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Abstract 
 

Hirschsprung disease is a complex developmental disorder characterised by the lack of 

enteric neurons in variable portions of the distal gut. Importantly, Hirschsprung disease exhibits 

a strong sex bias with four times more males affected than females for reasons that are 

unknown.  

This thesis aims to understand how the sex bias of Hirschsprung disease arises by using 

the mouse as a model. Sex-specific differences in gene expression were characterised in the 

developing mouse enteric nervous system (ENS) to identify potential candidates for this sex bias. 

RNA-seq analyses were performed on mouse enteric neural crest cell derivatives (ENCCs) and 

mesenchymal cells at three timepoints of embryonic development: E11.5, E13.5 and E15.5. 

Differentially expressed genes in ENCCs were identified almost exclusively at E11.5 and E13.5, 

during which they migrate. E13.5 marked an important transitional phase with many genes 

specifically switch-on in female ENCCs and ENS-related pathways upregulated, suggesting 

advanced development of ENCCs in females compared to males.   

To identify a sex-biased mouse model of Hirschsprung disease, nine mouse lines with 

single or compound mutations of Ret, Sox10 and Ednrb genes, or modelling human Trisomy 21, 

were screened for a sex bias. While some sex differences were found in enteric phenotypes, 

these were not significant. Delayed migration of ENCCs found in the Trisomy 21 mouse model, 

however, provides the first in vivo evidence for the importance of chromosome 21 gene dosage 

in ENS development. Surprisingly, in a Ret51/51 mouse model, mutant females were 

underrepresented at P0, leading to a male:female sex bias of 3:1. Further investigation identified 

the lethality between E18.5 and P0, due to respiratory defects. These results propose an 

alternative hypothesis for the sex bias of Hirschsprung disease, whereby a male sex bias arises 

due to early lethality of females from causes outside the enteric nervous system previously 

missed. 
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Impact Statement 
 

Hirschsprung disease is the most common disease of the enteric nervous system with 

1:5000 Caucasians and 1:3500 Chinese affected (Badner et al., 1990, Amiel et al., 2008) and 

shows a strong 4:1 male to female sex bias. Since sex poses a significant risk factor in the 

susceptibility of Hirschsprung disease, understanding the sex-linked disease mechanisms is 

important to understand how the disease itself manifests. However, genome-wide mapping 

studies of Hirschsprung patients have not identified any commonly associated sex-linked genes 

to date. This may be due to the low statistical power of sampling, given that the number of 

females with the disease is small (Amiel et al., 2008). In addition, studying the developing enteric 

nervous system (ENS) of male and female human embryos is problematic due to the difficulty in 

obtaining embryos that are precisely stage-matched. Also, given that most cases of Hirschsprung 

disease are sporadic, and familial cases are rare, it would be very unusual to identify any 

terminated embryo that carries the disease. Therefore, exploring the mouse as a model of 

Hirschsprung disease poses an alternative means to study the sex bias. 

This thesis has identified a number of sexually dimorphic genes in the developing ENS 

that may be important in the manifestation of Hirschsprung disease and shown that female 

enteric neural crest cells (ENCCs) may be more advanced in their development. Understanding 

the molecular and behavioural differences of male and female ENCCs is important for the 

development of alternative therapies in Hirschsprung disease. These include differentiating 

ENCCs or human intestinal organoids from human induced pluripotent stem cells, and their 

transplantation into aganglionic guts (McCann et al., 2017, Schlieve et al., 2017, Workman et al., 

2017, Li et al., 2018). Therefore, these results are important for developing appropriate 

therapies and improving treatment outcomes in both men and women. This thesis also identifies 

a potential alternative explanation for the sex bias of Hirschsprung disease. In a mouse model 

of Hirschsprung disease known as Ret51/51, a strong male to female sex bias of 3:1 was found at 

birth due to increased incidence of female-specific lethality linked to problems outside of the 

ENS. This provides a new hypothesis for the sex bias of Hirschsprung disease, which otherwise 

would not have been identified in humans. These findings provide novel avenues for the 

exploration of the sex bias of Hirschsprung disease. Further to this, understanding how the sex 

bias of Hirschsprung disease arises may provide implications for understanding sex differences 

in other diseases.  
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Chapter 1. Introduction 

1.1 Sexual dimorphism in human disease 

Sexual dimorphism is a widespread phenomenon in humans and other species. Males and 

females exhibit distinct differences in their physical characteristics and physiology as well as 

disease susceptibility (Flanagan, 2014, Woodruff, 2014, Klein et al., 2015). Sexually dimorphic 

traits arise due to the differential expression of genes in males and females, which can be 

attributed to sex differences in sex chromosome complement or gonadal hormones. These 

differences cause gene networks to be regulated in a sex-specific manner and manifest different 

phenotypic outcomes. Indeed, differential gene regulation in males and females has been 

identified across many model organisms (Rinn and Snyder, 2005).  

Given that most diseases present with some degree of sex differences in susceptibility, 

severity, progression and treatment outcomes, it is important to understand the underlying sex-

specific mechanisms that influence their impact (Ober et al., 2008). In addition to this, 

discovering the causes behind sex differences may aid the search for appropriate drug targets 

and the development of tailored therapies, as one sex is often endogenously more protected 

than the other through such sex-biased mechanisms. Historically, experimental studies 

exploiting animal models such as the mouse have failed to represent both sexes equally, 

particularly in neurobiology, and have instead shown a strong preference for the use of males 

(Zucker and Beery, 2010, Beery and Zucker, 2011, Zakiniaeiz et al., 2016). Females have been 

avoided due to the presence of the oestrus cycle that causes variability in experimental results 

(Zucker and Beery, 2010). This poses great risks in that flawed conclusions may be drawn when 

disease mechanisms are extrapolated from one sex to the other (Klein et al., 2015, Sorge et al., 

2015). A recent analysis of high-throughput data from more than 40,000 mutant mice and 2,000 

knockout lines identified sex as an important biological variable, with sexually dimorphic 

phenotypic effects in 17.7% of quantitative datasets and across a variety of traits (Karp et al., 

2017). The importance of studying males and females in biomedical studies is receiving 

increasing recognition and acceptance, and in 2014 the National Institutes of Health revealed 

new policies that would ensure preclinical research considers both sexes (Clayton and Collins, 

2014).  

A whole variety of diseases show different sexual dimorphisms, however, a male sex bias 

tends to be more common in neurological diseases whereas a female bias is more common in 

immunity disorders (Beery and Zucker, 2011). Male sex-biased diseases include autism spectrum 
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disorder with a 4:1 male to female sex bias (Baron-Cohen et al., 2011), cardiovascular disease 

where males can be up to twice as affected (Arnold et al., 2017) and almost all malignant cancers 

where males have shown to be twice as susceptible compared to females (Cook et al., 2009, 

Klein and Flanagan, 2016). Examples of female sex-biased diseases include many autoimmune 

diseases such as multiple sclerosis with up to a 3:1 female to male ratio and lupus with up to a 

9:1 sex bias (Beeson, 1994, Whitacre et al., 1999). Major depressive disorder also shows a 3:1 

sex bias towards females (Kessler et al., 2005, Labonte et al., 2017) and Alzheimer’s has a 2:1 

female bias (Seshadri et al., 1997).  

1.1.1 Gonad sexual differentiation in mammals 

Males are normally XY, harbouring one X chromosome and one Y chromosome, while 

females are XX and have two X chromosomes. The first sexual dimorphism coincides with the 

sex-specific differentiation of the gonads, in a process known as sex determination. The gonad 

primordia initially form as a pair of undifferentiated genital ridges in both sexes, with the 

potential to develop into either a testis or ovary. The process of mammalian gonadal sex 

determination and differentiation has been extensively studied using the mouse as a model. 

Bipotential gonads begins to develop shortly before E10.0 in male and female mouse embryos 

(Swain and Lovell-Badge, 1999, Kim and Capel, 2006). At E10.75, the sex-determining gene Sry, 

found on the Y-chromosome, is switched on transiently, reaching a peak of expression at E11.5 

and turning off by E12.5. This upregulates Sox9, leading to a cascade of downstream events that 

initiate testis development and male sex differentiation (Koopman et al., 1990, Koopman et al., 

1991, Sekido and Lovell-Badge, 2009). In the female, Sox9 is actively repressed via the Wnt 

signalling pathway and several transcription factors, and these also act to initiate ovary 

development and female sex differentiation (Schmidt et al., 2004, Sekido and Lovell-Badge, 

2009). 

The testis is comprised of Sertoli cells, surrounding germ cells in testis cords, Leydig cells 

and connective tissue cells (Figure 1.1). At E11.5, Sertoli cells start to differentiate as a direct 

result of SOX9 action and produce Anti-Müllerian hormone (AMH), a TGFb-like growth factor, 

mainly from E12.5, although some very low levels of AMH may be detected at E11.5 

(Munsterberg and Lovell-Badge, 1991). This expression is maintained throughout 

embryogenesis and markedly declines after birth (Munsterberg and Lovell-Badge, 1991, Shen et 

al., 1994, Teixeira et al., 2001). The Leydig cells are the steroidogenic cells of the testis, and 

differentiate from E12.5-E13.0 in the mouse to produce various androgens including 



Chapter 1 – Introduction 

 12 

testosterone in coordination with Sertoli cells (Sekido and Lovell-Badge, 2009, Shima et al., 

2013). These are rapidly exported from the testis, aided by the development of a testis-specific 

pattern of vasculature that forms very early. Levels of testosterone peak at E17-E18 then decline 

after birth, before then peaking again during puberty (O'Shaughnessy et al., 1998, 

O'Shaughnessy et al., 2006, Griswold and Behringer, 2009). Testosterone is also transformed 

into other steroids at target sites. These include  dihydrotestosterone (DHT), which masculinises 

the external genitalia (Wilson et al., 1981, Grino et al., 1990, Nef and Parada, 2000) and 

oestrogen, which at high levels has a masculinising effect on the brain (Naftolin et al., 1975, 

Roselli et al., 2009). The hormone insulin-like factor 3 (INSL3) is also produced by Leydig cells. It 

is involved in the descent of the testes during late foetal development, however, further roles 

of INSL3 are unclear (Ivell and Anand-Ivell, 2009, Ivell et al., 2014).  

In the ovary, little differentiation occurs during embryogenesis and clusters of germ cells 

are surrounded by loosely connected somatic cells known as granulosa cell precursors (Liu et al., 

2010). After birth, the granulosa cells break down these clusters, encapsulating individual germ 

cells, which have already entered and arrested in meiosis, and primordial follicles are formed, 

in a process termed folliculogenesis (Pepling and Spradling, 1998). The theca cells, which are the 

steroidogenic cell lineage in females, then differentiate from their progenitor cells in the ovary 

(Honda et al., 2007, Young and McNeilly, 2010). Luteinizing hormone (LH) from the pituitary 

gland induces the production of androgens from theca cells, including androstenedione and 

testosterone (Figure 1.1) (Drummond, 2006). Oestrogens and also dihydro-testosterone are 

produced by the theca cells in cooperation with their neighbouring granulosa cells (Drummond, 

2006). However, it should be noted that the levels of androgens in females is usually much lower 

than in males. A marked increase in follicle stimulating hormone (FSH) at birth causes a 

significant increase in the production of oestrogens in early postnatal life (Francois et al., 2017). 

AMH is also secreted by follicle cells in the postnatal ovary (Sekido and Lovell-Badge, 2009) while 

INSL3 is also expressed in the theca cells of the ovary (Glister et al., 2013). 
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Figure 1.1. Schematic of gonadal differentiation and main steroidogenesis pathways in males 
and females during mouse embryogenesis. Timeline is shown for E10.5 when the gonad is 
bipotential, E10.75 when SRY is switched on, E12.5 when steroidogenesis begins in the male and E18.5-
P0 when hormones drop in males and go up in females. LH=luteinizing hormone, INSL3=insulin-like factor 
3. AMH=anti-Müllerian hormone, FSH=follicle stimulating hormone. Gonad images are adapted from 
LifeMap discovery (https://discovery.lifemapsc.com/library/images/gonad-development). Follicle image 
is taken from Doshi and Agarwal (2013). Figure created based on information from various sources. 
 

1.1.2 Sex differences in gene expression  

Sex-biased gene expression can be found across all tissues in the body and varies 

according to tissue type and developmental age. A transcriptomic analysis of liver, adipose and 

muscle tissues of mouse, revealed sex-biased gene expression in approximately 72%, 68% and 

55% of genes, respectively (Yang et al., 2006). The levels of sex difference, however, were 

modest as they averaged 8.5% and it was rare to find more than a 2-fold difference for any gene 

(Yang et al., 2006, Arnold, 2009a). The same study performed on brain tissues, however, showed 

sexually dimorphic gene expression  in only 13.6% of genes and found that in all tissues there 

were more female-biased genes (Yang et al., 2006). In a transcriptomic study of 1 month, 2 

month and 4 months mouse hippocampi, 180 genes were sexually dimorphic at 4 months, 32 at 
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2 months and 17 at 1 month. In addition to this, female-biased expression was found at 1 and 2 

months, but a strong male-biased expression was found at 4 months (Bundy et al., 2017). 

Transcriptomic analyses of gut at P14 identified 275 sexually dimorphic genes in the small 

intestine and 86 in the colon. In the small intestine, a strong female-sex bias was found in 

contrast to a male-sex bias in the colon (Steegenga et al., 2014). All these studies show a 

dynamism in sexually dimorphic gene expression, with specific patterns of sex-biased gene 

expression in different regions of tissues and over time.  

1.1.3 Y chromosome effects 

1.1.3.1 Non-gonadal effects 

Several Y-linked genes are thought to act in dosage compensation (Bellott et al., 2014). 

Indeed, many of the X-linked genes that escape X-chromosome inactivation (XCI) have 

homologues on the Y-chromosome. These X-Y gene pairs are thought to have evolved from 

ancient autosomal genes and have highly similar functions (Shpargel et al., 2012, Bellott et al., 

2014, Cortez et al., 2014). These Y-linked genes are single copy and expressed at similar levels 

to their X-linked homologues to balance expression and, accordingly, are known as ‘balancer’ 

genes, some of which are ubiquitously expressed and may be ‘housekeeping’ genes. These Y-

linked genes are generally thought not to cause sex differences, however, small differences in 

protein sequence or expression levels could play a role (Ober et al., 2008, Arnold, 2017).  

More than 95% of the mouse Y chromosome is composed of ampliconic genes critical 

for spermatogenesis (Soh et al., 2014). These ampliconic genes consist of adjacent duplications 

of small genomic regions with more than 99.9% similarity between the different copies, and are 

mainly found on the sex chromosomes (Skaletsky et al., 2003, Lucotte et al., 2018). Despite this, 

genetic elements in the Y chromosome have been shown to have roles in the regulation of 

inflammatory immune response, autoimmune diseases and pathogenesis of infectious and viral 

diseases (Case et al., 2013, Soh et al., 2014, Case and Teuscher, 2015, Krementsov et al., 2017).  

Many studies have shown that the Y gene Sry, is expressed in the brain of mouse and 

humans, and it is therefore capable of inducing sex differences (Clepet et al., 1993, Lahr et al., 

1995, Mayer et al., 1998, Mayer et al., 2000). Indeed roles have been found for Sry in the brain, 

including studies showing that Sry downregulation in the substantia nigra causes a significant 

reduction of tyrosine hydroxylase expression and the converse with Sry upregulation (Dewing 

et al., 2006, Czech et al., 2012).    
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1.1.3.2 Gonadal effects 

Sex determination and the differentiation of testes or ovaries establish both short-term 

and permanent differences in the levels of expression of genes responsive to gonadal sex 

hormones (Arnold et al., 2017). The short-term effects are known as activational effects and 

occur in the presence of the hormone, whereas permanent effects, also known as organisational 

effects, only require a one-off exposure (Arnold, 2009b). These organisational effects can induce 

long-term differential patterns of differentiation (Arnold, 2009b). Moreover, gonadal hormones 

have been shown to play roles in sex differences in morphology and disease either due to their 

deleterious or protective effects (Arnold et al., 2017). For example, female hormones have 

shown protective roles in ischemic heart disease and hypertension, as evidenced through 

gonadectomising females or removing oestrogen receptors (Song et al., 2003, Sandberg and Ji, 

2012). Sex hormones can also induce morphological differences in addition to the more obvious 

secondary sexual characteristics; male sex hormones, for example, are known to contribute to 

a thicker cerebral cortex in males (Markham et al., 2003). 

1.1.4 X chromosome effects 

1.1.4.1 X-linked gene dosage 

X-chromosome inactivation (XCI) silences one of the two X-chromosomes in females to 

ensure equal X-linked gene dosage in each sex. This is initiated by the gene Xist at the X-

chromosome inactivation centre (Borsani et al., 1991, Brockdorff et al., 1991, Brown et al., 

1991). A male bias arises in diseases that are X-linked such as haemophilia and Duchenne’s 

muscular dystrophy as a consequence of sex chromosome complement (Lewis et al., 1963, 

Moser, 1984). Since females harbour two copies of each X-chromosome gene, they are 

protected in the event of a mutation. However, skewing of XCI, where the mutant gene is on the 

active X in more than 50% of cells, can lead to disease in some females (Belmont, 1996, Minks 

et al., 2008). In addition, some X-chromosome genes escape XCI resulting in their unequal 

dosage between male and female (Berletch et al., 2010). In this way, X-linked genes are able to 

contribute to sex differences in male and female physiology, anatomy and behaviour and, 

perhaps, to differences in disease susceptibility (Skuse, 2005, Lopes et al., 2010, Skuse et al., 

2018).  
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1.1.5 Genomic imprinting 

One mechanism for the sex-specific transmission of disease is genomic imprinting, 

whereby one allele of a gene is transcriptionally silenced, generally through differential 

methylation set in gametogenesis (Reik and Walter, 2001). This can be either the maternal or 

paternal allele and studies do not show a bias towards one (Wilkins and Haig, 2003). 

