian; Tr, trachea.   Error bars 

indicate 500 µm in A-C, D', and E' and indicate 2mm in D-G.   
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Figure  24:  Renal defects in Barr DKO pups  

(A) Wild -type littermate kidneys.  (B) ,ÈÕàɯϕÈÙÙɯ#*.ɯÒÐËÕÌàÚɯÈÙÌɯ

dysmorphic at birth.  (C) Cross-section through wild -type kidney.  

(D) ϕÈÙÙɯ#*.ɯÒÐËÕÌàÚɯÛà×ÐÊÈÓÓàɯÊÖÕÛÈÐÕɯÖÕÌɯÖÙɯÛÞÖɯÓÈÙÎÌɯÍÓÜÐË-

filled sacs. (E) Normal glomerular structure is highlighted by 

epithelially expressed E-cadherin (yellow) and laminin (green) in 

the basement membrane.  (F) ϕÈÙÙɯ#*.ɯÒÐËÕÌàÚɯÓÈÊÒɯÈÓÔÖÚÛɯÈÓÓɯ

recognizable organized structure. Error bars indicate 2mm in A 

and B and indicate 200 µm in C-F.   
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4.4.6  Underfoliation of ɓarr DKO cerebella is due to reduced Shh-
stimulated proliferation.  

 ɯËÌÊÙÌÈÚÌɯÖÙɯËÌÓÈàɯÐÕɯÊÌÙÌÉÌÓÓÈÙɯÍÖÓÐÈÛÐÖÕɯÞÈÚɯÖÉÚÌÙÝÌËɯÐÕɯϕÈÙÙɯ#*.ɯ×Ü×Úȭɯɯ

While most cerebellar growth and foliation occurs postnatally, 3 -5 distinct lobes were 

observed in littermate cerebella at P0 (Figure 25A).  In contrÈÚÛȮɯƘɤƚɯϕÈÙÙɯ#*.ɯÊÌÙÌÉÌÓÓÈɯ

were markedly underfoliated ( Figure 25B).  As cerebellar foliation is driven by 

proliferation of granule cell precursors (GCPs) in the external germinal layer (EGL) of 

the cerebellum, we analyzed cerebellar cell proliferation at  E18.5 by 

immunohistochemistry against phospho -histoneH3 (pHH3) ( Figure 25CD) or 

bromodeoxyuridine (BrdU) one hour post labeling by intraperitoneal injection of the 

pregnant dam.  By both methods, a substantial (50%) decrease in proliferating cells was 

observed in the EGL.  As Shh is a known mitogen for GCPs, we examined markers of Hh 

signaling and cell proliferation by qPCR .  Hh transcriptional targets Ptch1 and Gli1 were 

both downregulated in the DKO cerebellum, as were CyclinD1 and nMyc ( Figure 25D).   

Because ÛÏÌɯÌÈÙÓàɯ×ÖÚÛÕÈÛÈÓɯÓÌÛÏÈÓÐÛàɯÖÍɯϕÈÙÙɯ#*.ɯ×Ü×Úɯ×ÙÌÊÓÜËÌÚɯÍÜÙÛÏÌÙɯÈÕÈÓàÚÐÚɯÖÍɯÛÏÌɯ

cerebellar defect, we used an unbiased approach to determine whether concomitant 

misregulation of another signaling pathway could cause the cerebellar proliferation 

defect.  Again, we made use of the signal transduction PathwayFinder  qPCR arrays 

(SABiosciences).  Eleven transcripts were consistently downregulated in all samples 

(Figure 25F).  Supporting our hypothesis, downregulation of multiple Shh target genes 

was the only unambiguous functional group of transcripts misregulated in the cerebellar 
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samples (Figure 25E).  (ÕÛÌÙÌÚÛÐÕÎÓàȮɯϕÈÙÙÌÚÛÐÕÚɯÔÈàɯÕÖÛɯÖÕÓàɯ×ÙÖÔÖÛÌɯÛÏÌɯÔÐÛÖÎÌÕÐÊɯ

ÙÌÚ×ÖÕÚÌɯÛÖɯ2ÏÏȮɯÉÜÛɯØ/"1ɯÙÌÚÜÓÛÚɯÏÐÕÛɯÈÛɯÚÜ××ÙÌÚÚÐÖÕɯÖÍɯÈ×Ö×ÛÖÚÐÚɯÐÕɯÛÏÌɯϕÈÙÙɯ#*.ɯ

cerebellum.   
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Figure  25:  Shh induced cerebellar neurogenesis is diminished in Bar r DKO pups  