Approximately 41 genes are thought to be imprinted in humans and 71 genes in the mouse, with 

29 of these in common (Morison et al., 2005, Faisal et al., 2014). Imprinted genes could be a 

source of sex differences and these loci have shown differential phenotypic effects in males 

(Davies et al., 2006, Wolf et al., 2008, Faisal et al., 2014). Imprinted genes, however, have not 

been implicated in sex differences in disease to date perhaps due to their neglect (Arnold et al., 

2017).  

1.1.6 Four core genotype model 

Sex-linked genes have been shown to have roles in influencing gene expression in 

different tissues. In the mouse, transcriptomic analyses carried out in E10.5 brain found 51 

differentially expressed genes between males and females (Dewing et al., 2003). Since this 

developmental stage precedes gonadal sex hormone production, it is possible that sex 

chromosome genes are directly responsible for inducing these differences (Dewing et al., 2003, 

O'Shaughnessy and Fowler, 2011). In most cases, however, the presence of sex hormones makes 

it impossible to distinguish whether this is the case.  

The “four core genotype model” was generated in order to distinguish whether sex 

differences can be attributed to X- or Y-linked genes or to gonadal sex hormones (De Vries et al., 

2002). In this model, the endogenous Sry gene was removed from the Y-chromosome and, 

instead, an Sry transgene was inserted into chromosome 3 (Lovell-Badge and Robertson, 1990, 

Itoh et al., 2015). The resulting males are known as XY-Sry males, and are directly comparable to 

normal XY males. When XY-Sry males are crossed with an XX female, four genotypes are 

generated accordingly: XY-Sry, XXSry, XY- and XX (Figure 1.2). XY-Sry and XXSry genotypes are 

phenotypically male, have testes and produce male sex hormones. The XX-Sry males have 

smaller testes than normal due to early postnatal failure of spermatogenesis, and therefore they 

probably also have lower levels of androgens (De Vries et al., 2002). These levels should be the 

same as XY-Sry males at embryonic stages, however. XY- and XX genotypes are phenotypically 

female, have ovaries and produce female sex hormones. By comparing phenotypic differences 

across the four core genotypes, the influence of X and Y chromosome genes can be ascertained 
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over the gonadal type. This model has already been used in a wide range of applications 

including investigating sex differences in nociception (Gioiosa et al., 2008), neural tube defects 

(Chen et al., 2008) and adiposity and lipid metabolism (Chen et al., 2013) to name a few. These 

studies, however, have generally examined postnatal sex differences and few studies have 

explored how sex differences manifest in embryogenesis (Engel, 2018).  
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Figure 1.2. Diagrammatic pedigree representation of the four core genotype model. (A) 
Pedigree representation of parental cross required to generate the four core genotypes. (B) Males and 
females are generated with different complements of sex chromosomes and gonadal hormones, enabling 
sex differences to be attributed separately to these. 
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1.1.7 Hirschsprung disease 

Hirschsprung disease is a striking example of a sexually dimorphic disease, with 4 times 

more males affected than females (Badner et al., 1990, Amiel et al., 2008). It is a developmental 

disorder where babies are born lacking enteric neurons within variable portions of the distal gut 

(Heanue and Pachnis, 2007, Heuckeroth, 2018). As a result, peristalsis of the gut cannot occur 

in the affected regions causing a build-up of stool proximal to this and surgery is required for 

survival (Heanue and Pachnis, 2007, Heuckeroth, 2018). The rest of this introduction first sets 

out to introduce normal development of the enteric nervous system, which governs the 

functionality and coordination of motility in the gut (Heanue and Pachnis, 2007, Obermayr et 

al., 2013). Hirschsprung disease and the genetic and environmental factors causing this in 

humans are then explored as well as progress made in understanding both enteric nervous 

system development and Hirschsprung disease and its sex bias in the mouse.  

 

1.2 Structure, organisation and function of the enteric nervous system 

The enteric nervous system (ENS) forms part of the peripheral nervous system and 

governs the function and coordination of complex behaviours of the gastrointestinal system. 

The ENS forms a unique component of the autonomic nervous system and is able to 

independently control gastrointestinal function without input from the central nervous system 

(CNS) (Bayliss and Starling, 1899, Furness, 2012, Rao and Gershon, 2018). The ENS, however, is 

not autonomous and normally acts in concert with the CNS. Together, neuronal control of 

gastrointestinal function is regulated at four hierarchical levels (Figure 1.6) (Mulak and Bonaz, 

2004, Zhu et al., 2017). At the first level, there is local interaction between enteric neurons of 

the ENS (Mulak and Bonaz, 2004). At the second level, there is a bidirectional information flow 

between the ENS and prevertebral ganglia that also receive signals from the CNS (Furness, 2012, 

Zhu et al., 2017). At the third level, the CNS directly receives information from the ENS from 

vagal and pelvic pathways via intestinofugal neurons (Furness, 2012, Furness et al., 2014). In the 

CNS, information about internal and external environmental changes of the gut are processed 

and the CNS relays regulatory information to the ENS or acts directly on cells of the gut, 

accordingly (Zhu et al., 2017). Neurons of the ENS also project to the pancreas, gall bladder and 

trachea as well as the spinal cord and brainstem (Furness, 2012, Furness et al., 2014).  At the 



Chapter 1 – Introduction 

 20 

fourth level, information is integrated in brain centres including the cortex and subcortical 

region (Mulak and Bonaz, 2004, Zhu et al., 2017).  

 

 

 
Figure 1.3. Innervation of the gastrointestinal tract. The ENS contains sensory neurons (purple), 
interneurons and motor neurons (both, blue). The gastrointestinal tract transmits information directly to 
the CNS (neurons in yellow) along vagal and pelvic pathways via intestinofugal neurons (red). Neurons 
found in the prevertebral ganglia (green) receive inputs from both the CNS and ENS. Information is also 
transmitted from the ENS to additional organs including the pancreas, gall bladder and trachea. The ENS 
receives sensory information via intrinsic primary afferent (sensory) neurons (purple) while the CNS 
receives information from the ENS via extrinsic primary afferent neurons (also purple). Adapted from 
Furness (2012).      
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Enteric neurons and glia associate to form ganglia, composed of several distinct 

neuronal and glial subtypes (Heanue and Pachnis, 2007, Bergeron et al., 2013, Rao and Gershon, 

2018). These ganglia are organised into higher structures known as plexi that run the length of 

the bowel. Two plexi are found in the gut and can be seen as circular structures in a transverse 

section of the gut (Figure 1.4). The inner plexus is known as the submucosal plexus and is 

primarily responsible for sensing the microenvironment of the gut lumen, regulating 

gastrointestinal blood flow, and controlling the function of some epithelial cells. The submucosal 

plexus is found only in the small and large intestine (Heanue and Pachnis, 2007, Bergeron et al., 

2013). The outer plexus is known as the myenteric plexus and is found in between the 

longitudinal and circular muscles of the gut wall. Accordingly, the myenteric plexus is responsible 

for coordinating gut motility and regulating peristalsis, and is found down the full length of the 

gut.  

The activity of ganglia within these two plexi is tightly coordinated with other cell types 

of the gut for proper ENS functioning. This includes the interstitial cells of Cajal that provide 

pacemaker activity to the gut by mediating neurotransmission between enteric neurons and 

smooth muscle (Ward and Sanders, 2006).  

 
 

 
 

Figure 1.4. Schematic representation of a transverse section of the small intestine. The inner 
plexus is known as the submucosal plexus and the outer plexus is known as the myenteric plexus. The 
myenteric plexus is found between circular and longitudinal muscles. Taken from Heanue and Pachnis 
(2007). 
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1.3 Origins and development of the enteric nervous system 

1.3.1 Pre-enteric neural crest cells 

The ENS is derived from neural crest cells, a transient, multipotent and migratory 

population of cells that are unique to vertebrates (Gammill and Bronner-Fraser, 2003, Sauka-

Spengler and Bronner-Fraser, 2008). Neural crest cells give rise to a variety of cell lineages 

contributing to the blood vessels and heart, craniofacial skeleton, striated muscles, smooth 

muscles and parts of the peripheral nervous system such as the cranial sensory, sympathetic 

and parasympathetic ganglia (Munoz and Trainor, 2015). Neural crest cell precursors form at 

the neural plate borders either side of the neuroectoderm (Figure 1.5). During neurulation, the 

neural plate elevates and bends causing the neural plate borders to become neural folds. 

Invagination of the neural plate causes the neural folds to come together and neural tube 

closure to complete (Gammill and Bronner-Fraser, 2003, Sauka-Spengler and Bronner-Fraser, 

2008, Kerosuo and Bronner-Fraser, 2012). The newly-formed neural crest cells delaminate from 

the region between the dorsal neural tube and overlying ectoderm, by undergoing an epithelial-

to-mesenchymal transition, and migrate into the periphery (Gammill and Bronner-Fraser, 2003, 

Sauka-Spengler and Bronner-Fraser, 2008, Kerosuo and Bronner-Fraser, 2012). 
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Figure 1.5. The generation of neural crest cells during neural tube closure. The neural plate 
borders (green) elevate in response to signals from the neuroectoderm (purple), non-neural ectoderm 
(blue) and paraxial mesoderm (yellow). Then the neural plate borders come together as neural folds 
causing neural tube closure, and neural crest cells (green) delaminate from the dorsal neural tube. Taken 
from (Gammill and Bronner-Fraser, 2003).  
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1.3.2 Enteric neural crest cells 

Three populations of neural crest cells (NCCs) give rise to the ENS. These are the vagal 

NCCs, the sacral NCCs and a small population of the anterior trunk NCCs that contribute to a 

portion of the foregut (Le Douarin and Teillet, 1973, Burns and Douarin, 1998) (Figure 1.6). The 

vagal NCCs give rise to the majority of the ENS and originate from the neural tube at the level of 

somites 1-7. Within the colorectum, more than 80% of neurons are derived from the vagal NCCs 

(Burns and Douarin, 1998, Kapur, 2000, Wang et al., 2011).  

In the mouse, the vagal NCCs enter anterior to the stomach and oesophagus at E9.5 and 

migrate down the gut in a rostral to caudal manner (Figure 1.7) (Anderson et al., 2006a, 

Bergeron et al., 2013, Obermayr et al., 2013). This is equivalent to 4 weeks gestation in humans 

(Fu et al., 2003, Wallace and Burns, 2005). After entry into the gut, the vagal NCCs can be termed 

enteric NCCs (ENCCs). Vagal NCCs at the level of somites 1-2 produce Schwann cell precursors 

that colonise the vagal nerve (Espinosa-Medina et al., 2017). These migrate along the vagal 

nerve to enter the oesophagus and stomach, and give rise to enteric neurons in these regions 

(Espinosa-Medina et al., 2017, Rao and Gershon, 2018). Schwann cells are thought to give rise 

to up to half of the ENS in the oesophagus, and more than half if compensatory mechanisms are 

present in mutants (Espinosa-Medina et al., 2017). The more caudal vagal NCCs at the level of 

somites 3-7 colonise the whole gut and give rise to the majority of neurons and glia in the ENS; 

they also form sympathetic ganglia (Espinosa-Medina et al., 2017, Rao and Gershon, 2018).  

At E9.5 and E10.5 the gut is a straight tubular structure and the gut mesenchyme grows 

and extends as ENCCs are migrating. The extensive length of the gut means that ENCCs undergo 

the longest migratory route compared to any embryonic cell population (Newgreen and Young, 

2002). The gut also undergoes significant morphological changes through embryonic 

development including looping and several herniations outside the body cavity (Savin et al., 

2011). At E11.0 in the mouse, the small intestine becomes transiently juxtaposed to the proximal 

and mid colon as ENCCs are migrating down the gut (Coventry et al., 1994, Nishiyama et al., 

2012). During this period, a proportion of the vagal ENCCs take a short-cut in their migratory 

path and cross the mesentery to directly enter the colon (Figure 1.7) (Nishiyama et al., 2012). 

This subpopulation is known as the transmesenteric vagal ENCCs and give rise to a significant 

portion of the colonic ENS and, importantly, much of the distal region (Nishiyama et al., 2012). 

This process is also thought to occur in humans (Nishiyama et al., 2012). Therefore, the dynamic, 

morphological changes that occur in the gut during embryogenesis are important for the 
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colonisation of the colon by ENCCs. The sacral NCCs emerge caudal to somite 28 at E11.5 within 

the pelvic ganglia next to the distal colon where they wait (Le Douarin and Teillet, 1973, 

Serbedzija et al., 1991, Sasselli et al., 2012, Nagy and Goldstein, 2017). Vagal ENCCs continue to 

migrate down the gut and by E12.0 they colonise the caecum and proximal colon. At E13.5, the 

sacral NCCs begin to migrate into the distal colon along the axons of extrinsic neurons (Kapur, 

2000, Wang et al., 2011). These migrate in a caudal to rostral direction up the gut, and meet the 

vagal and transmesenteric vagal ENCCs in the colon (Nishiyama et al., 2012) (Figure 1.5). ENCC 

colonisation of the gut is complete at E14.5 in the mouse and at 7 weeks gestation in humans 

(Fu et al., 2003, Wallace and Burns, 2005).  

This timescale of ENCC migration demonstrates the long process of ENCC colonisation 

in the colon, compared to the proximal segments. Colonisation of the colon takes 3 days (from 

E11.5 to E14.5) compared to only 2 days (E9.5 to E14.5) for the foregut and small intestine. This 

marked time difference can be attributed to the large increase in colon length, after ENCCs have 

entered, that can be up to 5-fold (Young and Newgreen, 2001). At E14.5, after linear migration 

of ENCCs is complete, ENCCs undergo a radial inwards migration to form the two plexi (Lake and 

Heuckeroth, 2013, Rao et al., 2017). Schwann cell precursors also enter the small intestine at 

E14.5 along extrinsic nerves and contribute up to 5% of enteric neurons in the submucosal 

plexus of the small intestine (Uesaka et al., 2015). By E16.5, Schwann cell precursors also begin 

to invade the mesenchyme of the large intestine. These adopt a neuronal fate postnatally and 

contribute up to 20% of enteric neurons in the submucosal and myenteric plexi of the postnatal 

large intestine (Uesaka et al., 2015).  

Intrinsic differences are found between the vagal and sacral ENCCs, and directional 

control and migration timing is only partly regulated by extrinsic extracellular cues. This has been 

shown by transplantation studies of the vagal neural tube into the sacral neuraxis in chick. In 

these studies, the vagal ENCCs migrated into the distal gut earlier, in larger numbers and more 

proximally than the sacral ENCCs (Burns et al., 2002). However, since the vagal ENCCs 

successfully migrated in a caudal to rostral direction (opposite to their normal direction), this 

demonstrates that directionality of ENCCs migration must be guided by some extrinsic 

extracellular cues. Other studies, however, have demonstrated reduced efficiency in the 

migration of vagal neural crest in the opposite direction in gut cocultures (Burns et al., 2002, 

Young et al., 2002). In addition, microarray analyses of vagal and sacral chick ENCCs have 

revealed some differences in expression levels for genes critical to gut colonisation. For example, 

vagal ENCCs had more than 4-fold increased expression of the receptor tyrosine kinase Ret (see 



Chapter 1 – Introduction 

 26 

below for details), compared to sacral ENCCs, while some other genes had 1.5-fold differences 

in expression level (Delalande et al., 2008). The distinct difference in Ret expression may, in part, 

explain the greater migratory potential of the vagal population (Delalande et al., 2008). Whether 

the transmesenteric vagal ENCCs show differences from other ENCCs has not been explored. 
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Figure 1.6. The origins and migratory routes of neural crest cells that give rise to the ENS. 
Schematic diagram of a developing mouse foetus with primordial foregut, midgut and hindgut. Vagal NCCs 
at the levels of somites 1-2 (green) produce Schwann cell precursors that give rise to part of the 
oesophagus and stomach. Vagal NCCs at the levels of somites 3-7 (red) give rise to the majority of enteric 
neurons and glia in the whole gastrointestinal tract. The sacral NCCs caudal to somite 28 (purple) give rise 
to a portion of the ENS in the distal colon. Schwann cell precursors (blue) also enter the gut later along 
extrinsic nerves and contribute a small portion of the ENS in the small intestine and in the postnatal large 
intestine. Taken from Rao and Gershon (2018). 
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Figure 1.7. Migration timeline of neural crest cell populations during colonisation of the mouse 
embryonic gut. Colonisation of the gut by ENCCs occurs between E9.5 and E14.5 in the mouse. Vagal 
(green), transmesenteric vagal (purple) and sacral (blue) ENCCs are indicated. The transmesenteric ENCCs 
migrate from the midgut to the hindgut across the mesentery, without passing through the caecum at 
E11. They contribute to the majority of the ENS in the hindgut. Adapted from Bergeron et al. (2013) and 
Obermayr et al. (2013).  
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1.3.3 Migration dynamics of enteric neural crest cells 

Neural crest cells undergo what is known as a chain migration (Young et al., 2004, Young 

et al., 2014). They are predominantly found as chains or strands of interconnected cells and 

migration is driven by a migratory ‘wavefront’ at the leading edge of the migratory stream 

(Young et al., 2004, Druckenbrod and Epstein, 2005, Druckenbrod and Epstein, 2007, Young et 

al., 2014). This extends caudally as ENCCs move along and within strands (Druckenbrod and 

Epstein, 2005, Druckenbrod and Epstein, 2007).  