(A) While most cerebellar foliation occurs postnatally, 3 -5 distinct 

lobes were observed in WT P0 cerebella. (B) On the other hand, 

3/4 ϕarr DKO cerebella were markedly underfoliated. (C) Rapid 

expansion of granule cell precursors (GCPs) in the external 

germinal layer (EGL), known to drive cerebellar foliation, is 

quantified by anti -pHH3 labeling (red) of proliferating cells. (D) 

GCP proliferation in the ϕarr DKO cerebellum is dramatically 

decreased. EGL, external germinal layer; GCP, granule cel l 

precursor; pHH3, phospho -histoneH3 .  Scale bars indicate 200 

µm.   
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4.4.7  All ɓarr DKO phenotypes may be due to reduced mitogenic  Shh 
signaling  

&ÐÝÌÕɯÛÏÌɯÈÚÚÖÊÐÈÛÐÖÕɯÉÌÛÞÌÌÕɯÓÖÚÚɯÖÍɯϕÈÙÙÌÚÛÐÕÚɯÈÕËɯËÌÊÙÌÈÚÌËɯÔÐÛÖÎÌÕÐÊɯ

hedgehog signaling in the cerebellum, we began to consider the consequences of a 

ÎÓÖÉÈÓÓàɯÚÜ××ÙÌÚÚÌËɯÙÌÚ×ÖÕÚÌɯÛÖɯ2ÏÏɯÐÕɯÛÏÌɯËÌÝÌÓÖ×ÐÕÎɯÌÔÉÙàÖȭɯɯ-ÌÈÙÓàɯÈÓÓɯÖÍɯÛÏÌɯϕÈÙÙɯ

DKO phenotypes observed at lower penetrance could be the consequence of decreased 

Shh signaling.  In particular, the cerebellar, palatal, renal, and cardiovascular defects are 

all attributable to decreased mitogenic Shh signaling.  In contrast, transcripts isolated 

from the E12.5 limb bud, in which Shh acts as a patterning cue (Zhu, et al., 2008) did  not 

show a decrease in levels of Shh target genes (not shown).   

4.5  Discussion  and future directions  

ϕÈÙÙƕɯÈÕËɯϕÈÙÙƖɯÈÙÌɯÍÜÕÊÛÐÖÕÈÓÓàɯÙÌËÜÕËÈÕÛɯËÜÙÐÕÎɯÌÔÉÙàÖÕÐÊɯËÌÝÌÓÖ×ÔÌÕÛȮɯÈÚɯ

ÉÖÛÏɯÐÕËÐÝÐËÜÈÓɯÒÕÖÊÒÖÜÛɯÓÐÕÌÚɯÈÙÌɯÝÐÈÉÓÌȮɯÞÏÐÓÌɯÊÖÔ×ÓÌÛÌɯÈÉÚÌÕÊÌɯÖÍɯϕÈÙÙÌÚÛÐÕÚɯÐÚɯ

incompatible with postnatal ÓÐÍÌȭɯɯϕÈÙÙƕɯÈÕËɯϕÈÙÙƖɯÈÙÌɯÐÕËÐÝÐËÜÈÓÓàɯÊÙÐÛÐÊÈÓɯÍÖÙɯÈËÜÓÛɯ

homeostatic function and may be involved in many disease states, often through 

ÔÐÚÙÌÎÜÓÈÛÐÖÕɯÖÍɯ&/"1Úȭɯɯ(ÕɯÈËËÐÛÐÖÕɯÛÖɯ&"/1ÚȮɯϕÈÙÙÚɯÏÈÝÌɯÔÈÕàɯÕÌÞÓàɯÙÌ×ÖÙÛÌËɯ

functions including varied and novel interactions with many non -GPCRs essential for 

embryonic development in the mouse.   

 ÕɯÌÚÚÌÕÛÐÈÓɯÍÜÕÊÛÐÖÕÈÓɯÙÌØÜÐÙÌÔÌÕÛɯÍÖÙɯϕÈÙÙÌÚÛÐÕÚɯÐÕɯÚÐÎÕÈÓÐÕÎɯÛÏÙÖÜÎÏɯÈÕàɯÖÍɯ

ÛÏÌÚÌɯÙÌÊÌ×ÛÖÙÚɯÞÖÜÓËɯÉÌɯÙÌÍÓÌÊÛÌËɯÐÕɯÛÏÌɯ×ÏÌÕÖÛà×ÌɯÖÍɯÛÏÌɯϕɯÈÙÙÌÚÛÐÕƕȮɯϕ-arrestin2 
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double knock-ÖÜÛɯȹϕÈÙÙɯ#*.ȺɯÔÖÜÚÌȭɯɯ3ÏÌɯÊÖÕÚÌØÜÌÕÊÌɯÖÍɯÊÖÔ×ÓÌÛÌɯÈÉÓÈÛÐÖÕɯÖÍɯ