Migrating ENCCs can be divided into three types based upon their positioning and 

behaviour. The first are known as the distal cells, that form chains or strands of interconnected 

cells sharing high cell-cell contact (Young et al., 2004, Druckenbrod and Epstein, 2005). The 

second type are the rostral cells, which are found more caudal to the distal cells and migrate 

either on or alongside distal strands (Druckenbrod and Epstein, 2007). Individual ENCCs within 

these chains show some altered directionality during migration that resemble a random walk 

(Young et al., 2014). The third type of cells are the advanced cells, found as isolated ENCCs ahead 

of the wavefront (Druckenbrod and Epstein, 2007, Young et al., 2014) (Figure 1.8A). Little is 

known about how these isolated advanced ENCCs behave and help ensure full colonisation of 

the gut. However, it is thought that the vagal ENCCs that cross the mesentery at E11.5 are 

comprised of advanced cells, which shortcut ahead of the wavefront of the migratory stream at 

this stage (Druckenbrod and Epstein, 2007, Nishiyama et al., 2012).  

Once the migratory stream of ENCCs reaches the caecum, migrating strands of ENCCs 

pause for 12 hours before moving into regions of the caecum and proximal colon (Druckenbrod 

and Epstein, 2005). ENCCs, originally part of the strand network, begin to fragment and become 

isolated advanced cells with increased exploratory behaviours (Druckenbrod and Epstein, 2007). 

These cells aggregate into their own groups that are isolated from the strand network, instead 

forming strands themselves to colonise the mid colon as a network (Druckenbrod and Epstein, 

2005) (Figure 1.8B). As this advancing network of ENCCs reaches the distal colon, they are met 

with the sacral ENCCs and together fully colonise the rest of the colon (Druckenbrod and Epstein, 

2005). These region-specific changes may be due to unique signalling properties of the caecum 

or colon, and highlight the importance of tissue microenvironment in ENCC migration. The 

differential migratory trajectories and behaviours of ENCC cell types have not been thoroughly 

explored in the context of Hirschsprung disease and ENS colonic phenotypes.  
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Figure 1.8. Migratory dynamics and proliferation of ENCCs in the developing mouse gut. (A) 
Schematic representation of the 3 ENCC types: distal cells, rostral cells and advanced cells. These are 
characterised based upon their interaction with the ENCC strand network. Recreated from Druckenbrod 
and Epstein 2007. (B) Image of the ENCC migratory network in an E10.75 mouse ileum. Distal cells (blue), 
rostral cells (red) and advanced cells (yellow) are indicated by arrowheads. Scale bar=100μm. Adapted 
from Druckenbrod and Epstein 2007. (C) Proliferative cells are found throughout the migratory stream of 
ENCCs. Few cells differentiate during migration and these are found evenly distributed along the gut, 
except in the stomach. Taken from Obermayr et al. (2013).  
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1.3.4 Proliferation and differentiation of enteric neural crest cells 

ENCCs must actively proliferate in order to maintain a pool of progenitor cells that can 

differentiate into millions of enteric neurons and glia in the ENS, while coordinating this balance 

during a long migration process in the developing gut (Gianino et al., 2003, Young et al., 2005). 

Proliferation is important both to maintain cells at the migratory wavefront and to promote their 

caudal movement along the gut, as well as to increase ENS cell number proximal to this region 

during gut expansion and growth (Young et al., 2004, Simpson et al., 2007, Barlow et al., 2008). 

Reducing the pool of enteric progenitors in both chick and mouse results in a reduction of enteric 

neuron number throughout the gut, or aganglionosis in distal regions (Burns et al., 2000, Gianino 

et al., 2003, Stanchina et al., 2006). Precocious differentiation into neurons or glia can also lead 

to a depletion of the progenitor pool, causing improper colonisation of the gut and aganglionosis 

in the distal bowel (Hearn et al., 1998, Wu et al., 1999).  

There are at least 18 phenotypically distinct subtypes of neurons and several types of 

glia distributed throughout the mature ENS (see section 1.5) (Furness, 2000, Nagy and Goldstein, 

2017). The majority of these operate independently of the brain and spinal cord, which is not 

the case with most other parts of the peripheral nervous system (Gershon, 1997). The enteric 

neuron subtypes can be distinguished according to their cell morphology, specific markers, 

patterns of axonal projections, and their function. These subtypes fall into classes, including 

motor neurons, interneurons, sensory, vasomotor and secretomotor neurons (Furness, 2000, 

Hao and Young, 2009, Nagy and Goldstein, 2017, Rao and Gershon, 2018). Neuronal 

differentiation initiates during ENCC migration as ENCCs enter the gut. While the majority of 

ENCCs remain proliferative to maintain the density of ENCCs in the rapidly expanding gut (Young 

et al., 2005, Simpson et al., 2007, Obermayr et al., 2013), a small fraction differentiate into 

neurons and project neurites or neuronal processes caudally (Baetge and Gershon, 1989, Young 

et al., 2002). These are thought to be evenly distributed along the migration stream in the 

mouse, with the exception of the stomach, presumably due to the slow growth of the stomach 

(Maka et al., 2005, Obermayr et al., 2013) (Figure 1.8C). ENCCs migrate with close association to 

these neurites, partly using neurites as a substrate for migration behind the migratory wavefront 

(Young et al., 2014).  

Glial precursors, in contrast, only appear from E11.5 (Young et al., 2003, Lake and 

Heuckeroth, 2013, Lasrado et al., 2017). Unlike in the CNS, many of these differentiating neurons 

and glial cells continue to proliferate while differentiating, often for at least 4-8 hours (Baetge 
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and Gershon, 1989, Young et al., 2005, Hao et al., 2009). Different neuronal populations are 

born at different stages from the start of ENCC migration at E9.5 until approximately postnatal 

stage 21 (Hao and Young, 2009, Sasselli et al., 2012, Rao and Gershon, 2018). These include 

terminally differentiated neurons, whereas terminally differentiated glia cells only appear at 

E16.5 (Pham et al., 1991, Young et al., 2003). See section 1.5 for more details.  

 

1.4 Critical genes and molecular mediators regulating the development 
of the enteric nervous system 

1.4.1 RET signalling pathway 

The most important pathway in ENS development is the RET-GDNF pathway. The Ret 

gene encodes a receptor tyrosine kinase, and RET signalling is mediated by a group of four 

ligands known as the glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs). 

These bind to their respective four receptors of the GDNF family receptor-α (GFRα) (Arighi et 

al., 2005, Mulligan, 2014). The predominant ligand of RET in the ENS is GDNF. Additional Ret 

ligands include neurturin (NTN or NRTN), artemin (ARTN) and persephin (PSPN), which bind to 

their respective receptors GFRα2, GFRα3 and GFRα4 (Figure 1.9). NTN and its receptor GFRα2 

have shown to have roles in ENS development, since mouse models with mutations in these 

genes exhibit reduced densities of excitatory cholinergic neurons that coordinate gut motility 

(Heuckeroth et al., 1999, Rossi et al., 2003).  

RET is activated upon dimerisation when GDNF binds to its receptor GFRα1. 

Dimerisation of RET causes autophosphorylation of the intracellular C-terminal domains and 

initiates a cascade of downstream intracellular signalling transduction pathways (see Figure 1.9) 

(reviewed in detail in (Arighi et al., 2005, Ibanez, 2013). The primary signalling hub and docking 

site for adaptor protein binding is found at phosphotyrosine 1062 (pY1062), where distinct 

protein signalling complexes assemble and bind (Hayashi et al., 2000). This leads to the 

activation of RAS-MAPK, PI3K-AKT and JNK signalling pathways at pY1062 with additional 

signalling pathways such as RAC1, JAK-STAT and PKC activated from other phosphotyrosines 

(Besset et al., 2000, De Vita et al., 2000, Hayashi et al., 2000, Segouffin-Cariou and Billaud, 2000, 

Coulpier et al., 2002, Mulligan, 2014). Many of these pathways are general to receptor tyrosine 

kinases, however, and little is known about when these downstream pathways are acting in ENS 

development, or what specific target genes of Ret are regulated upon RET activation (Heanue 

and Pachnis, 2006, Schriemer et al., 2016) .  
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Ret expression initiates in ENCCs as NCCs enter the foregut at E9.5 in the mouse, where 

its predominant ligand GDNF is expressed in the gut mesenchyme in a spatial and temporal 

manner (Figure 1.10) (Pichel et al., 1996, Sanchez et al., 1996). There is high GDNF expression in 

the foregut at E10.5 while from E11.5 GDNF is found expressed in more distal regions of the gut 

mesenchyme including the caecum and hindgut. There are many Ret mutant mouse models 

including Ret-/- that lack enteric neurons within almost all of the gut and studies have shown that 

Ret is crucial for the proliferation, migration, differentiation and survival of ENCCs (Schuchardt 

et al., 1994, de Graaff et al., 2001, Asai et al., 2006, Uesaka et al., 2008).  

The Ret gene is alternatively spliced at 3’ exons to generate multiple isoforms. The two 

main isoforms are RET9 and RET51, however, a RET43 isoform is also produced (Arighi et al., 

2005, Mulligan, 2014). These isoforms contain 9, 51 and 43 amino acids at their C-terminals, 

respectively (Tahira et al., 1990, Myers et al., 1995). While RET9 and RET51 isoforms are highly 

evolutionarily conserved across all vertebrates, RET43 is only expressed in primates at low levels 

(Myers et al., 1995, Carter et al., 2001). The RET51 isoform contains an additional signalling hub 

at pY1096 where further adaptor proteins are able to bind to induce RAS-MAPK and PI3K-AKT 

pathways (Figure 1.9) (Besset et al., 2000, Hayashi et al., 2000, Mulligan, 2014). The RET51 

isoform also uniquely leads to the recruitment of CBL ubiquitin ligases that function to 

downregulate Ret and mediates the different turnover between RET9 and RET51 (Arighi et al., 

2005, Scott et al., 2005, Mulligan, 2014).  

RET9 and RET51 isoforms are known to have differential temporal and spatial expression 

patterns and distinct functions, which have been studied in monoisoformic mouse models 

engineered to express only the RET9 or RET51 isoforms (de Graaff et al., 2001, Lee et al., 2003b). 

Ret9/9 mice, expressing only the RET9 isoform, develop a normal ENS network in the gut. When 

only one copy of RET9 is expressed in Ret9/- mice, colonic aganglionosis arises (Uesaka et al., 

2008). Therefore, the RET51 isoform is not required for normal ENS development, but one copy 

of the RET9 isoform is insufficient (de Graaff et al., 2001). However, these Ret9/- mice express 

approximately 26% of normal Ret mRNA levels (Uesaka et al., 2008). Ret51/51 mice, similar to 

Ret9/- mice, have aganglionosis in part of the colon. They also display kidney hypodysplasia 

demonstrating the requirement of RET9 for normal development of the ENS and excretory 

systems (de Graaff et al., 2001).  
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Figure 1.9. The RET receptor tyrosine receptor, interactions and signal transduction network. 
(A) The RET receptor structure comprises an extracellular domain containing cadherin-like domains and a 
cysteine-rich domain, a transmembrane domain and an intracellular domain containing a tyrosine kinase 
domain with isoform-specific tails. RET is a receptor for a family of soluble neurotrophic factor ligands 
including GDNF, NTRN, ARTN and PSPN. (B) Each of these ligands binds to their respective GFRα receptor 
to form a heterodimeric complex that recruits RET into lipid raft membrane subdomains. This leads to RET 
receptor dimerisation and autophosphorylation (shown as P) of tyrosine residues in the tyrosine kinase 
domain. (C) Upon activation, RET becomes phosphorylated (P) on several tyrosine residues. This facilitates 
binding of signalling molecules and adaptor proteins (purple boxes) leading to activation of downstream 
signalling pathways (blue boxes) involved in cell proliferation, differentiation, migration and survival. The 
primary signalling hub is phosphotyrosine 1062 (pY1062), and found in common to the RET9, RET43 and 
RET51 isoforms found in humans. pY1096 is only found in the RET51 isoform and can lead to stimulation 
of signalling pathways via additional adaptor proteins (indicated) as well as recruitment of CBL that 
promotes downregulation of RET51. Serine phosphorylation of RET also occurs and may function to 
dephosphorylate RET. JAK, Janus kinase; STAT, signal transducer and activator of transcription; JNK, c-Jun 
N-terminal kinase; RAS-MAPK, rat sarcoma-mitogen-activated protein kinase; PI3K, phosphoinositide 3-
kinase; AKT, protein kinase B; PKC, protein kinase C; RAC1, Rac family small GTPase 1. Taken from Mulligan 
(2014).  
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1.4.2 Endothelin signalling pathway 

Ednrb encodes a G-protein coupled receptor, endothelin receptor B, expressed in 

migrating ENCCs (Barlow et al., 2003, Sasselli et al., 2012). Its ligand is endothelin-3 (Edn3), 

which is expressed in the gut mesenchyme (Leibl et al., 1999, Lake and Heuckeroth, 2013). At 

E9.0-E9.5, Edn3 is found in the midgut and hindgut and at E11.5 is produced at high levels in the 

caecum and proximal colon mesenchyme (Figure 1.10), as ENCCs begin to enter these regions 

(Leibl et al., 1999, Barlow et al., 2003). Ednrb-Edn3 signalling is crucial for the proliferation of 

ENCCs and to prevent their differentiation (Hearn et al., 1998, Wu et al., 1999, Bondurand et al., 

2006, Nagy and Goldstein, 2006). Edn3 mutant mice, accordingly, have reduced ENCC numbers 

(Barlow et al., 2003, Bondurand et al., 2006). This signalling pathway is also crucial for regulating 

ENCC migration as evidenced by delays in migration in Edn3 and Ednrb mouse mutants (Barlow 

et al., 2003, Lee et al., 2003a, Ro et al., 2006). Studies in the mouse, involving conditionally 

deleted Ednrb at different timepoints, have shown that Ednrb is only required during a restricted 

time period between E10 and E12.5 (Shin et al., 1999). Ece1, encoding endothelin converting 

enzyme 1, is required for converting endothelins to their active form and, accordingly, Ece1-/- 

mouse mutants lack enteric neurons in the distal colon (Yanagisawa et al., 1998).  

 
Figure 1.10. The gut mesenchyme expresses ligands for ENS development in a spatial and 
temporal manner. Gdnf (red) and Edn3 (blue) expression domains are shown along with neural crest 
migration and spatial distribution of neurons and glia between E10.5 and E13.5. Taken from Lake and 
Heuckeroth (2013). 
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1.4.3 Sox10 and other transcription factors 

Sox10 (Sry-like HMG box 10) is a member of the Sox family of transcription factors 

(Bowles et al., 2000). It is a marker of neural crest cells and is expressed in ENCC progenitors 

(Paratore et al., 2002, Heanue and Pachnis, 2007). Sox10 is crucial for maintaining proliferation 

of ENCCs and reduced Sox10 expression in the mouse results in a depleted pool of ENCCs (Britsch 

et al., 2001, Paratore et al., 2002). Sox10 is also important for the survival of ENCCs (Kapur, 1999, 

Bondurand et al., 2006). Importantly, Sox10 is a regulator of the Ret gene. Ret expression is 

regulated by a distal and proximal enhancer close to its promoter through binding of 

transcription factors PAX3 (paired box 3), and NKX2-1 along with HOXB5, respectively (Leon et 

al., 2009, Zhu et al., 2011). Sox10 regulates Ret by forming transcriptional complexes with Pax3 

and Nkx2-1 at the Ret promoter, and enhancing their activity to upregulate Ret expression 

(Figure 1.11) (Lang et al., 2000, Lang and Epstein, 2003, Garcia-Barcelo et al., 2005, Leon et al., 

2009, Li et al., 2015). Sox10 is also required for the differentiation of ENCCs into glial cells at 

later stages, mostly after ENCC migration is complete (Britsch et al., 2001, Kelsh, 2006).  

 

 
Figure 1.11. Transcriptional complex formed at the Ret gene with SOX10. SOX10 forms a 
transcriptional activator complex with transcription factors PAX3 and NKX2-1 to upregulate 
expression of Ret. Figure taken from Li et al. (2014). 
 

Ret expression is further regulated at other enhancers, nuclear receptor binding 

elements, and microRNAs at 3’ UTR sequences (Emison et al., 2005, Chatterjee et al., 2016, Li et 

al., 2016). The transcription factor Phox2b (paired-like homeobox 2b) is involved in neuronal 

differentiation and it is crucial for regulating Ret in ENS development (Pattyn et al., 1999). It also 

regulates expression of Sox10 and the gene Ascl1 (or Mash1; Achaete-Scute Family BHLH 
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Transcription Factor 1) (Nagashimada et al., 2012). Ascl1, similarly, acts in the neuronal 

differentiation pathway and Ascl1-/- mutants lack several subtypes of enteric neurons in the 

oesophagus, stomach and intestine (Guillemot et al., 1993, Blaugrund et al., 1996, Memic et al., 

2016).  

Together, the Ret pathway, endothelin signalling pathway and Sox10 transcription 

factor act co-ordinately to regulate proliferation, migration, differentiation and survival of 

ENCCs. A diagrammatic representation of these pathways is shown in Figure 1.12. 

A summary of the expression pattern of these main effectors at different stages of ENCC 

differentiation into neurons and glia is shown in Figure 1.13.  
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Figure 1.12. The Ret-Gdnf pathway, Ednrb-Edn3 endothelin pathway and the Sox10 
transcription factor co-ordinately regulate ENS development. These three pathways are crucial for 
the survival, proliferation, migration and differentiation of ENCCs. Adapted from Heanue and Pachnis 
(2007).  

  
Figure 1.13. Overall differentiation pathway of ENCCs into neurons and glia. Key positive and 
negative markers are indicated for each cell type. Created using information from Heanue and Pachnis 
(2007), Nagy and Goldstein (2017), Rao and Gershon (2018). Some cell images are taken from Heanue and 
Pachnis (2007). 
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Other transcription factors involved in ENS development include ZEB2 (or ZFHX1b or 

SIP1), a Zinc finger E-box binding homeobox2 associated with ENCC migration. This has been 

shown in mouse mutants of Zeb2 that have stalled ENCC migration at the proximal small 

intestine (Van de Putte et al., 2007).  

Hand2 (heart and neural crest derivatives expressed 2) (one of two members of the 

HAND proteins) is expressed in ENCCs, where it is required for neurogenesis and for their 

differentiation into particular subtypes of neurons (D'Autreaux et al., 2007, Hendershot et al., 

2007, D'Autreaux et al., 2011). Hand2 mouse mutants display a range of complex ENS 

phenotypes (D'Autreaux et al., 2007, Hendershot et al., 2007, Lei and Howard, 2011).  

While most transcription factors necessary for normal ENS development are expressed 

in ENCCs, a small proportion of these are expressed in the gut mesenchyme. One of these 

includes Hlx (H2.0 like homeobox), which is transcription factor (Bates et al., 2006). This is 

thought to be important in ENCC migration since Hlx-/- mouse mutants lack enteric neurons 

within most of the intestine, which is very hypoganglionic, and enteric neurons are largely 

restricted to the stomach (Bates et al., 2006). The mechanism of action of Hlx, however, remains 

unknown, as no changes in ENCC expressing genes have been identified in Hlx-/- mutants, 

suggesting that Hlx may regulate ENS development through an unknown signalling mechanism 

(Bates et al., 2006).  

1.4.4 Hedgehog signalling, semaphorins and retinoic acid  

Components of the hedgehog signalling pathways, including sonic hedgehog (Shh) and 

Indian hedgehog (Ihh), have shown important roles in ENS development. Shh is expressed in the 

gut epithelium and promotes ENCC proliferation while inhibiting their differentiation (Ramalho-

Santos et al., 2000, Fu et al., 2004). Mice mutant for the Shh gene also have many non-neuronal 

defects in gut patterning as well has having excessive numbers of enteric neurons (Ramalho-

Santos et al., 2000). Ihh is also expressed in the gut epithelium and deletion of Ihh causes 

aganglionosis of the large intestine and regions of the small intestine (Ramalho-Santos et al., 

2000). Some neurons are also found as patches in ganglionic regions suggesting that ENCCs are 

able to migrate and differentiate in Ihh mutants, but are unable to survive or proliferate 

normally (Ramalho-Santos et al., 2000).  

Semaphorins are a class of secreted and membrane proteins mainly involved in axonal 

growth cone guidance (Tamagnone and Comoglio, 2000, Yazdani and Terman, 2006). 

Semaphorin A (Sema3a) is a secreted protein expressed in the gut mesenchyme in the colon and 
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caecum (Luo et al., 1993, Anderson et al., 2007). Its receptor, neuropilin-1 (Nrp1), is expressed 

in ENCCs (Fujisawa, 2004, Anderson et al., 2007). SEMA3a is thought to affect the entry of sacral 

ENCCs and extrinsic axons into the distal hindgut, since mice null for Sema3a show premature 

migration of sacral ENCCs and entry of extrinsic axons into the colon (Anderson et al., 2007). 

Therefore, Sema3a may act as a repulsive cue to regulate time of entry of the sacral ENCCs into 

the colon (Anderson et al., 2007).  

Retinoic acid (RA) is a diffusible molecule produced by enzymes of the retinaldehyde 

dehydrogenase (RALDH) family (Maden, 2007, Rhinn and Dolle, 2012). It acts via its three 

retinoic acid receptors (RARs): RARα, RARb and RARγ (Rhinn and Dolle, 2012). In the ENS, RA 

acts through RARα and RARγ (both nuclear hormone receptors) that are expressed in migrating 

ENCCs (Cui et al., 2003, Rao and Gershon, 2018). Retinoic acid drives differentiation of ENCCs by 

upregulating expression of Ret (Simkin et al., 2013). Mutant mice null for the retinoic acid-

producing enzyme Raldh2 have total aganglionosis proximal to the stomach demonstrating the 

critical role of retinoic acid for the developing ENS (Niederreither et al., 2003, Fu et al., 2010). 

Vitamin A forms part of the retinoic acid pathway (Sandell et al., 2007, Sandell et al., 2012) and 

mice deficient in this from their diet also have aganglionosis in the distal colon (Fu et al., 2010). 

1.4.5 Extracellular matrix components, cell adhesion molecules and integrins 

For coordinated migration, cell-cell adhesion must be carefully regulated in ENCCs 

(McKeown et al., 2013, Barriga and Mayor, 2015). Accordingly, many extracellular matrix 

molecules are expressed and function in ENCCs and the gut mesenchyme including fibronectin, 

laminins, tenascin and collagens (Newgreen et al., 2013, Nagy et al., 2018, Nishida et al., 2018) 

as well as cell adhesion molecules and integrins that interact with the ECM to regulate cell 

adhesion and migration (Newgreen et al., 2013, Nagy et al., 2018).  

Cell adhesion molecule 1, or L1CAM, is expressed in migrating ENCCs and L1cam mouse 

mutants show delayed ENCC migration at early embryonic stages and increased number of 

solitary ENCCs during this process (Anderson et al., 2006b). Compound mouse mutants in L1cam 

and Edn3 or Ednrb have exacerbated aganglionic phenotypes compared to Edn3 and Ednrb 

mutant mice alone (Wallace et al., 2011). Similarly, compound mouse models containing 

mutations in L1CAM and Sox10 show more severe phenotypes compared to single Sox10 

mutants. These studies have also shown that SOX10 regulates L1cam expression (Wallace et al., 

2010, Wallace et al., 2011).    
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Integrin beta 1 subunit (Itgb1) is expressed in ENCCs and has important roles in cellular 

adhesion and migration, as demonstrated through studies of Itgb1 mutant mice exhibiting distal 

aganglionosis (Breau et al., 2006, Broders-Bondon et al., 2012). In vitro studies of Sox10 

overexpression in ENCCs and in vivo studies of Sox10LacZ/+  heterozygous mice both indicated that 

the expression of b1 integrins may be regulated by SOX10 (Watanabe et al., 2013), suggesting 

that SOX10 mediates the expression and function of Itgb1 to regulate ENCC adhesion and 

migration (Watanabe et al., 2013).  

More recently, the importance of collagens in ENS development has come to light (Soret 

et al., 2015, Nishida et al., 2018). The collagen family comprises 28 members, each having 

different functional roles and forming different supramolecular structures such as fibres or 

networks (Ricard-Blum, 2011). A mouse model named Holstein contained a transgenic insertion 

upregulating the collagen gene Col6α4. These mouse mutants displayed retarded migration of 

ENCCs demonstrating that at least collagen 6 must be a poor substratum for ENCC migration 

(Soret et al., 2015). Another study examined the role of collagen 6 in vitro and similarly found 

that it inhibits ENCC migration as well as reduces expression of focal adhesion complex 

components (Nishida et al., 2018). Conversely collagen 18 (Col18) was found expressed at the 

migratory wavefront in ENCCs, suggesting a positive role in ENCC migration (Nagy et al., 2018). 

The expression of Col8 in glial cells also suggests further roles of this gene in regulating glial 

differentiation (Nagy et al., 2018). Other studies have found upregulation of collagen IV (Col4) 

in Ednrb and Edn3 null mice (Payette et al., 1988, Tennyson et al., 1990). Therefore, different 

collagens may promote or inhibit ENCC migration.  

1.4.6 Other signalling pathways 

Calcium signalling is likely to be important for enteric ganglia formation and many 

neuronal cells of the embryonic gut are responsive to intracellular changes in calcium levels (Hao 

et al., 2017). This leads to changes in electrical field stimulation and responsiveness to 

neurotransmitters (Hao et al., 2011, Hao et al., 2012). Activation of some endothelin receptors 

are known to increase levels of intracellular calcium (Sergi et al., 2017). Alteration of levels of 

calcium signalling can also affect motility within the gut suggesting that calcium signalling is also 

required for homeostasis of the gut (McClain et al., 2014, McClain et al., 2015, Grubisic and 

Gulbransen, 2017). Calcium signalling is crucial for normal glia function, in addition (see 1.5.2). 
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1.5 Cell lineages of the enteric nervous system 

1.5.1 Enteric neurons and the development of gut motility 

Many different subtypes of enteric neurons exist in the ENS, each with distinct 

physiology, axonal projections, functions, electrophysiological properties and neurotransmitters 

(Furness, 2000, Qu et al., 2008, Furness, 2012). Neurons in the myenteric plexus can be 

characterised into one of three categories 1) interconnected intrinsic sensory neurons (also 

referred to as intrinsic primary afferent neurons, IPANs), 2) interneurons, whose axons ascend, 

descend or project into the submucosal plexus and 3) excitatory and inhibitory muscle motor 

neurons (Figure 1.14, Figure 1.15). Within these categories, different neuronal subtypes express 

different neurotransmitters (Figure 1.15) (Furness, 2012, Rao and Gershon, 2018).  

IPANs (sensory neurons) detect and respond to changes in lumenal chemistry as well as 

detecting mechanical distortion of the mucosa (Furness, 2012). Markers of IPANs include 

neurofilament M (NF-M) and calcitonin-gene related peptide (CGRP) (Hao and Young, 2009).  

Interneurons are directly activated by IPANs through the release of acetylcholine (Rao and 

Gershon, 2018). They are also indirectly activated through the release of serotonin by 

enterochromaffin cells that reside in the epithelium (Mawe and Hoffman, 2013, Rao and 

Gershon, 2018). Enteroendocrine cells are also found in the epithelium and release peptides and 

signalling molecules in response to lumenal stimuli, enabling modulation of sensory neural 

pathways (Bohorquez et al., 2015, Latorre et al., 2015, Bellono et al., 2017). Ascending 

interneurons express enkephalin and acetylcholine while descending interneurons express 

serotonin (5-HT) (Rao and Gershon, 2018). Serotonin-positive neurons are thought to be born 

from E10.5 although only detectable by immunostaining from E18.5 (Furness and Costa, 1982, 

Pham et al., 1991, Gershon, 2013). nNOS is also expressed in some enteric interneurons (Qu et 

al., 2008, Furness et al., 2012) while NPY and VIP are also expressed in some descending 

interneurons (Furness, 2000, Hao and Young, 2009). 

The ascending and descending interneurons stimulate activating and inhibitory motor 

neurons, respectively (Rao and Gershon, 2018). Activity of the motor neurons orchestrates 

contraction and relaxation of muscle layers of the gut in order to regulate peristalsis and gut 

motility (Rao and Gershon, 2018).  

For motor neurons, neuronal nitric oxide synthase (nNOS) is the predominant marker of 

inhibitory motor neurons (Qu et al., 2008, Furness, 2012) and nNOS neurons are born from E11.5 

(Hao and Young, 2009, Young et al.1998). Neuro-peptide Y (NPY) is also expressed in inhibitory 
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motor neurons and NPY neurons are born from E13.5 (Furness, 2000, Hao and Young, 2009). For 

activating excitatory motor neurons, calretinin is the main marker. However, calretinin is also 

found in intrinsic sensory neurons and cholinergic secretomotor neurons (Furness, 2012, Rao 

and Gershon, 2018). Calretinin-positive neurons only appear later from birth (Young et al., 1998, 

Hao and Young, 2009). Vasoactive intestinal polypeptide (VIP) is the main marker of non-

cholinergic secretomotor neurons that control secretory activities at the epithelium, but is also 

an important marker of inhibitory motor neurons and descending interneurons (Furness, 2000, 

Hao and Young, 2009). VIP neurons appear at approximately E13.5 in the mouse (Branchek and 

Gershon, 1989, Pham et al., 1991). Substance P is also expressed in excitatory motor neurons 

from approximately E14.5 (Rothman et al., 1984, Hao and Young, 2009). GABA is thought to be 

expressed in excitatory and inhibitory circular muscle motor neurons, and in inhibitory 

longitudinal muscle motor neurons (Furness, 2000) but their functions are not well understood 

(Li et al., 2004b, Li et al., 2006, Rao and Gershon, 2018). Similarly, the role of dopaminergic 

neurons in the ENS is unclear (Rao and Gershon, 2018).  

These various cell types contribute different proportions of total neurons in the ENS 

(Furness, 2000). These different subtypes, however, are generally found evenly distributed 

along the gut, although how this happens is unclear (Sang and Young, 1996).  

Appropriate numbers of each neuronal and glial subtype are required for proper ganglia 

formation and function in order to coordinate gut motility (D'Autreaux et al., 2011, Gulbransen 

and Sharkey, 2012, Hao et al., 2016, Toure et al., 2016, Rao et al., 2017). Nerve fibres are found 

between smooth muscle cells, adjacent to blood vessels, the immune system and the epithelium 

in order to receive and transmit signals to the brain-gut axis (Powell et al., 2017, Heuckeroth, 

2018, Rao and Gershon, 2018). In this way, sensory and motor neurons enable interaction of the 

ENS with the CNS to modulate ENS activity (Camilleri and Di Lorenzo, 2012, Carabotti et al., 

2015).  

The gut wall contains cells known as the interstitial cells of Cajal (ICCs) that are the 

pacemaker cells of the gut. These ICCs mediate signals between excitatory and inhibitory motor 

neurons of the ENS and the smooth muscle layer (Ward and Sanders, 2006). The ICCs instruct 

contraction or relaxation of smooth muscle, according to the contents of the lumen, in order to 

generate peristaltic movements and coordinate gut motility (Der-Silaphet et al., 1998, Blair et 

al., 2014, Spencer et al., 2016). 
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Figure 1.14. Structural organisation of neuronal circuits of the small intestine. Networks of 
intrinsic primary afferent neurons (IPANs, red) detect the lumenal chemistry and mechanical distortion of 
the mucosa. These synapse with and activate ascending (green) and descending (yellow) interneurons 
that in turn activate the excitatory muscle motor neurons (blue) and inhibitory muscle motor neurons 
(purple), respectively. Taken from Furness (2012).  
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Figure 1.15. Schematic diagram of the major neuronal subtypes and their cellular interactions 
in the ENS. Mechanical distortion of the mucosa or luminal distension cause deformation and pressure 
changes, triggering the activation of mechanoreceptive endings of IPANs. Indirect activation of IPANs also 
occurs as serotonin (5-HT) is released from enterochromaffin cells (ECs) in the epithelium. IPANs release 
the neurotransmitter acetylcholine (ACh) to activate ascending and descending interneurons that in turn 
activate the excitatory and inhibitory motor neurons, respectively. The generation of motor neuronal 
activity allows the contraction of smooth muscle layers at the oral end and their relaxation at the anal 
end to propel luminal contents in a proximal to distal direction. Each neuronal subtype can be identified 
through a specific set of markers as well as the neurotransmitters they release (indicated). Enkephalin, 
Enk; substance P, SP; nitric oxide, NO; vasoactive intestinal peptide, VIP; purine β-nicotinamide adenine 
nucleotide, βNAD; vasoactive intestinal peptide, VIP; calcitonin gene-related peptide, CGRP; 
dopaminergic neuron, DA; gamma-aminobutyric acid, GABA; submucosal plexus, SMP; mucosal plexus, 
MP. Taken from Rao and Gershon (2018).  
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1.5.2 Glia 

Four types of glia exist according to their morphology and location within the gut wall 

(Gulbransen and Sharkey, 2012, Sharkey, 2015). They are the intraganglionic glia (type I), 

interganglionic glia (type II), mucosal glia (type III) and intramuscular glia (type IV) (Figure 1.16) 

(Gulbransen and Sharkey, 2012, Boesmans et al., 2015, Nagy and Goldstein, 2017). Enteric glia 

share morphological characteristics and functions to astrocytes of the CNS and are responsible 

for detecting and integrating neuronal activity of the ENS (Gulbransen and Sharkey, 2012). 

Enteric glia express similar markers to astrocytes with most enteric glia expressing Sox10, Plp1 

and S100β, however only a subset express the mature astrocyte marker GFAP (Boesmans et al., 

2015, Rao et al., 2015).  