ϕÈÙÙÌÚÛÐÕÚɯÐÕɯÛÏÌɯÔÖÜÚÌɯÌÔÉÙàÖɯÞÈÚɯËÐÍÍÐÊÜÓÛɯÛÖɯ×ÙÌËÐÊÛȮɯÎÐÝÌÕɯÛÏÌɯÕÜÔÉÌÙɯÖÍɯÒÕÖÞÕɯϕÈÙÙɯ

interactors in the genome.  We expected to find many disparate defects resulting in 

gestational lethality; the early phenotypes would reflect the earliest requirements for 

ϕÈÙÙÌÚÛÐÕÚɯËÜÙÐÕÎɯÌÔÉÙàÖÎÌÕÌÚÐÚȭɯɯ'ÌÙÌȮɯÞÌɯËÌÔÖÕÚÛÙÈÛÌɯÛÏÈÛɯÚÌÓÌÊÛÐÝÌɯÌÕÏÈÕÊÌÔÌÕÛɯÖÍɯ

ÔÐÛÖÎÌÕÐÊɯ2ÏÏɯÚÐÎÕÈÓÐÕÎɯÐÚɯÛÏÌɯÍÐÙÚÛɯÊÙÐÛÐÊÈÓɯÍÜÕÊÛÐÖÕɯÖÍɯϕÈÙÙÌÚÛÐÕÚɯËÜÙÐÕÎɯÔÖÜÚÌɯ

development.   

ϕÈÙÙɯ#*.ɯÌÔÉÙàÖÚɯÈÙÌɯ×ÙÌÚÌÕÛɯÈÛɯ$ƕƜȭƙɯÈÛɯÕÌÈÙ-Mendelian ratios, appearing 

ÖÜÛÞÈÙËÓàɯÕÖÙÔÈÓɯÖÛÏÌÙɯÛÏÈÕɯÚÔÈÓÓɯÚÐáÌȭɯɯ3ÏÌÐÙɯ×ÙÌÚÌÕÊÌɯÐÕËÐÊÈÛÌÚɯÛÏÈÛɯϕÈÙÙÌÚÛÐÕÚɯÈÙÌɯ

ËÐÚ×ÌÕÚÈÉÓÌɯÍÖÙɯÔÖÚÛɯÚÐÎÕÈÓÐÕÎɯÌÝÌÕÛÚɯÐÕɯÛÏÌɯËÌÝÌÓÖ×ÐÕÎɯÔÖÜÚÌɯÌÔÉÙàÖȭɯɯɯϕÈÙÙɯ#*.ɯ

pups exhibited spontaneous movement and established normal breathing patterns, 

initially ÐÕËÐÚÛÐÕÎÜÐÚÏÈÉÓÌɯÍÙÖÔɯÓÐÛÛÌÙÔÈÛÌÚȭɯɯ.ÕÓàɯÈÍÛÌÙɯÐÕÐÛÐÈÓÓàɯɁ×ÐÕÒÐÕÎɯÜ×ɂɯËÐËɯÔÖÚÛɯ

DKO pups begin to exhibit respiratory distress and cyanosis.  Unlike previous reports 

(Zhang, et al., 2010; Zhang, et al., 2011) we did not find atelectasis or immaturity of th e 

×ÜÓÔÖÕÈÙàɯÌ×ÐÛÏÌÓÐÜÔɯÛÖɯÉÌɯÈɯÔÈÑÖÙɯÊÖÕÛÙÐÉÜÛÖÙɯÛÖɯ×ÖÚÛÕÈÛÈÓɯϕÈÙÙɯ#*.ɯÓÌÛÏÈÓÐÛàȭɯ ÓÓɯ

inflated DKO lungs examined were histologically and molecularly indistinguishable 

from littermates.  However, a small percentage of DKO pups did not breathe at birth, or 

died without establishing a regular breathing pattern, indicating multiple causes of 

ÓÌÛÏÈÓÐÛàɯÍÙÖÔɯϕÈÙÙɯÈÉÓÈÛÐÖÕȭɯɯ3ÏÌɯÓÜÕÎÚɯÖÍɯÈɯÚÐÕÎÓÌɯ#*.ɯÈÕÐÔÈÓɯÛÏÈÛɯËÐËɯÕÖÛɯÏÈÝÌɯÊÓÌÍÛɯ

palate or spontaneous breathing looked normal when examined by molecular markers 
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(data not shown).  However, because of small sample size examined, it is possible that 

ϕÈÙÙÌÚÛÐÕÚɯËÖɯÊÖÕÛÙÐÉÜÛÌɯÛÖɯÛÏÌɯÔÈÛÜÙÐÛàɯÖÍɯÛÏÌɯÓÜÕÎɯÌ×ÐÛÏÌÓÐÜÔɯÐÕɯÈɯÚÜÉÚÌÛɯÖÍɯϕÈÙÙɯ#*.ɯ

embryos.   

Approximately 80% of DKO embryos (and a small percentage of littermates)  

have a severe cleft secondary palate, causing perinatal lethality due to respiratory 

distress. Cleft palate is a common human birth defect (usually associated with cleft lip) 

and often requires immediate surgical intervention at birth to prevent both resp iratory 

and alimentary difficulties in newborn babies.  During normal palatal development, 

cranial neural crest cells (CNCCs) migrate ventrally from the dorsal neural folds to 

populate the first pharyngeal arch (PA1), where CNCCs join mesodermal arch 

mesenchyme to proliferate rapidly and undergo morphogenesis into the ventral 

viscerocranium, including the palatal shelves and mandible.  The bilateral palatal 

shelves continue to increase in size, then elevate above the level of the tongue, fuse at the 

midline , and ossify to form the roof of the mouth, or palate.  (Reviewed in Gritli -Linde, 

2007.) Defects during any stage in this process result in a cleft, or hole, in the roof of the 

mouth, allowing for free communication between the oral and nasal cavities.  E arly 

defects in generation, proliferation, or migration of cNCCs into the first pharyngeal arch 

(PA1) all result in PA1 hypoplasia and, consequently, cleft palate.  A cNCC defect could 

also account for the high incidence of cardiac outflow tract defects obÚÌÙÝÌËɯÐÕɯϕÈÙÙɯ

#*.ɯ×Ü×Úȭɯɯ'ÖÞÌÝÌÙȮɯϕÈÙÙɯ#*.ɯÔÐÊÌɯËÖɯÕÖÛɯËÐÚ×ÓÈàɯÖÛÏÌÙɯ×ÏÌÕÖÛà×ÌÚɯÊÖÕÚÐÚÛÌÕÛɯÞÐÛÏɯÈɯ
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global defect in cNCC, such as PA1 hypoplasia and micrognathia.  Indeed, Shh regulates 

adhesion and migration of cNCCs independently of Ptch -Smo-Gli signalin g (Testaz, et 

al., 2001).  Reduced proliferation, increased apoptosis, or dysmorphogenesis of palatal 

shelves per se can also cause cleft palate.  While no PA1 hypoplasia was seen at or before 

E12.5, most DKO palates examined at E13.5-E15.5 were markedly hypoplastic.  

Occasionally, DKO embryos had normal sized palatal shelves, but they failed to 

coordinately elevate and extend laterally to the midline.  Failure of epithelial fusion or 

apoptosis at the midline can also cause cleft palate; however this is not likely to be 

ÖÊÊÜÙÙÐÕÎɯÐÕɯϕÈÙÙɯ#*.ɯÌÔÉÙàÖÚȮɯÈÚɯÕÖɯ#*.ɯ×ÈÓÈÛÈÓɯÚÏÌÓÝÌÚɯÖÉÚÌÙÝÌËɯÈÛɯ$ƕƙȭƙɯÏÈËɯ

progressed to meet at the midline, while all littermate palates had begun epithelial 

fusion.    

Just as disruption of many cellular processes can cause cleft palate, many 

ÚÐÎÕÈÓÐÕÎɯ×ÈÛÏÞÈàÚɯÈÙÌɯÐÕÝÖÓÝÌËȭɯɯɯϕÈÙÙɯÚÐÎÕÈÓÐÕÎɯÐÕÛÌÙÈÊÛÐÖÕÚɯÔÈàɯÉÌɯÝÌÙàɯÊÖÔ×ÓÐÊÈÛÌËȮɯ

especially given variability in early palatal phenotypes.  We identified decreased Hh 

ÚÐÎÕÈÓÐÕÎȮɯÐÕɯËÌÝÌÓÖ×ÐÕÎɯ×ÈÓÈÛÌɯÖÍɯϕÈÙÙɯ#*.ɯÌÔÉÙàÖÚɯÌßÈÔÐÕÌËɯÉàɯÛÈÙÎÌÛÌËɯØPCR 

against Ptch1 and Gli1, transcriptional targets of Hh signaling.  These results are 

consistent with previous studies demonstrating Shh is a central player in the complex 

transcriptional network required for normal palatal development.  Shh expression f rom 

the palatal epithelium (regulated by homeobox transcription factor Msx1) is necessary 

for Bmp2-mediated proliferation of palatal mesenchyme and maintenance of mitogenic 
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expression of cyclins D1 and D2 (Lan and Jiang, 2009).  Furthermore, restoration of Shh 

expression is key to rescuing the Msx1-null cleft palate by ectopic Bmp4 (Zhang, et al., 