The role of glia in the ENS is not fully understood and whether they are required for 

regulating epithelial homeostasis is unclear. Previous studies have suggested that glia may be 

important to maintain epithelial barrier integrity in the gut while also preventing inflammation 

(Bush et al., 1998, Aube et al., 2006, Savidge et al., 2007). This has been refuted more recently, 

and glia have been shown to serve important roles in regulating gut motility (Grubisic and 

Gulbransen, 2017, Rao et al., 2017). One study has shown a female-specific role for glia in this 

(Rao et al., 2017) (see 1.9.2 for further details). Glial cells rely on calcium signalling for cell-cell 

communication since they do not transmit action potentials. Calcium responses are induced in 

glia as they become activated in response to neurotransmitters released by enteric neurons, 

mainly purines including ATP (Gulbransen and Sharkey, 2012, Boesmans et al., 2013, Ochoa-

Cortes et al., 2016). How exactly enteric neurons and glia communicate, however, is not well 

understood. 
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Figure 1.16. Schematic illustrations of the four types of enteric glial cells. (A) Type I or 
‘protoplasmic’ enteric glia are intraganglionic and star-shaped with short and irregular-branched 
processes. (B) Type II or ‘fibrous’ enteric glia are found in interganglionic fibre tracts and are elongated in 
shape. (C) Type III or ‘mucosal’ enteric glia are subepithelial and have long-branched processes. (D) Type 
IV or ‘intramuscular’ enteric glia are found along nerve fibres in muscle layers and are elongated in shape 
with short processes. Taken from Gulbransen and Sharkey (2012).  
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Table 1.1. Timeline summary of key events in ENS development and mesoderm and endoderm differentiation into various gut tissue components 
between E8.5 and P7 in the mouse. Created using information from Hao and Young (2009), Sasselli et al. (2012) and Hao et al. (2016).  

 

Embryonic 
stage 

ENS development Gut mesoderm 
development 

Gut endoderm 
development Cellular event Cell Types Markers 

E8.5 Delamination and migration of vagal NCCs from the 
neural tube 

Vagal NCCs Sox10/p75 Primitive gut tube is formed from folding 
of endoderm with surrounding mesoderm 

E9.5 Vagal NCCs enter anterior to the oesophagus and 
stomach 

Pre-enteric NCCs Sox10/p75±RET/Phox2b  PECAM+ endothelial 
cells appear in gut 

tissue as 
angiogenesis occurs 

 
Proliferation of 
the epithelium 

E10.5 Migration of vagal ENCCs 
Proliferation of ENCCs 
Neuronal differentiation begins – starting with 5-HT 
neurons (although not detected by immunostaining until 
E18.5) 

Vagal ENCCs 
 
Immature neurons 

Sox10/p75/RET/Phox2b; EDNRB; Mash1  
 
RET/Phox2b/PGP9.5/HuC-D/TuJ1 ± 
Mash1/TH  

E11.5 Migration of vagal and new transmesenteric vagal ENCCs 
Proliferation of ENCCs 
Neuronal differentiation – first neurotransmitters 
produced and first neuronal activity as nNOS, 
cholinergic, calbindin and CART neurons arise 
Start of glial differentiation 

Vagal/TM vagal ENCCs  
Immature neurons  
 
Immature glial cells  

Sox10/p75/RET/Phox2b; EDNRB; Mash1  
RET/Phox2b/PGP9.5/HuC-
D/TuJ1±Mash1/TH; ±NOS; ±Calb; ± ChAT 
Sox10/p75/B-FABP  

Smooth muscle actin 
cells appear in the 

periphery 

E12.5 Migration of vagal and transmesenteric vagal ENCCs 
Proliferation of ENCCs 
Neuronal differentiation – peak of birth of cholinergic 
neurons  
Glial differentiation 

Vagal/TM vagal ENCCs  
 
Immature neurons  
 
Immature glial cells 

Sox10/p75/RET/Phox2b; EDNRB; Mash1  
RET/Phox2b/PGP9.5/HuC-
D/TuJ1±Mash1/TH; ±NOS; ±Calb; ± ChAT 
Sox10/p75/B-FABP 

cKit+ progenitors of 
interstitial cells of 

Cajal are present and 
smooth muscle cells 

E13.5 Sacral NCCs begin migrating into the distal hindgut 
(caudo-rostral migration) 
Migration of vagal and transmesenteric vagal ENCCs 
Proliferation of ENCCs 
Neuronal differentiation – NPY and VIP neurons arise 
Glial differentiation 

Vagal/TM vagal ENCCs  
Sacral NCCs (all types) 
 
Immature neurons  
 
Immature glial cells  

Sox10/p75/RET/Phox2b; EDNRB 
Sox10/p75±RET/Phox2b 
 
RET/Phox2b/PGP9.5/HuC-D/TuJ1±NOS; 
±Calb; ±VIP; ±NPY; ±NOS; ± ChAT 
Sox10/p75/B-FABP  

Myogenic activity in 
the small intestine 
initiates. PDGFRα+ 
mesenchymal cells 

are found. 

E14.5 Migration of ENCCs is complete 
Proliferation of ENCCs 
Neuronal differentiation – substance P neurons arise 
and peak of birth of calbindin, GABA, NOS neurons. 
Cholinergic transmission starts.  
Glial differentiation 
Migration of Schwann cell precursors into gut 
Neurite extension to circular muscle layers  

All types ENCCs 
Immature neurons 
 
 
 
Immature glial cells 
Schwann cell precursors 

Sox10/p75±RET/Phox2b 
RET/Phox2b/PGP9.5/HuC-D/TuJ1±NOS; 
±Calb; ±VIP; ±NPY; ±NOS; ± ChAT 
 
 
Sox10/p75/B-FABP 
- 

 

Villi formation begins in the small 
intestine. 
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Table 1.1 continued. 
 

 
 
 
 

 
 

Embryonic 
stage 

ENS development Gut mesoderm 
development 

Gut endoderm 
development Cellular event Cell Types Markers 

E15.5 Proliferation of ENCCs 
Neuronal (and glial) differentiation – peak of birth of VIP 
and NPY neurons  
Enteric neurons found in more substantial numbers in 
submucosal plexus 

All types ENCCs 
Immature neurons 
 
Immature glial cells 

Sox10/p75±RET/Phox2b 
RET/Phox2b/PGP9.5/HuC-D/TuJ1±NOS; 
±Calb; ±VIP; ±NPY; ±NOS; ± ChAT 
Sox10/p75/B-FABP 
 

 

Proliferating 
epithelial cells 

become 
restricted to the 
intervillus space 

E16.5 Proliferation of ENCCs 
Neuronal and glial differentiation 
Neurites appear in the mucosa. 

All types ENCCs 
Immature neurons 
(Immature glial cells) 

Sox10/p75±RET/Phox2b 
RET/Phox2b/PGP9.5/HuC-D/TuJ1±NOS; 
±Calb; ±VIP; ±NPY; ±NOS; ± ChAT 

Lymphoid cells 
aggregate to form 

Peyer’s patches 

Villi formation in 
the colon 

E17.5 Proliferation of ENCCs 
Neuronal (and glial) differentiation – CGRP neurons arise 
 

All types ENCCs 
Immature neurons 
(Immature glial cells) 

Sox10/p75±RET/Phox2b 
RET/Phox2b/PGP9.5/HuC-D/TuJ1±NOS; 
±Calb; ±VIP; ±NPY; ±NOS; ± ChAT 

 

E18.5 Proliferation of ENCCs 
Neuronal (and glial) differentiation – peak of birth of 5-
HT neurons and their first detection by immunostaining  
Neuronal control of motility complexes in the duodenum 

All types ENCCs 
Immature neurons 
(Immature glial cells) 

Sox10/p75±RET/Phox2b 
RET/Phox2b/PGP9.5/HuC-D/TuJ1±NOS; 
±Calb; ±VIP; ±NPY; ±NOS; ± ChAT; ± 5-HT 

Neuronal control of 
motility complexes in 

the duodenum – 
coordinate with ENS. 
ICC-mediated waves 

of contraction. 

Different 
epithelial cell 

types arise 

P0-P7 Proliferation of ENCCs 
Differentiation of mature neuronal phenotypes – 
calretinin neurons arise 
Differentiation of mature glial phenotype 
Gangliogenesis 
Formation of functional neuronal circuits and onset of 
gut motility  
Migration of enteric glia into mucosa 

All types ENCCs 
Neurons  
 
 
Glial cells  

Sox10/p75 ± RET/Phox2b  
RET/Phox2b/PGP9.5/HuC-D/TuJ1±NOS; 
±Calb; ±VIP; ±NPY; ±SubP; ±CGRP; ±5HT; 
±ChAT; ±Calret 
Sox10/p75/Phox2b/B-FABP/S100β/GFAP  
 

Nutrient absorption and colonisation of 
the gut by microbiota 
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1.6 Hirschsprung disease 

1.6.1 Overview of Hirschsprung disease, treatment and prognosis 

Hirschsprung disease is a developmental disorder characterised by a lack of enteric 

neurons in the myenteric and submucosal plexi within variable portions of the gut, and is the 

most common disease of the ENS (Heanue and Pachnis, 2007, Heuckeroth, 2018). It arises due 

to improper colonisation of the gut by enteric neural crest cells (ENCCs) during development 

due to defects in their proliferation, migration, differentiation or survival (Heanue and Pachnis, 

2007). As a result, regions of the gut lacking enteric neurons, termed ‘aganglionic’, are unable 

to carry out normal peristalsis (Heuckeroth, 2018). Regions can also be ‘hypoganglionic’ and 

contain fewer than normal numbers of ganglia (Heanue and Pachnis, 2007, Sasselli et al., 2012). 

This region is also termed the ‘transition zone’ in humans, and is found between the normal and 

aganglionic regions (Heuckeroth, 2018).  

The absence of ganglia in the myenteric plexus causes tonic contraction of circular and 

longitudinal muscle layers in the affected segment of the bowel, leading to intestinal obstruction 

through the accumulation of stool (Heanue and Pachnis, 2007, Heuckeroth, 2018). Shortly after 

birth, babies born with Hirschsprung disease present with an obvious distension of the abdomen 

known as ‘megacolon’ (Figure 1.17) (Heanue and Pachnis, 2007, Rao and Gershon, 2018). This is 

lethal if left unattended and surgery is required for survival (Heuckeroth, 2018, Rao and 

Gershon, 2018). Various types of surgical procedures exist for Hirschsprung patients and these 

are generally carried out through the removal of non-functioning aganglionic and 

hypoganglionic regions of the bowel and re-sectioning to the anus (Nasr et al., 2014, Widyasari 

et al., 2018). Functional outcomes after surgery, however, can be variable and patients may 

suffer from long-term gastrointestinal complications such as constipation, faecal incontinence 

and enterocolitis (Baillie et al., 1999, Menezes et al., 2006). This had led to the search for 

alternative treatments including the development of ENCCs or intestinal organoids from human 

induced pluripotent stem cells and their transplantation into aganglionic guts (McCann et al., 

2017, Schlieve et al., 2017, Workman et al., 2017, Li et al., 2018).  
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Figure 1.17. Aganglionosis in the colon results in tonic contraction of affected regions and 
distension of the abdomen known as megacolon. (A) Diagram showing affected region in 
Hirschsprung child. (B) Newborn baby presenting with megacolon and abdominal distension. Image A 
taken from https://nurseslabs.com/hirschsprung-disease-aganglionic-megacolon/. Image B taken from 
https://www.omicsonline.org/israel/hirschsprungs-disease-peer-reviewed-pdf-ppt-articles/.  
 
 

1.6.2 Epidemiology and types of Hirschsprung disease 

Hirschsprung disease occurs at a variable incidence with 1:5000 Caucasians affected, 

and Chinese populations have an increased incidence of 1:3500 (Amiel et al., 2008). Mennonite 

populations (members of Christian groups with Anabaptist denomination) have an incidence of 

1:500 presumably due to high rates of inbreeding (Carrasquillo et al., 2002). Similarly, other 

populations with high levels of consanguinity have shown potential increased risk to 

Hirschsprung disease such as some Bangladeshi populations (Karim et al., 2018).  

Several types of Hirschsprung disease exist depending on the severity, linked to the 

length of the aganglionic region (Heanue and Pachnis, 2007, Amiel et al., 2008). The most 

common form is known as short-segment Hirschsprung disease (S-HSCR), where a region from 

the rectum up to the upper sigmoid colon is affected (see Figure 1.18) (Badner et al., 1990, 

Brooks et al., 2005). A long-segment form of Hirschsprung disease (L-HSCR) occurs when longer 

tracts of the bowel are affected proximal to the sigmoid colon (Amiel et al., 2008). Total colonic 

aganglionosis (TCA) occurs when the entire bowel is aganglionic with the exception of the 

stomach (Heanue and Pachnis, 2007, Amiel et al., 2008). S-HSCR, L-HSCR and TCA account for 

80%, 15% and 5% of Hirschsprung cases, respectively (Amiel et al., 2008). Importantly, a strong 

sex bias exists in S-HSCR with 4 times more males affected than females (Badner et al., 1990, 

Amiel et al., 2008). In L-HSCR and TCA a weaker sex bias exists with a 2:1 male to female ratio 

(see section 1.9) (Badner et al., 1990, Amiel et al., 2008).  
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Hirschsprung disease is mostly an isolated disease, however, it is found associated with 

chromosomal abnormalities in approximately 12% of cases (Amiel et al., 2008). Down syndrome 

accounts for the majority of this, as 10% of Hirschsprung patients have Down syndrome. In 

patients with both Hirschsprung disease and Down Syndrome, up to a 10:1 male to female sex 

bias exists (Amiel et al., 2008).   

 

 
Table 1.2. Sex ratio of Hirschsprung disease classified on the segment of gut affected, and 
recurrent risk to siblings. Taken from Badner et al. (1990). 

 

 
Figure 1.18. Diagram of the components of the human large intestine. Referred to in Table 1.2. 
Modified from the American Society of Colon and Rectal Surgeons 
https://www.fascrs.org/patients/disease-condition/colon-what-it-what-it-does. 
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1.6.3 Known genetic causes of Hirschsprung disease 

Hirschsprung is a complex and multifactorial disease (Amiel et al., 2008, Emison et al., 

2010, Alves et al., 2013). Approximately 20% of Hirschsprung cases are familial and largely 

comprise patients with the L-HSCR form of Hirschsprung disease (Garcia-Barcelo et al., 2004, 

Amiel et al., 2008, Emison et al., 2010). These familial cases have Mendelian modes of 

inheritance, which can be dominant or recessive with reduced penetrance (Badner et al., 1990). 

The remaining 80% of Hirschsprung cases are sporadic and mainly comprise patients with the S-

HSCR form of Hirschsprung disease (Heanue and Pachnis, 2007, Amiel et al., 2008, Heuckeroth, 

2018). These patients have a complex non-Mendelian mode of inheritance and the risk of 

hereditary Hirschsprung disease is 3-25% (Badner et al., 1990, Bolk et al., 2000). The risk to 

relatives is variable depending on the sex of the proband, the length of aganglionosis, the sex of 

the sibling and co-occurrence of additional congenital abnormalities (Badner et al., 1990, Bolk 

et al., 2000, Sergi et al., 2017). 

Hirschsprung disease can be attributed to mutations in more than 24 known genes, in 

both coding and non-coding regions, with Ret found most commonly mutated (Amiel et al., 

2008). The main genes found mutated in Hirschsprung disease are summarised in Table 1.3. Only 

30% of S-HSCR cases on average, however, can be attributed to mutations in these genes. 

Indeed, reduced penetrance and phenotypic variability of mutations in Ret and other genes 

suggest the presence of other modifier loci. Therefore, Hirschsprung disease is thought to arise 

from the accumulation of common variants of single nucleotide polymorphisms (SNPs) and/or 

mutations in more than one gene (Garcia-Barcelo et al., 2009). Recent studies have also 

suggested Hirschsprung disease could arise due to dysregulation of microRNAs (Tang et al., 

2013, Lei et al., 2014, Tang et al., 2015, Li et al., 2016). Furthermore, in approximately 30% of 

Hirschsprung cases the disease is associated with other congenital abnormalities (Sarioglu et al., 

1997, Amiel et al., 2008, Hofmann et al., 2014, Duess and Puri, 2015). These comprise more than 

43 congenital abnormalities, many of which have unknown causes (Sergi et al., 2017). However, 

the basis for some are known and are summarised in Table 1.4 (Parisi, 2015, Sergi et al., 2017). 

These congenital abnormalities affect a variety of organ systems and tissues, with no single one 

more frequently affected.  
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Table 1.3. Most common human Hirschsprung disease genes. OMIM gene identifiers, 
chromosomal locations, phenotypes, inheritance patterns and frequency of mutations attributed to 
known genes involved in Hirschsprung disease are indicated. Table based on information from Heanue 
and Pachnis (2007) and Parisi (2015).  
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Table 1.4. Congenital abnormalities associated with Hirschsprung disease with unknown 
causes. Table information from (Parisi, 2015). ID=intellectual disability, ASD=atrial septal defect, 
VSD=ventricular septal defect, PDA=patent ductus arteriosus. 

 
 

More than 100 different mutations have been identified in Ret including coding and non-

coding sequence mutations. These include large deletions and microdeletions of Ret, insertions 

and nonsense, missense and splicing mutations (Angrist et al., 1995, Attie et al., 1995, Seri et al., 

1997, Hofstra et al., 2000, Amiel et al., 2008). Mutations in Ret account for 50% of familial 

Hirschsprung cases and 17-38% of sporadic cases (Attie et al., 1995, Sancandi et al., 2000, Garcia-

Barcelo et al., 2004). The presence of Ret mutations in familial and sporadic cases, and the 

variability of phenotype presentation between patients bearing the same mutations, implies 

haploinsufficiency of Ret in causing Hirschsprung disease. In the long form, rare coding variants 

in coding sequences are thought to contribute to the emergence of the condition (So et al., 

2011). Most cases of the short, sporadic form of Hirschsprung disease are thought to arise from 

the accumulation of common variants in non-coding regions, that may include particular SNPs 

or haplotypes, largely in the Ret gene (Fitze et al., 1999, Borrego et al., 2000, Sancandi et al., 

2003, Burzynski et al., 2004, So et al., 2011, Yang et al., 2017). These SNPs and haplotypes act as 

low-penetrance risk alleles that can modify expression of Ret, affecting susceptibility to 

Hirschsprung disease (Garcia-Barcelo et al., 2009). The sporadic and variable nature of S-HSCR 

also suggests the presence of modifiers of Ret at other loci and within the Ret gene itself, in the 

form of SNPs (Garcia-Barcelo et al., 2009). These are thought to act in a synergistic manner 

leading to an additive effect that causes Hirschsprung disease (Nunez-Torres et al., 2011).  