ƖƔƔƖȺȭɯɯ'ÖÞÌÝÌÙȮɯÈÚɯÈɯÕÜÔÉÌÙɯÖÍɯÒÕÖÞÕɯϕÈÙÙɯÐÕÛÌÙÈÊÛÖÙÚɯÈÙÌɯÐÕÝÖÓÝÌËɯÐÕɯ×ÈÓÈÛÖÎÌÕÌÚÐÚȮɯÐÛɯ

is possible that the observed decrease in Shh signaling is insufficient to cause cleft 

palate.   

A lower percentage of non-DKO littermates also displayed craniofacial 

anomalies consistent with decreased Shh signaling:  cleft palate (2/87), micrognathia 

(3/87), and even complete cyclopia (1/87). These phenotypes are all generally consistent 

with an inverse relationship between the absolute leÝÌÓɯÖÍɯϕÈÙÙÌÚÛÐÕÚɯÈÕËɯÛÏÌɯÔÈÎÕÐÛÜËÌɯ

of the Shh signal transduced.   

  

 



 

107 

5.  Roles for Shh in foregut morphogenesis  

5.1  Summary  

In the early embryo, the foregut is comprised of a single tube that 

compartmentalizes into the trachea and esophagus via a poorly understood process.  

Sonic hedgehog (Shh) is required for this process as the Shh-null foregut never divides 

into two tubes ( Figure 26).  Using Cre-Lox recombination, I determine where and when 

Shh is expressed for foregut division.   

5.2  Introduction  

In the midgestational embryo (E10.0-E11.5), the common foregut tube divides 

into two tubes .  The ventral tube further differentiate s to form the trachea and the dorsal 

tube forms the esophagus.  In the Shh-null mouse, division of the foregut tube never 

occurs.  The Shh-null foregut tube remains entirely undivided, connectin g to both the 

lungs and stomach  (Figure 26).  This phenotype is incompatible with postnatal life as 

the newborn cannot properly breathe  and eat.  Thus, some domain(s) of Shh expression 

in the developing embryo are essential for foregut compartmentalization into trachea 

and esophagus.  
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Figure  26:  The Shh-null foregut tube does not divide into trachea and esophagus  

Whole-mount E-cadherin staining outlines the  foregut endoderm.  

By E11.5 the wild-type foregut  (left)  has divided into ventral 

tracheal and dorsal esophageal tubes.  In the Shh-null mutant 

(right) this does not occur and the foregut remains a single tube to 

which the lungs and stomach both connect.  Scale bars indicate 

500 µm.   
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 As diagrammed in Figure 27, Shh is expressed in the notochord from E7.5, in the 

floor  plate of the neural tube from E8.0, and in the ventral foregut endoderm (vFGE) 

from E8.5.  During the window of tracheoesophageal separation, Shh expression shifts 

from the vFGE (future trachea) to the dorsal FGE (future esophagus).  Using a Cre-Lox 

approach, I aimed to genetically dissect these domains of Shh expression to determine 

the relevant source of Shh in foregut compartmentalizatio n.  Furthermore, as Shh is a 

secreted signaling molecule, I wanted to determine the tissue(s) that must receive the 

Shh signal for correct division of the foregut tube  
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Figure  27:  Domains of Shh expression in and around the  developing foregut  

Shh is first expressed in the notochord (red) around E7.5 and turns 

on shortly thereafter in the floor plate of the neural tube (orange).  

Shh is expressed in the ventral FGE (blue) at E8.5 and switches to 

the dorsal FGE (green) during tracheo-esophageal separation 
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5.3  Results  

5.3.1  Shh expression from the ventral FGE is not required during  
foregut division  

Immediately prior to foregut compartmentalization, Shh is expressed in the 

vFGE.  As this domain is closest spatiotemporally to the dividing foregut, I 

hypothesized that Shh produced by the vFGE is required for foregut division.  Nkx2.5 -

Cre recombines in the vFGE domain by E9.5, labeling the ventral foregut endoderm and 

mesoderm (Figure 28AB).  Shh is not expressed in the foregut mesoderm, so the relevant 

overlapping domain is Shh and Nkx2.5 expression in the vFGE.  Thus, Nkx2.5-Cre; 

Shhflox/null  embryos lack endodermal Shh expression from E9.5 

Surprisingly, these Nkx2.5-Cre; Shhflox/null  mutants do not have defects in foregut 

divisi on.  As seen at E18.5 in Figure 28DE, distinct tracheal and esophageal tubes are 

present.  These mutants do not resemble the Shh-null phenotype.  Thus, I conclude that, 

from E9.5 onwards, Shh expression from the vFGE is not required for foregut division.   
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Figure  28:  Ablation of Shh from the vFGE does not prevent foregut division  

(ABC) LacZ staining of the Nkx2.5-Cre domain in Nkx2.5 -Cre; 

R26R embryos.  (A) The Nkx2.5-Cre domain is broad and 

encompasses the entire rostrocaudal extent of the developing 

foregut at E8.5, seen in sagittal view.  (B) Nkx2.5-Cre is expressed 

robustly  in the vFGE and E10.5, the time of foregut separation.  

(C) Long-term fate mapping reveals that the Nkx2.5-Cre domain 

becomes the majority of the tracheal endoderm and mesoderm.  

(D) Wild -type littermate has distinct trachea and esophagus when 

examined in transverse section.  (E) Ablation of Shh from the 

vFGE with Nkx2.5 -Cre does not impact foregut separation: 

distinct tracheal and esophageal tubes are present although the 

esophagus is small and mispatterned.  Scale bars indicate 250 µm. 
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5.3.2  The dorsal -to-ventral shift in endodermal Shh expression is not 
required for foregut division  

Surprised by this result, we next investigated whether the ventral -to-dorsal shift 

in Shh expression is pertinent to compartmentalization .  This domain appeared relevant 

as Shh expression shifts from the ventral to the dorsal side of the foregut as it 

compartmentalizes.  To disrupt this shift, I utilized a constitutively acti ve form of Smo 

which produces ongoing Hh signaling even in the absence of a Hh ligand, as the CA-

Smo allele is immune to repression by Patched.  I first created ectopic Hh signaling in 

the future tracheal mesoderm by crossing Mef2C-Cre to CA-Smo.  (The Mef2C-Cre 

recombination domain can be seen in Figure 42).  Constitutive activation of Hh signaling 

in the ventral foregut mesoderm, which would normally cease around E11.0, did not 

create a foregut phenotype (not shown).  Similarly, activation of Smo througho ut the 

vFGE and ventral mesoderm with Nkx2.5 -Cre (that is Nkx2.5-Cre; CA-Smo embryos) 

did not produce a compartmentalization phenotype ( Figure 29)  Together these data 

indicate that cessation of Shh expression in the future trachea is not required for foregut 

division.   

It was possible that turning on expression in the dFGE (future esophagus) was 

instead the critical domain of Shh expression.  To address this case, I next activated Smo 

throughout the entire foregut (ventral and dorsal) endoderm and mesoder m with 

Foxg1-Cre (Foxg1-Cre; CA-Smo embryos).  This genetic manipulation too failed to 

produce a foregut compartmentalization phenotype.   
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Finally, to address the possibility that axial domains (instead of endodermal) of 

Shh expression were relevant to foregut division, I crossed the CA-Smo line to one 

carrying Cre under  the Shh promoter (i.e. Shh-GFP-Cre; CA-Smo).  In these mutant 

embryos, there is constitutive activation of Hh signaling in all Shh -producing cells, 

including the notochord and floor plate.  As this manipulation did not produce foregut 

compartmentalization defects, I concluded that no change in autocrine HH signaling 

impacts foregut division.  Collectively, these data indicate that the ventral -to-dorsal shift 

of Shh expression in the developing foregut is not required for foregut division.  No 

ectopic activation of Hh signaling was able to recapitulate the Shh-null foregut 

compartmentalization defect.   
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Figure  29:  Constitutive activation of Hh signaling does not im pair foregut 

division  

(AB) Both wild -type and mutants in which the ventral foregut 

endoderm and mesoderm constitutively signal through Smo 

(Nkx2.5-Cre; CA-Smo) have normally divided foregut tubes.  (C) 

Summary of results from Smo-activation experiments.  Scale bars 

indicate 250 µm. 
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5.3.3  Shh from the floorplate is not required for foregut division  

Further attempts to address early endodermal Shh were hampered by lack of an 

early-endodermal Cre line that does not also express in the notochord.  Sox17-iCre is 

reported to recombine specifically in the endoderm  from E8.0.  However, we find that 

50% of notochordal cells ectopically express Cre (Figure 30A) .  Importantly, Sox17i-Cre 

does not recombine in the floor plate of the neural tube.  Thus, this Cre line addresses 

only the endodermal and notochordal domains of Shh expression. 