The greatest contribution to risk is from a common enhancer polymorphism found in 

the enhancer element MCS+9.7 (Multispecies Conserved Sequence located 9.7 kb from the ATG 

codon) in intron 1 of the Ret gene, known as RET+3 or rs2435357, that also shows different 

genetic effects in males and females (see section 1.9.1) (Emison et al., 2005). This poses an 

increased risk of Hirschsprung disease due to its high prevalence in the population. The 

 
 
 

Anomaly Features Mode of 
Inheritance 

Genetic 
locus/gene 

% in 
Hirschsprung 

Central nervous 
system 

ID, Dandy-Walker 
malformation, microcephaly Unknown Unknown 3.6%-3.9% 

Congenital heart 
disease 

ASD, VSD, PDA, tetralogy of 
Fallot Unknown Unknown 2.3%-4.8% 

Gastrointestinal 
Malrotation, imperforate anus, 

Meckel diverticulum, sacral-
rectal fistula 

Unknown Unknown 3.3%-3.9% 

Genitourinary 
Cryptoorchidism, inguinal 

hernia, hypospadias, kidney 
malformations, urethral fistula 

Unknown Unknown 5.6%-7.3% 
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increased risk of Hirschsprung disease in Chinese populations can also be partly attributed to 

increased frequency of RET+3, as well as the frequency of other Hirschsprung-associated SNPs 

and haplotypes of the Ret gene. However, some of these are also found at increased frequency 

in the general Chinese population (Garcia-Barcelo et al., 2003, Emison et al., 2005, Garcia-

Barcelo et al., 2005).  

Ednrb is mutated in 3-7% of patients and is the next mostly commonly mutated gene in 

Hirschsprung disease (Amiel et al., 1996, Auricchio et al., 1996, Chakravarti, 1996, Kusafuka et 

al., 1996). Its predominant ligand gene Edn3 has a similar mutation rate of 5% in Hirschsprung 

patients (Chakravarti, 1996, Edery et al., 1996, Hofstra et al., 1996, Bidaud et al., 1997). Patients 

with Ednrb or Edn3 mutations have either non-syndromic Hirschsprung disease or this coincides 

with Waardenberg-Shah syndrome, which causes pigmentary anomalies (Edery et al., 1996, 

Hofstra et al., 1996). Sox10 is found mutated in approximately 5% of Hirschsprung patients. 

Similarly to Ednrb and Edn3, Hirschsprung patients with Sox10 mutations also have 

Waardenberg-Shah syndrome (Pingault et al., 1998). The gene neuregulin 1 (Nrg1) was 

identified as a Hirschsprung susceptibility gene through genome-wide association studies 

(GWAS) of Chinese populations, where two SNPs were found in intron 1 of the Nrg1 gene 

(Garcia-Barcelo et al., 2009, Luzon-Toro et al., 2012). Coding sequence mutations have also been 

found, and Nrg1 is thought to be mutated in approximately 1% of Hirschsprung patients (Tang 

et al., 2012b). Genome-wide copy number analysis identified also Nrg3, a paralogue of Nrg1, 

that is mutated in Hirschsprung patients at a similarly low incidence (Tang et al., 2012a). Several 

mutations have been found in other genes implicated in Hirschsprung disease such as L1CAM 

but these are relatively uncommon.  

Several transcription factors that are important to ENS development in model systems 

(described earlier), however, have no known roles in humans or Hirschsprung disease. For 

example, Ascl1 and Hand2 mouse mutants have clear ENS phenotypes, but no mutations have 

been found in these genes in human Hirschsprung patients (Guillemot et al., 1993, Blaugrund et 

al., 1996, Hendershot et al., 2007, Lake and Heuckeroth, 2013). It is therefore unclear how these 

genes play a role in human ENS development and in what signalling pathways. Other genes that 

are crucial for ENS development are also rarely found mutated in HSCR patients. For example, 

mutations in the Ret ligand Gdnf rarely cause Hirschsprung disease (Hofstra et al., 1996, 

Ivanchuk et al., 1996, Salomon et al., 1996, Eketjall and Ibanez, 2002), although mouse models 

with Gdnf mutations show Hirschsprung-like phenotypes (Pichel et al., 1996, Sanchez et al., 

1996, Shen et al., 2002, Gianino et al., 2003, Wang et al., 2010). This is due to differences in the 
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correlation between gene dosage and ENS phenotype in mice and humans (Heanue and Pachnis, 

2007, Heuckeroth, 2018). Studies on the ENS are generally carried out in mice that are largely 

inbred and on specific genetic backgrounds. Humans, on the other hand, are very outbred as a 

species and therefore have a greater genetic variation with many genetic modifiers that may be 

absent in mice (Rosenthal and Brown, 2007, Hamilton and Yu, 2012).  

 

1.7 Hirschsprung disease and Down syndrome 

Down syndrome is the most common chromosomal abnormality associated with 

Hirschsprung disease and 10% of Hirschsprung patients also have Down syndrome (Amiel et al., 

2008). The prevalence of Hirschsprung disease in Down syndrome patients is also greatly 

elevated; this is over 100 times that of the general population and 2.6% of Down patients have 

Hirschsprung (Korbel et al., 2009, Friedmacher and Puri, 2013). Importantly, the sex bias of these 

patients is also elevated and in Hirschsprung-Down patients up to 10 times more males are 

affected than females (Amiel et al., 2008). Several chromosome 21 genes have been associated 

with Hirschsprung disease through genomic studies of human patients, discussed below, 

although the roles of many of these genes have not been verified in animal models (Arnold et 

al., 2009, Jannot et al., 2013, Wang et al., 2018).  

An interaction between Ret and chromosome 21 gene dosage has been identified through 

studies of patients with Hirschsprung disease, Down syndrome and both. The Ret common 

variant rs2435357 (see previous subsection 1.6.3) is an enhancer polymorphism found in intron 

1 of the Ret gene. rs2435357 shows differential allele frequencies in patients individually or 

jointly affected with Hirschsprung and Down syndrome, with increased frequency in jointly 

affected patients compared to patients with Down syndrome alone (Arnold et al., 2009). 

Therefore, segregation of rs2435357 interacts with chromosome 21, which leads to 

Hirschsprung association in Down patients. This demonstrates a genetic interaction between 

the rs2435357 common variant and chromosome 21 gene dosage (Arnold et al., 2009). 

A chromosome 21 scan identified the gene Dscam, encoding Down syndrome cell 

adhesion molecule, as a Hirschsprung susceptibility locus in Down syndrome and isolated cases 

of Hirschsprung disease (Jannot et al., 2013) and a more recent study has also found association 

of other SNPs of Dscam with increased risk of Hirschsprung disease (Wang et al., 2018). 

Interestingly, reduced expression of Dscam was found in aganglionic segments of human gut, 

further suggesting a role for Dscam in normal ENS development (Wang et al., 2018).    
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The gene Bace2 (Beta-site APP-cleaving enzyme 2), is a human chromosome 21 gene and 

has recently been identified as a Hirschsprung susceptibility locus through the identification of 

coding region mutations (rare variants) in Hirschsprung patients in whole genome sequencing 

analyses. These studies were carried out by Clara Tang and Maria Garcia-Barcelo, collaborators 

at Hong Kong University. The App (amyloid beta precursor protein) gene product is cleaved by 

Bace2. Bace1 (beta-site APP-cleaving enzyme 1), found on chromosome 11 is also found in this 

pathway and processes App. Predictive analyses of expression levels of these genes found 

reduced expression in Hirschsprung patients (personal communication, Clara Tang and Merce 

Garcia-Barcelo at the University of Hong Kong, 2018) (Tang et al., 2018). Verification of Bace2 

function in in vitro studies found that deletion of Bace2 causes increased apoptosis of cultured 

ENCCs due to amyloid-beta peptide oligomers accumulation (personal communication, Elly 

Ngan lab at the University of Hong Kong, 2018) (Tang et al., 2018). App, which is expressed in 

ENCCs, has already been shown to have important roles in the ENS in mouse studies (Semar et 

al., 2013, Schriemer et al., 2016). Indeed, mice with increased levels of App in the ENS have 

reduced neuronal density and motility in the gut (Semar et al., 2013). 

Finally, collagen genes Col6α1 and Col6α2, encoding collagen type VI alpha 1 and alpha 2 

chain, respectively, are found on human chromosome 21. In the mouse model known as Holstein 

(see previous subsection 1.4.5), containing a transgene insertion upstream of the Col6α4 gene, 

several members of the collagen 6 family are upregulated (Soret et al., 2015). These mice suffer 

a delay in ENCC migration and exhibit distal aganglionosis in the colon (Soret et al., 2015). 

Therefore, it is possible that also Col6α1 and Col6α2 genes have roles in Hirschsprung disease 

and increase the risk of Hirschsprung disease in Down syndrome patients, where dosage is 

increased (Soret et al., 2015). One further mouse study also found Ret+/-; Ednrbs/s mutants, 

containing one functional copy of the Ret gene and homozygous for a hypomorphic piebald 

Ednrb allele, had increased expression of eight genes (Sod1, Il10rb, Ifngr2, Son, Cbr1, Ttc3, Ctsb 

and Pfkl) orthologous to human chromosome 21 genes (McCallion et al., 2003a).  

 

1.8 Overview of mouse models of Hirschsprung disease 

Many mouse models of Hirschsprung disease exist. Table 1.5 summarises the 

predominant and most well-characterised Hirschsprung mouse models containing single gene 

mutations. Most of these mouse models have some degree of aganglionosis in the colon and, in 

some cases, the small intestine. There are, however, an extensive number of mouse models that 
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exhibit defects in the ENS each with single gene mutations in one of more than 40 genes (see 

Bondurand and Southard-Smith, 2006 for details). This highlights the complex nature of ENS 

development requiring a large network of genes. 
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Table 1.5. Table of mouse lines containing single gene mutations that cause some level of 
intestinal aganglionosis, their effects on ENS development and presence of mutations in 
Hirschsprung disease. Information taken from (Bondurand and Southard-Smith, 2016) with some 
modifications.  
 
 
 
 

Gene Gene mutation Role in ENS 
development and/or 
phenotype in mutant 

Effect on mature ENS Known 
mutations 
in HSCR? 

Reference 

Col6α4 
Collagen 6α4 

Tg (Sox3-GFP, Tyr)HolNpln 
(aka “Holstein”) 
Untargeted transgene 
insertion upstream of 
Col6α4 leads to 
upregulation of Col6α4 

Delayed colonisation 
of intestine by 
ENCCs. Reduced 
glial/progenitor cell 
ratios. 

In homozygotes, 
aganglionosis in the 
distal colon and 
hypoganglionosis in 
mid colon. 

No (Soret et al., 
2015) 

Ece1  
Endothelin 
converting 
enzyme 

Ece1tm1Reh/tm1/Reh 
(aka Ece1-/-) 
Targeted gene knockout 

Defective migration 
of ENCCs into the 
colon. 

Aganglionosis in distal 
colon. 

Yes (Yanagisawa et 
al., 1998) 

Edn3 
Endothelin 3 
(Ednrb ligand) 

Edn3ls/ls 
(aka “lethal spotting”), 
spontaneous point 
mutation 
Edn3tm1Ywa/tm1Ywa 
(aka Edn3-/-) targeted 
gene knockout 

Defective migration 
of ENCCs into the 
colon. 
 
 
Uncharacterised. 

Aganglionosis in distal 
colon, reduced 
neuronal numbers. 
 
Aganglionosis in distal 
colon. 

Yes (Rothman and 
Gershon, 1984, 
Baynash et al., 
1994, Coventry 
et al., 1994) 
(Baynash et al., 
1994) 

Ednrb 
Endothelin 
receptor type 
B 

Ednrbs/s (aka “piebald”) 
spontaneous insertion 
in intron causes reduced 
gene expression. 
 
Ednrbs-l/s-l (aka “piebald 
lethal”) 
Spontaneous gene 
deletion 
 
 
 
Ednrbtm1Ywa/tm1Ywa 
(aka Ednrb-/-) 

Delayed migration of 
ENCCs in the distal 
colon.  
 
 
ENCCs exhibit 
delayed entry into 
the developing 
hindgut and do not 
fully colonise the 
distal colon. 
 
ENCCs exhibit 
delayed entry into 
developing hindgut.  

Hypomorphic allele, 
expression is 30% of 
wildtype. Almost 
never aganglionosis.  
 
Aganglionosis in distal 
colon. Alternations of 
neuronal subtypes in 
ganglia of colon. 
Decreased density of 
ganglia in Ednrbs-l/+ 

mice.  
Aganglionosis in distal 
colon and 
hypoganglionosis in 
small intestine.  

Yes (Hosada et al., 
1994, McCallion 
et al., 2003, 
Yamada et al., 
2006, Stanchina 
et al., 2006) 
(Webster, 1974,  
Hosada et al., 
1994, Fujimoto, 
1997, Cantrell 
et al., 2004) 
 
 
(Hosada et al., 
1994, Cantrell 
et al., 2004) 

FoxD3 
Forkhead Box 
D3, 
Transcription 
factor 

FoxD3tm3Lby/tm3Lby 
(aka FoxD3-/-). Floxed 
allele with either Wnt1-
cre or Ednrb-iCre 

Maintenance and 
proliferation of 
progenitors, neural 
patterning and glial 
differentiation.   

Total intestinal 
aganglionosis.   

No (Teng et al., 
2008, Mundell 
et al. 2012) 

Gdnf 
Glial cell 
derived 
neurotrophic 
factor (ligand 
for RET) 

Gdnftm1Lmgd/tm1Lmgd 
(aka Gdnf-/-). Targetted 
gene knockout.  

GDNF promotes the 
survival, 
proliferation, 
differentiation and 
migration of ENCCs.  

Total intestinal 
aganglionosis in 
homozygotes and 
hypoganglionosis in 
heterozygotes.  

Yes 
 

(Pichel et al., 
1996, Sanchez 
et al., 1996, 
Shen et al., 
2002, Gianino 
et al., 2003, 
Wang et al., 
2010) 
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Table 1.5 continued. 

 
 

Gene Gene mutation Role in ENS 
development and/or 
phenotype in mutant 

Effect on mature ENS Known 
mutations 
in HSCR? 

Reference 

Gfrα1 
Gdnf family 
receptor 
alpha 1, co-
receptor for 
Ret and 
receptor for 
GDNF 

Gfrα1tm1Jmi/tm1Jmi 
(aka Gfrα1-/-) 
Targeted gene 
knockout.  
 

Mediates signalling 
of GDNF via RET.   

Total intestinal 
aganglionosis in 
homozygotes. 
Heterozygotes have 
normal neuron 
numbers but neurons 
are smaller.  

Yes (Cacalano et al., 
1998, Enomoto 
et al., 1998, 
Gianino et al., 
2003, Wang et 
al., 2010, 
Hansen and Li, 
2012) 

Ihh 
Indian 
hedgehog 

Ihhtm1Amc/tm1Amc 
(aka Ihh-/-). Targeted 
gene knockout.  

Promotes survival of 
a subpopulation of 
ENCCs.  

Perinatal lethality in 
homozygotes 
(probably due to 
circuitry problems or 
respiratory problems 
at birth according to 
(St-Jacques et al., 
1999)). Colonic 
aganglionosis.  

No (Ramalho-
Santos et al., 
2000) 

Itgb1 
Integrinβ1 
subunit 
 

Itgb1tm3Ref/tm1Ref, 
Tg HtPA-Cre 
(aka Itgb1BGeo/flox; 
Tg.HtPA-Cre) 
Conditional allele used 
in combination with Tg 
HtPA-Cre removed 
exons 2-7 in NCCs. 

ENCCs do not 
migrate further than 
the mid colon. ENCCs 
exhibit altered 
migration and 
increased 
aggregation. 

Defect in colonisation 
of caecum and 
proximal hindgut.  

No (Breau et al., 
2006, Breau et 
al., 2009) 

Pax3Sp/Sp 
Paired Box 3, 
Transcription 
factor 

Pax3Sp/Sp 
Spontaneous null allele. 

ENCCs fail to enter 
the foregut.  

Total intestinal 
aganglionosis. 

No (Lang et al., 
2000, Lang and 
Epstein, 2003) 

Pds5b 
PDs5 cohesin 
associated 
factor B, 
cohesion 
regulatory 
protein 
involved in 
sister 
chromatid 
cohesion  

Pds5btm1Jmi/tm1Jmi 
(aka Pds5b-/-). Targeted 
gene knockout. 

Delayed entry of 
ENCCs into distal 
colon at E12. Altered 
neuronal density in 
small intestine.  

Perinatal lethality 
(due to respiratory 
defects) with colonic 
aganglionosis. 