When Sox17-iCre is used to ablate Shh (Sox17-iCre; Shhflox/null  embryos), 100% of 

mutants have an undivided foregut tube ( Figure 30D).  Thus, the domain of Shh 

expression relevant to foregut division is either the endoderm or notochord, not the 

floor plate of the neural tube.   
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Figure  30:  Sox17-iCre; Shh flox/ null  have and undivided foregut but also notochord 

recombination  

(A) Sox17-iCre recombines robustly in the endoderm (Sox17-iCre; 

R26R) but also in approximately 50% of notochord cells.  (BC) 

Wild -type littermate foregut tube has properly divided into 

trachea and esophagus.  (D) Ablation of Shh from endoderm and 

50% of notochord with Sox17-iCre (Sox17-iCre; Shhflox/null ) results 

in an undivided foregut tube.  Scale bars indicate 2.5mm in A and 

250 µm in B-D.   
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5.3.4  Shh expression from the notochord is not required during  
foregut division  

The results from the previous experiments led me to consider wh ether the 

relevant domain of Shh expression was actually axial tissues (the notochord and floor 

plate of the neural tube) and not in the foregut per se.  To investigate the role of Shh 

expression from axial tissues, I used Foxa2-NFP-Cre, in which a fragment of the Foxa2 

promoter is reported to drive recombination specifically in the notochord and floor plate 

(NFP) (Figure 31AB), to ablate Shh in these domains.  Unfortunately this Cre also drove 

ectopic expression scattered throughout the endoderm, as seen in Figure 31C.   

When I ablated axial Shh with Foxa2-NFP-Cre (Foxa2-NFP-Cre; Shhflox/null  

embryos) two mutant phenotypes emerged (Figure 31 DEF).  Approximately 40% of 

mutants resembled a Shh-null, including complete holoprosencephaly.  The other 60% 

displ ayed a posterior truncation phenotype.  Both classes of mutants had similar degrees 

of ectopic endodermal recombination (compare Figure 31 D'' to E'').  Thus, the more 

severe Shh-null -like phenotype is not simply due to greater recombination in the 

endoderm.  More likely, this Cre driver has variability in the onset of expression and 

may have turned on earlier in the Shh-null class of mutants.   
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Figure  31:  Ablation of Shh from the notochord and floor plate  

(AB) Normal recombinati on pattern of Foxa2-NFP-Cre in the 

notochord and floor plate of the neural tube.  (C) Ectopic 

endodermal recombination found in the ventral trachea.  (D) Shh -

null -like class of Foxa2-NFP-Cre; Shhflox/null  mutants exhibit small 

size and holoprosencephaly.  (E) Posterior truncation class of 

Foxa2-NFP-Cre; Shhflox/null  mutants.  (F) Wild -type littermate.  Scale 

bars indicate 200 µm in A-C and indicate 5mm in D -F.   
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Internally, none of the posterior truncation mutants had defects in foregut 

compartmentalizatio n (not shown).  Thus, as this Cre is robustly expressed in axial 

tissues from E8.5, Shh expression from notochord and floor plate is dispensable for 

correct formation of the trachea and esophagus.  Intriguingly, half of the Shh -null class  

of mutants had an undivided foregut, like the true Shh -null ( Figure 32B).  However, all 

of these mutants also had ectopic endodermal recombination, precluding analysis of the 

origin of the relevant Shh ligand.  Despite this fact, these data do hint that the temporal 

role of Shh is very early in foregut development.  As discussed above, the Foxa2-NFP-

Cre likely turns on earlier in the Shh -null class of mutants than in the posterior 

truncation class, missing the critical window.   

Collectively, these results eliminate multip le spatiotemporal domains of Shh, 

allowing me to narrow in on the domain  necessary for foregut compartmentalization : 

the early vFGE, before E9.5 (Figure 33).  The vFGE after E9.5 is not required, as Nkx2.5-

Cre; Shhflox/null  have a separate trachea and esophagus.  The notochord and floor plate are 

also not the relevant domains, as Foxa2-NFP-Cre; Shhflox/null  do not have consistent 

foregut defects.  (The low incidence of foregut defects observed is likely attributable to 

ectopic endodermal recombination.)  Foxg1-Cre and Sox17-iCre, which both express in 

the early foregut endoderm, are the only manipulations that recapitulated the Shh -null 

foregut defect.  Thus, by process of elimination, the early (before E9.5) vFGE is the 

source of Shh required for foregut compartmentalization.   
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Figure  32:  50% of Shh-null type have an undivided foregut  

Ventral and dorsal views of the foregut phenotype found in half 

of the Shh-null class of Foxa2-NFP-Cre; Shhflox/null  mutants.  The 

foregut tube  has not divided into the trachea and esophagus, 

remaining a single tube like that found in the true Shh -null.  Scale 

bars indicate 2.5 mm in A, A', B, and B', and indicate 1mm in A'' 

and B''.   
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Figure  33:  The single remain ing spatiotemporal domain of Shh expression required 

for foregut division  is the early vFGE 
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5.3.5  A decrease in Shh expression at E8.5 produces broncho -
esophageal fistulas  