No (Zhang et al., 
2007) 

Phox2b 
Paired-liked 
homeobox 2, 
Transcription 
factor 

Phox2btm1Jbr/tm1Jbr 
(aka Phox2b-/-) Targeted 
gene knockout. 
 
Phox2btm2Heno/+ and 
Phox2btm1Heno/+  

(aka Phox2bdel5/+ and 
Phox2bdel8/+) 

Promotes survival of 
autonomic 
progenitors. 
 
Impaired neuronal 
differentiation and 
reduced proliferation 
of ENCCs. 

Total intestinal 
aganglionosis. 
 
 
Lethality of 
homozygotes at 
birth(due to 
breathing defects). 
Hypoganglionosis and 
colonic aganglionosis 
in Phox2btm2Heno/+ and 
Phox2btm1Heno/+, 
respectively. 

Yes (Pattyn et al., 
1999) 
 
 
(Nagashimada 
et al., 2012) 
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Table 1.5 continued. 

 
 

Gene Gene mutation Role in ENS 
development and/or 
phenotype in mutant 

Effect on mature ENS Known 
mutations 
in HSCR? 

Reference 

Ret 
Rearranged 
during 
transfection; 
receptor 
tyrosine 
kinase 

Rettm1Cos/tm1Cos 
(aka Ret-/-). Targeted 
gene knockout. 
 
Ret – hypomorphic 
isoforms 
Humanised monomeric 
isoform that only 
produce one isoform 
from the gene: Ret51/51, 
Ret9/-. Altered 
phosphorylation of 
receptor impairing JNK 
activation by GDNF: 
RetS697a/S697a. 
 
Rettm3(RET)Jmi/+ 
(aka RetDN/+) 
Rettm3Cos/tm3Cos 

(aka RetS697a/S697a) 
targeted nucleotide 
substitution. 

Reduced migration, 
proliferation, survival 
and neuronal 
differentiation of 
ENCCs.  
Decreased numbers 
of ENCCs and 
aganglionosis in parts 
of the colon.  
 
 
 
 
Uncharacterised. 
 
Delayed migration of 
ENCCs into the colon. 

Total intestinal 
aganglionosis. In 
heterozygotes, some 
reports of normal 
neuronal number but 
decreased neuron 
size.  
Colonic aganglionosis. 
 
 
 
 
 
Total intestinal 
aganglionosis in 
homozygotes. Severe 
hypoganglionosis in 
heterozygotes. 
Homozygous mutants 
generally have 
aganglionosis in all or 
most of the colon and 
part of the small 
intestine. 

Yes 
 
 
 

(Schuchardt et 
al., 1994, de 
Graaff et al., 
2001, Gianino 
et al., 2003) 
(Schuchardt et 
al., 1994, de 
Graaff et al., 
2001, Uesaka et 
al., 2008) 
 
 
 
(Jain et al., 
2004) 

Sox10 
Sry box 10, 
transcription 
factor 

Sox10Dom/+ 
(aka “dominant 
megacolon”) 
Spontaneous mutation, 
dominant negative 
 
 
Sox10tmWeg/+ 
(aka Sox10LacZ/+). 
Targeted gene 
knockout, 
haploinsufficient. 

Decreased numbers 
of ENCCs, delayed 
migration in 
heterozygotes. Vagal 
ENCC apoptosis in 
homozygotes.  
 
 
Decreased numbers 
of ENCCs, delayed 
migration in 
heterozygotes. Loss 
of multipotency in 
ENCCs. 

Variable 
aganglionosis in the 
colon of 
heterozygotes. 
Imbalance of 
neuronal subtypes in 
proximal small 
intestine. 
Homozygotes have 
total intestinal 
aganglionosis. 
Aganglionosis in distal 
colon of 
heterozygotes. 
 

Yes (Southard-
Smith et al., 
1998, Kapur, 
1999, Walters 
et al., 2010, 
Musser et al., 
2015) 
 
(Britsch et al., 
2001, Paratore 
et al., 2001, 
Paratore et al., 
2002) 

TashT Tg(SRY-YFP,Tyr)TashTNpln 
(aka “TashT”) 
Untargeted transgene 
insertion in gene desert 
near Fam162b leads to 
its overexpression 

Slower migration of 
vagal ENCCs into 
embryonic gut. 
Normal proliferation 
and differentiation of 
vagal ENCCs.  

Aganglionosis in distal 
colon of homozygous 
transgenic mice, with 
higher predominance 
in male mutants.  

No (Bergeron et al., 
2015) 

Zeb2 (Zfhx1b) 
Zinc finger E-
box binding 
homeodomain 
2; 
Transcription 
factor 

Zeb2tm1.1Yhi/tm1.1Yhi, 
Tg.Wnt1-cre 
(aka Zeb2flox(ex7), Wnt1-
cre). Targeted gene 
knockout or neural crest 
ablation of floxed allele 
in combination with 
Wnt1-cre. 

Vagal NCCs do not 
develop or 
delaminate from the 
neural tube.  

Zeb2 homozygotes 
are lethal at E9.5. 
Zeb2fl/(ex7)fl(ex7) colonic 
and partial small 
intestinal 
aganglionosis. 

Yes (Van de Putte et 
al., 2003, Van 
de Putte et al., 
2007, Zimmer 
and Puri, 2015) 
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1.9 Sex bias of Hirschsprung disease and exploring this in the mouse 

1.9.1 Sex bias of Hirschsprung disease in humans 

As mentioned earlier in subsection 1.6.2, S-HSCR exhibits a strong sex bias, with a 4:1 

male to female ratio while L-HSCR also exhibits a sex bias albeit weaker with a 2:1 male to female 

ratio (Badner et al., 1990, Amiel et al., 2008). Therefore, the effect of sex as a modifier is reduced 

in patients with highly penetrant mutations (Badner et al., 1990, Attie et al., 1995). In 

Hirschsprung-Down patients, this sex bias is elevated and the sex ratio is up to 10:1 (Amiel et al., 

2008).  

The sex bias in Hirschsprung patients has been largely overlooked and genome-wide 

mapping studies have not identified any common sex-linked genes (Bolk et al., 2000, Gabriel et 

al., 2002). Indeed, the sex bias naturally makes it difficult to identify susceptibility genes causing 

increased risk, since large differences in male and female sample sizes reduce statistical power 

for testing any sex differences. The only sex-linked gene associated with Hirschsprung disease is 

L1cam, but this gene is only found rarely mutated and therefore cannot account for the sex bias 

(Hofstra et al., 2002, Parisi et al., 2002, Okamoto et al., 2004). The penetrance and risk of 

mutations and variants in Ret and other genes, however, are known to be greater in males than 

in females (Attie et al., 1995, Emison et al., 2005, Amiel et al., 2008, Chatterjee et al., 2016). A 

recent paper demonstrated that males have increased risk to ATT and GTT haplotypes of Ret 

enhancers rs2506030 (RET-7), rs7069590 (RET-5.5) and rs2435357 (RET+3), whereas females 

only showed risk to the GTT haplotype (Chatterjee et al., 2016).  

The transmission frequency of Ret variants, in coding and non-coding regions, 

associated with Hirschsprung disease is also greater to affected sons than to affected daughters. 

The male-to-female transmission ratio is estimated to be 2:1 across a sum of many Ret alleles 

(Emison et al., 2005). Transmission of the Ret enhancer rs2435357 showed the greatest 

transmission frequency of all Ret variants in both males and females, with increased 

transmission frequency to males (Emison et al., 2005). Of all Hirschsprung mutations, rs2435357 

is thought to contribute 2.63% and 1.14% of the variance in susceptibility in males and females, 

respectively (Emison et al., 2005). In 66% of cases the mutations were transmitted from mothers 

rather than fathers in the families studied, demonstrating a bias towards maternal inheritance 

of risk alleles (Emison et al., 2005). This is consistent with other studies that have found 

increased maternal inheritance of Ret alleles of up to 78% (Amiel and Lyonnet, 2001). The reason 

for this is unknown, however, since Ret is not known to be imprinted (Emison et al., 2005). It is 
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possible that Ret could be imprinted within particular cells of the developing ENS, but 

nevertheless a parent-of-origin effect can be assumed. Jannot et al. (2012), have suggested an 

alternative model for the asymmetric parental transmission frequency in the case of Ret coding-

sequence mutations. They propose differential reproductive rates in affected male and female 

parents, with females predicted to have increased reproductive rates (Jannot et al., 2012). They 

attribute this to males having greater penetrance of Ret coding sequence mutations, increased 

diagnosis and therefore being less likely to reproduce (Jannot et al., 2012). Differential 

reproductive rates from sporadic cases are unlikely and showed no difference in this study 

(Jannot et al., 2012). 

Although all these studies focus on Ret, it must be noted that the sex bias of 

Hirschsprung disease is not exclusive to Ret mutations as Hirschsprung patients harbouring 

mutations in other genes also exhibit a sex bias albeit the sex bias is reduced (de Pontual et al., 

2007). This is shown for Hirschsprung patients harbouring Phox2b, Zfhx1b and Sox10 mutations 

as well as trisomy 21 in Table 1.6. All these genes are involved in the Ret pathway or gene 

regulatory network (de Pontual et al., 2006, Arnold et al., 2009, Stanchina et al., 2010, Chatterjee 

et al., 2016) and therefore some sex bias in Hirschsprung patients lacking Ret mutations may be 

expected (see subsection 1.6.3).  

 
Table 1.6. Congenital syndromes associated with Hirschsprung disease lacking Ret mutations 
also show a sex bias. Information taken from de Pontual et al. (2007).  

 
 

Some evidence has been found for a potential role of the Y-chromosome Sry gene as a 

sex-specific modifier in Hirschsprung disease (Li et al., 2015). qRT-PCR analyses were carried out 

using RNA samples collected from ganglionic human tissue of Hirschsprung patients who 

underwent surgical resection procedures. Heterogeneous levels of Sry expression were found in 

18/24 S-HSCR male patients, but not in controls. In addition, SRY protein was found by 

immunohistochemistry in ganglionic regions of gut samples taken from Hirschsprung patients 

 
 
 

 
Syndrome 

Congenital central 
hypoventilation 

syndrome (CCHS) 
(n=173) 

Trisomy 21 
(n=46) 

Mowat-Wilson 
Syndrome (MWS) 

(n=71) 

Waardenberg-Shah 
syndrome 4 (WS4) 

(n=24) 

Gene mutation Phox2b Duplication chr21 Zfhx1b Sox10 
Number of 

Hirschsprung cases 60 20 44 20 

L-HSCR/S-HSCR 26/30 1/7 6/13 10/8 
Sex ratio (M/F)     

HSCR+ 36/24 (1.5) 16/4 (4) 31/13 (2.4) 16/4 (4) 
HSCR- 58/56 (1) 14/12 (1.17) 14/13 (1.1) 2/2 (1) 
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but not controls (Li et al., 2015). In vitro studies using Neuro-2A cells, a well-established neural 

crest-derived and fast-growing neuroblastoma cell line (Tremblay et al., 2010, Salto et al., 2015), 

showed that SRY could compete with SOX10, and repress activities of transcription factors such 

as PAX3 and NKX2-1 that would normally upregulate the Ret gene (Li et al., 2015).  

1.9.2 Sex differences in the mouse enteric nervous system 

1.9.2.1 Composition of the ENS 

Ganglia of the myenteric plexi in proximal small bowels and distal colons of males and 

females do not show any sex differences in total neuronal density in wildtype mice (Vohra et al., 

2007).  

1.9.2.2 Gastrointestinal motility and the role of glia 

Gastrointestinal transit time and gastric emptying show no sex differences in wildtype 

mice at 4 and 6 weeks (Musser et al., 2015) and 5-6 weeks of age (Rao et al., 2017).  

Colonic migrating motor complexes (CMMCs) provide a means to measure 

gastrointestinal motility as they represent the physiological pattern of this (Gulbransen and 

Sharkey, 2012). CMMCs are generated through cyclical contractions of the smooth muscle of 

the colon that are regulated by the ENS, and act to propel lumenal contents through the gut 

(Roberts et al., 2007, Barnes et al., 2014).  

Studies measuring CMMCs in mice have found that females at 5-6 weeks have 

significantly reduced colonic migrating motor complex (CMMCs) frequency, length and velocity, 

compared to males (Rao et al., 2017). Rao et al. (2017) selectively eliminated enteric glia from 

the small and large intestines by expressing Diptheria toxin A (DTA) in cells expressing proteolipid 

protein 1 (Plp1), using Plp1CreER; Rosa26DTA mice gavaged with tamoxifen at 5-6 weeks. In doing 

so, CMMC frequency (but not length or velocity) was significantly increased only in females to 

the same level of male wildtype controls. Further analysis found that enterochromaffin cells, 

responsible for triggering peristalsis through the release of serotonin, showed no differences in 

density between wildtype and Plp1 mutant males and females. In addition, the ENS networks 

and networks of interstitial cells of Cajal were normal (Rao et al., 2017) suggesting that glia 

probably do not have a role in neuronal survival or epithelial maintenance. Although 20% of 

enteric neurons in the colon are derived postnatally from Plp1-expressing Schwann cell 

precursors (Mallon et al., 2002, Duregotti et al., 2015, Uesaka et al., 2015), these neurons are 

unlikely to have been affected in addition to enteric glia since their differentiation was reported 
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to be complete by 3 weeks (Uesaka et al., 2015). Tamoxifen gavage to kill Plp1-expressing cells, 

however, was given at 5-6 weeks (Rao et al., 2017). How the sex-specific effects of glia arise, or 

function, in differentially coordinating gastrointestinal motility in males and females is unclear.  

Separately, in a Sox10Dom/+ Hirschsprung mouse model containing a dominant negative 

spontaneous mutation of Sox10 (see Table 1.5) (Southard-Smith et al., 1998), gastric emptying 

was significantly increased (71 to 90%) in males but not females at 6 weeks compared to 

wildtype controls (Musser et al., 2015).  

1.9.2.3 Gene expression 

Sex differences in gene expression have been identified. Vohra et al. (2007) found that 

in the small intestine and colon Edn3 and Ece1 had 1.9- and 2.1-fold lower level of expression in 

males than females at 12.5, respectively. At E14.5, this sex difference was exacerbated and 

males had 7-fold and 3.2-fold less Edn3 and Ece1 mRNA than females (Vohra et al., 2007). 15 

other Hirschsprung-associated genes including Ret, Gdnf, Gfrα1, Gfrα2, Ednrb, L1cam, Pax3, 

Zfhx1b, Aldh1a2, Ihh, Shh, Phox2b, Sox10 and Nrtn or a gene candidate for the sex bias of 

Hirschsprung disease (Sox9), however, showed no significant gene expression differences 

between males and females (Vohra et al., 2007). Testosterone and Anti-Müllerian hormone 

(AMH) on E12.5 gut explants caused no changes in the expression of any of these genes (Vohra 

et al., 2007).  

1.9.2.4 Effects of male sex hormones on ENCCs in the developing ENS 

Testosterone and Anti-Müllerian hormone (AMH) have been analysed for their potential 

effects on ENCC proliferation by culturing ENS precursors isolated from E12.5 mouse guts with 

and without these hormones for 24 hours (Vohra et al., 2007). AMH had no effect but 

testosterone increased the proliferation of Ret+ Tuj1- cells (i.e. less differentiated cells) but not 

Ret+ Tuj1+ cells in the absence of Gdnf (Vohra et al., 2007). Neither testosterone or AMH were 

found to have effects on differentiation of ENS precursors into neurons. Additionally, there was 

no effect of these male sex hormones on migration of ENCCs into the colon (Vohra et al., 2007). 

Gene expression analyses of 17 Hirschsprung-related genes (as listed above) in testosterone- 

and AMH-treated small intestine and colon explants from E12.5 embryos found no effect of 

these hormones (Vohra et al., 2007).  
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1.9.3 Sex-biased mouse and rat models of Hirschsprung disease 

Four mouse models have been previously published with some evidence of a male sex 

bias. These include a Ret9/- model, Ret+/-;Ednrbs/s, RetDN/+ and TashT (McCallion et al., 2003b, 

Vohra et al., 2007, Uesaka et al., 2008, Bergeron et al., 2015).  

Ret9/- mice contain a human Ret 9 cDNA inserted into intron 1 of the mouse Ret gene 

and a null allele that was generated by a CFP knock-in into intron 1 (Uesaka et al., 2008). These 

Ret9/- mice expressed only human Ret 9 cDNA at approximately one third of the level of normal 

Ret mRNA in the mouse (Uesaka et al., 2008). In Ret9/- mutants at P0, males were more 

frequently affected with an enteric phenotype (58.6%) compared to females (34.4%) and a male 

sex bias existed in animals that were moderately affected (78.6% were male) (Uesaka et al., 

2008). When animals were severely affected, however, females were more affected (57.1%) 

(Uesaka et al., 2008). 

Ret+/-; Ednrbs/s mice in McCallion et al., (2003) were also described to have a male sex 

bias. These mice contained one functional copy of the Ret gene and hypomorphic mutations of 

Ednrb resulting in approximately 30% of endogenous Ednrb expression levels (Hosoda et al., 

1994, Schuchardt et al., 1994). Both male and female Ret+/-; Ednrbs/s mutants had a 

Hirschsprung-like enteric phenotype in the colon with 100% penetrance, but males exhibited 

greater extents of colon aganglionosis: 48.0% compared to 28.2% in females at 4-6 weeks 

(McCallion et al., 2003b). 100% of males also exhibited abdominal distension and distress 

compared to 68% of females, in line with this (McCallion et al., 2003b).  