In an attempt to ablate Shh expression from the vFGE prior to 

compartmentalization , we used Shh-CreER; Shhflox/null  embryos with successively earlier 

tamoxifen administration.   Tamoxifen before E8.5 did not recombine in the endoderm 

and administration after E8.5 did not produce a compartmentalization phenotype  (Table 

3).  However, tamoxifen at E8.5 (recombination between E9.0-E10.0) does produce a high 

incidence of broncho-esophageal fistulas, an aberrant connection between the distal lung 

and caudal esophagus (Figure 34).  Unfortunately, tamoxifen administration earlier than 

E8.5 caused gross lethality of mutant and wild -type embryos, precluding analysis of the 

earlier Shh knockout phenotypes.  Thus, even though these experiments did not produce 

an undivided foregut tube, they hint at a critical window for the role of Shh in 

compartmentalization just prior to E9.5.   Broncho-esophageal fistulas are a mild foregut 

compartmentalization defect that likely occur as Shh is ablated during the middle of a 

critical window.   
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Table 5:  Temporal ablations of Shh  

Tamoxife n 

administration  

Recombination 

window  

Recombination 

domain  

Shh KO 

phenotype  

E6.5 E7.0 - E8.0 NC tamox. lethality  

E7.5 E8.0 - E9.0 NC (NFP) tamox. lethality  

E8.0 E8.5 - E9.5 NFP tamox. lethality  

E8.5 E9.0 - E10.0 NFP & vFGE BEF (50%) 

E9.5 E10.0 - E11.0 NFP & vFGE (dFGE) None 

E10.5 E11.0 - E12.0 NFP & dFGE None 

 

BEF, broncho-esophageal fistula; dFGE, dorsal foregut endoderm 

NC, notochord; NFP, notochord and floor plate; vFGE, ventral 

foregut endoderm  
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Figure  34:  ShhCreER/flox with tamoxifen at E8.5 produces broncho -esophageal fistulas  

(ABC) Broncho-esophageal fistula, or aberrant connection 

between the lung and caudal esophagus, produced by ablation of 

Shh after E8.5 tamoxifen injection.  (B) Ventral view.  (C) Dorsal 

view.  Scale bars indicate 250 µm.   
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5.3.6 Hh reception within the FGE is not required for foregut division  

As Shh is an endodermally  secreted ligand, to fully understand the role of Shh in 

foregut compartmentalization I must further determine the spatiote mporal location of 

Shh reception and signaling.  Shh is often involved in epithelial -to-mesenchymal 

signaling, so the foregut mesoderm is a likely target of Shh reception.  On the other 

hand, a widely used Shh-reporter allele, Ptch-LacZ, is weakly expressed in the foregut 

endoderm prior to compartmentalization, indicating a low level of Hh signaling within 

the FGE per se.  Thus, it is also possible that Shh produced by the endoderm must signal 

back to the endoderm in an autocrine fashion to permit foregut d ivision.   

To determine the role of Shh signaling in the endoderm, I ablated Smo 

throughout the endoderm with two different Cre lines : ShhGFP-Cre (Figure 35) and 

Sox17-iCre (not shown).  Ablation of Smo with these Cre drivers specifically inhibits 

autocrine Shh signaling within the endoderm, but does not impair endodermal Shh 

secretion or Shh signaling to the mesoderm.  As seen in Figure 35, ablation of autocrine 

Shh signaling (ShhGFP-Cre; Smoflox/null  embryos) does not prevent foregut division.  

Throughout  the foregut, distinct tracheal and esophageal tubes are present.  Identical 

results were produced with Sox17-iCre (Sox17-iCre; Smoflox/null  embryos, not shown).  As 

neither manipulation produced an undivided foregut, I concluded that Shh signaling 

within the FGE is not required for foregut compartmentalization.   
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Figure  35:  Autocrine endodermal Shh signaling is not required for foregut division  

(A) Throughout the rostrocaudal length of the wild -type foregut, 

both trachea and esophagus are present.  (B) When autocrine Shh 

signaling is ablated (ShhGFP-Cre; Smoflox/null  embryos), foregut 

division also occurs normally.  The entire foregut, from thymus 

(A) to the division of the main bronchi (A'') contains distinct 

tracheal and esophageal tubes.  Br, bronchi; Es, esophagus; OFT, 

cardiac outflow tract; Tr, trachea.  Scale bars indicate 250 µm.   








































































