A RetDN/+ line was found to have a male sex bias (Vohra et al., 2007). In this line (Jain et 

al., 2004) a human Ret 9 allele (RetDN) containing mutations at L985P and Y1062F was 

homologously recombined into intron 1 of the mouse Ret gene in order to disrupt endogenous 

Ret synthesis. RetDN/+ mice suffered particularly severe phenotypes, with aganglionosis into the 

small intestine between P0 and P14 (Vohra et al., 2007). In these animals, females had greater 

extents of colonisation of the small and large intestines compared to males (Vohra et al., 2007).  

Finally, a model TashT was described with a male sex bias (Bergeron et al., 2015). The 

TashT line was generated from a mutagenesis screen for genes associated with ENCCs. The 

resulting TashT line contained a tyrosinase minigene that was randomly inserted into the middle 

of a 3.3Mb gene desert between Hace1 and Grik2 (Bergeron et al., 2015). Phenotypic analyses 

of ENS networks found that males had 79% normal ganglionosis in the colon compared to 89% 

in females at P20-P40 (Bergeron et al., 2015). At P0, the sex bias was even more pronounced, as 

males had 74% normal ganglionosis compared to 90% in females (Bergeron et al., 2015). RNA-



Chapter 1 – Introduction 

 68 

seq analyses of TashT ENCCs isolated from mixed-sex small intestines and proximal regions of 

E12.5 mutants were carried out. Therefore, male and female transcriptomes were not 

compared. The results, however, showed a downregulation of subsets of X-linked genes in TashT 

mutant ENCCs compared to wildtype (Bergeron et al., 2015). Further studies using the TashT 

model also identified that males specifically had more nNOS-positive neurons in the mid distal 

colon, compared to wildtype, whereas females showed no difference (Toure et al., 2016). 

Numbers of calretinin-positive neurons, Sox10-positive glial cells and cKit-positive interstitial 

cells of Cajal were normal (Toure et al., 2016). Although all of these mouse models were 

described with a sex bias in enteric phenotype, the underlying cause of these sex differences 

were not explored.  

A mouse model Ret+/-; Ednrbs/s-l also published in McCallion et al. (2003) also showed 

mild sex differences in its phenotypes, although this was not significant perhaps due to 

insufficient numbers of mice examined and variable genetic backgrounds (McCallion et al., 

2003b). The Ednrbs-l allele contains a deletion of all coding exons and is also known as the piebald 

lethal allele. In combination with a Ret deletion, males have greater extents of aganglionosis in 

the colon (42.5%) compared to females at 4-6 weeks (36.9%) (McCallion et al., 2003b).  

Ednrbsl/sl rats that are homozygous for a spontaneous null mutation, spotting lethal (sl) 

similar to the s-l allele in mice, exhibited a sex bias in the percentage of affected animals and 

phenotype severity on a specific genetic background known as F344 but not on other 

backgrounds (Dang et al., 2011). 53% of Ednrbsl/sl males and only 38% of females were affected 

and the aganglionosis concerned 17% and 8% of the colon in males and females, respectively 

(Dang et al., 2011). Therefore, modifiers in the genetic background may be responsible for the 

emergence of a sex biased penetrance and phenotype.  

1.10 Research questions and aims 

Hirschsprung disease exhibits a striking male sex bias with 4 times more males affected than 

females. The main question of this thesis is why is there a male sex bias in Hirschsprung disease? 

To answer this question, this thesis aims to address the following: 

1 Are there intrinsic sex differences in gene expression in the ENS that could be important 

for the sex bias of Hirschsprung disease? 

2 Can the male sex bias of Hirschsprung disease be modelled effectively in the mouse?  

3 Can mouse models be used to understand the mechanisms of any sex bias? 



Chapter 2 – Materials and Methods 
 

 69 

Chapter 2. Materials & Methods 

2.1 Materials 

2.1.1 Solutions, buffers and media 

Phosphate-buffered solution Dulbecco’s solution A (PBSA) and Tris-acetate EDTA (TAE) 

were prepared by the media preparation team as in Table 2.1. Additional solutions, buffers or 

media were purchased as in Table 2.2. Other solutions or media were prepared myself as in 

Table 2.3.  

 
 

Medium Composition 
PBSA NaCl 8g 

KCl 0.25g 
Na2HPO4 1.437g 
KH2PO4 0.250g 
Distilled water up to 1L 
pH 7-7.5, autoclaved to sterilise 

x50 TAE Tris Base 242g 
Glacial acetic acid 57.1ml 
EDTA 18.612g 
Distilled water up to 1L 
pH 8.3, filtered through Greens Paper. 

 
Table 2.1. Composition of media prepared by the media preparation team. 
 
 
 

Solution or media Catalogue number Supplier 
Buffer solution pH 4.0 33665 Fluka analytical 
Buffer solution pH 7.0 33666 Fluka analytical 
Buffer solution pH 9.0 33667 Fluka analytical 
Opti-MEM (reduced serum media, no phenol 
red) 

11058-021 Life Technologies 

DPBS (culture grade)  14190-094 Life Technologies 
(Distilled) water (culture grade) 15230 Life Technologies 

 
Table 2.2. Supplier and catalogue number details of purchased solutions, buffer or media. 
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Solution or media Composition 
4% PFA Paraformaldehyde 8g 

PBSA up to 200ml 
pH 7.4 

CuSO4
 100mM Copper (II) sulphate 1.60g 

Distilled water up to 100ml 
FACS solution Opti-MEM 48.25ml 

FBS 1ml 
L-Glutamine (1mM) 0.25ml 
Penicillin/streptomycin (10,000 U/mL) 0.5ml 

Gelatin-sucrose solution Gelatin 37.5g 
Sucrose 75g 
PBSA 500ml 

NH4Cl solution 50μM Ammonium chloride 2.67μg 
Distilled water up to 1L  

PBT 1% 
(diluted to working 
solutions) 

5ml Triton X-100 
495ml PBSA 
0.02% sodium azide 

Sodium citrate 10mM 1.47g sodium citrate 
475ml distilled water 
pH 6 

 
Table 2.3. Composition details of solutions or media prepared myself. 
 

2.1.2 Chemicals 

Chemicals used were purchased from commercial suppliers as shown in Table 2.4. 
 

Chemical Catalogue number Supplier 
2-mercaptoethanol (Beta-mercaptoethanol) M6250 Sigma-Aldrich 
(UltraPure) Agarose 16500-500 Invitrogen Life 

Technologies 
Ammonium chloride 213330 Honeywell Fluka 
Bouin’s solution HT10132 Sigma-Aldrich 
Copper (II) sulphate C1297 Sigma-Aldrich 
Ethanol absolute  E/0650DF/17  Fisher Chemical 
Gelatin from bovine skin G9391 Sigma-Aldrich 
Hydrochloric acid, 37% H/1200/PB15  Fisher Chemical 
Paraformaldehyde P6148 Sigma-Aldrich 
Sodium azide 71289 Sigma-Aldrich 
(Tri-) sodium citrate 102425M BDH AnalaR 
Sucrose S/8600/53 Fisher Chemical 
Isopentane M32631-4L Sigma-Aldrich 
Sodium hydroxide pellets S/4920/53 Fisher Chemical 
Sodium hydroxide 40% w/v 191533K VWR Chemicals 

 
Table 2.4. Chemicals used and their commercial suppliers and catalogue numbers. 
 



Chapter 2 – Materials and Methods 
 

 71 

 

2.1.3 Reagents 

Reagents used were purchased from commercial suppliers as shown in Table 2.5. 
 

Chemical Catalogue number Supplier 
Aquapolymount 18606 Park Scientific 
Betaine B0300 Sigma-Aldrich 
Cresol red 114472-5G Sigma-Aldrich 
DAPI D9542 Sigma-Aldrich 
DMSO D8418 Sigma-Aldrich 
Donkey serum D9663 Sigma-Aldrich 
100mM dNTP set, PCR grade 10297-018 Invitrogen 
1kb DNA ladder SM0331 Thermo Fisher Scientific 
DNAreleasy LS02 Anachem 
Ethidium bromide 161-0433 Biorad 
Fetal bovine serum (FBS)  F7524 Sigma-Aldrich 
Goat serum G9023 Sigma-Aldrich 
ImmEdge pen  H-4000 Vector Laboratories 
Intra-Epicaine (Mepivacaine hydrochloride 
20mg/ml) 

Vm 10434/4016 Dechra 

L-Glutamine 200mM (100x) 25030-024 Life Technologies 
MgCl2 25mM AB0301-B Thermo Fisher Scientific 
OCT 361603E VWR Chemicals 
Pen Strep (Penicillin-Streptomycin (10,000 
U/mL)) 

15140-122 Life Technologies 

Pentobarbital 20% w/v M042 J. M. Loveridge Ltd. (JML) 
Propidium iodide P4170 Sigma-Aldrich 
10x Reaction buffer IV AB0301-B Thermo Fisher Scientific 
RNaseZap AM9780 Ambion 
SYBR Green ROX (ABsolute QPCR Mix)  AB1162B Thermo Fisher Scientific 
ThermoPrime Taq DNA Polymerase (5U/µL) AB0301-B Thermo Fisher Scientific 
Triton X-100 T9284 Sigma-Aldrich 
Vectashield mounting medium for 
fluorescence 

H1000 Vecta Laboratories 

Water for Injection 100% v/v Solvent for 
Parenteral Use 

Vm 02000/4122 Norbrook 

 
Table 2.5. Reagents used and their commercial suppliers and catalogue numbers. 
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2.1.4 Commercial kits and enzymes 

Commercial kits and enzymes used were purchased from commercial suppliers as 
shown in Table 2.6. 
 
 

Kit/enzyme Catalogue number Supplier 
Agencourt AMPure XP PCR purification kit A63881 Beckman Coulter 
Agilent’s High Sensitivity DNA Kit 5067-4626 Agilent 
Agilent RNA 6000 Pico Kit 5067-1513 Agilent 
Collagenase/dispase 10269638001 Sigma-Aldrich 
Nextera XT DNA library preparation kit FC-131-1096 Illumina 
Qubit™ RNA HS Assay Kit Q32855 Qubit 
RNeasy Micro kit 74004 Qiagen 
SuperScript™ IV VILO™ Master Mix 11756050 Thermo Fisher Scientific 
SMART-Seq® v4 Ultra® Low Input RNA Kit for 
Sequencing 

634890 Takara 

 
Table 2.6. Commercial kits and enzymes used were purchased from commercial suppliers as 
indicated. 
 

2.1.5 Software packages 

Fiji (Image J) was used to process all images (Schindelin et al., 2012). Graphs were generated in 

Prism (version 7.0c for Mac OS X, GraphPad Software, La Jolla California USA, 

www.graphpad.com) or R (version 3.5.1, http://www.R-project.org/). FlowJo 

(https://www.flowjo.com/) was used for FACS analysis. All software packages for bioinformatics 

are described later. 
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2.2 Methods 

2.2.1 Animals 

2.2.1.1 Husbandry 

All experiments and animal procedures were performed in accordance with the Animals 

Act 1986 under a UK Home Office Project license and Personal license. Animal breeding, 

husbandry and ear biopsy punches were carried out by the Biological Research Facility team. 

Animals were kept on a 12-hour light-dark cycle and provided with food and water ad libitum. 

For embryonic studies, 12pm on the day of vaginal plug (VP) detection was considered as 0.5 

days post-coitum (dpc) with the time of conception assumed to be midway through the dark 

phase. For postnatal studies, the day pups were born was defined as postnatal stage zero (P0). 

Animals at the Francis Crick Institute at Mill Hill (hereafter “Mill Hill”), formerly known as the 

National Institute of Medical Research (NIMR), were kept in open-top cages and animals at the 

Francis Crick Institute were kept in individually ventilated cages (IVCs). The C57BL/6J strain was 

used for breeding of all lines except for Sox10LacZ/+ mixed background where mice were 

maintained with C57BL/6J and C3He mice. Other lines of mixed background were maintained by 

inbreeding or as stated.   

2.2.1.2 Mouse lines 

Wnt1-cre 

Wnt1-cre mice were originally generated by David H. Rowitch and Andrew P. McMahon 

and are described in (Danielian et al., 1998). The Wnt1-cre transgene was created through 

inserting a Cre recombinase cDNA into a 10kb modified mouse Wnt1 genomic sequence at a 

polylinker site between the Wnt1 promoter and enhancer regions (Figure 2.1). Wnt1-cre mice 

were maintained on a C57BL/6J background. Wnt1-cre; R26R-EYFP embryos were generated by 

crossing Wnt1-cre mice to homozygous R26R-EYFP mice. 

 
 
 

 
Figure 2.1. Schematic representation of the mutant locus of the Wnt1-cre line.  

R26R-EYFP 

R26-stop-EYFP (R26R-EYFP) mice were originally generated by Shankar Srinivas and 

described by Srinivas et al. (2001). An Enhanced Yellow Fluorescent Protein (EYFP) cDNA was 
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inserted into the Gt(ROSA)26Sor locus, preceded by a loxP-flanked STOP sequence (Figure 2.2). 

When R26R-EYFP mice are bred with mice expressing a Cre recombinase, the STOP sequence is 

deleted and EYFP can be observed in Cre-expressing tissues of the double transgenic offspring. 

R26R-EYFP mice were maintained on a C57BL/6J background. bpA=bovine growth hormone 

polyadenylation sequence. tpA= transcriptional termination sequence. neo=neomycin. 

 

 
 

Figure 2.2. Schematic representation of the mutant locus of the R26R-EYFP line.  
 
Sox10LacZ/+  

Sox10LacZ/+ mice were originally generated and described by Britsch et al. (2001). Coding 

sequences of the Sox10 gene were deleted by inserting a LacZ-neomycin resistant cassette that 

fused LacZ in-frame to the Sox10 initiation codon (Figure 2.3). Sox10LacZ/+ (mix) mice were 

maintained on a mixed C57BL/6J; C3He background. Sox10LacZ/+ (BL6) mice were maintained on 

a C57BL/6J background (N5).  

 
 
 
 
Figure 2.3. Schematic representation of the mutant locus of the Sox10LacZ/+ line. 
 
Ret+/- 

Ret+/- mice, also known as Ret-k, were originally generated and described by Schuchardt 

et al. (1994). A neomycin resistant cassette was inserted into the c-Ret gene, deleting 0.8kb of 

the gene (Figure 2.4). This included a codon for an invariant lysine required for kinase activity, 

thereby creating a non-functional allele. Ret+/- used were backcrossed onto C57BL/6J for at least 

4 generations from a BL10 background.  

 
 
 
 
 
 
 
Figure 2.4. Schematic representation of the mutant locus of the Ret+/- line. 
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Ret9/+ and Ret51/+ 

The Ret gene is alternatively spliced to produce two isoforms in the mouse: Ret9 and 

Ret51. These isoforms contain 9 and 51 amino acids in their C-terminal domains, respectively 

(see subsection 1.4.1 for further details) (Tahira et al., 1990, Myers et al., 1995). Ret9/+ and Ret51/+ 

mice were originally generated and described by de Graaff et al. (2001) to study the differential 

functions of the two isoforms. cDNA fragments encoding the intracellular domains of human 

RET9 or RET51 (95% identical to corresponding segments of mouse isoforms), a human beta-

globin polyadenylation signal and a floxed PGK-NeoR were fused in-frame with exon 11 of the c-

Ret gene, immediately downstream of the mouse extracellular (Ec) and transmembrane (Tm) 

domain regions (Figure 2.5). Alleles containing the human RET9 cDNA expressed only the human 

RET9 isoform, while alleles containing the human RET51 cDNA expressed only the human RET51 

isoform. Ret9/+ mice were backcrossed onto C57BL/6J for at least 5 generations from a CBA 

background. Ret51/+ mice were on a pure C57BL/6J background (>10 generations). In addition, 

Ret51/+ mice were crossed with R26R-EYFP mice. Due to close proximity of Ret51/+ and R26R-EYFP 

loci, the R26R-EYFP construct was inserted adjacent to the Ret gene through homologous 

recombination. Ret51/+ was on a C57BL/6J background.  

 
Figure 2.5. Schematic representation of the mutant loci of the Ret9/+ and Ret51/+ lines. 
 
RetS697A/+ 

RetS697A/+ mice were originally generated and described by Asai et al. (2006). The 

putative serine phosphorylation site of codon 697 in exon 11 of the mouse Ret gene was 

replaced with alanine (Ret697A mutation) through targeted mutagenesis (Figure 2.6). A neo 

cassette in the targeting vector was removed by crossing with mice expressing a Cre 

recombinase, leaving a loxP site in the intron 3’ of exon 11. RetS697A/+ mice were on a mixed 

background of 129S1 and C57BL/6J. 
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Figure 2.6. Schematic representation of the mutant locus of the RetS697A/+ line. 
 
 

Ednrbs/s and Ednrbs/s-l 

The piebald (Ednrbs) mutation arose spontaneously in the mouse fancy. The piebald 

lethal mutation (Ednrbs-l) arose spontaneously in the Jackson Laboratory in 1958 and was 

identified in a C3H/HeJ female displaying a large belly spot. Initial identification and description 

of these lines can be found in (Lane, 1966). These two lines were crossed in 1968 to generate an 

inbred strain known as SSL/LeJ, which was obtained from The Jackson Laboratory stock number 

000308. Ednrbs/s mice have not been fully characterised, however, only approximately 30% of 

normal Ednrb transcript levels are produced in homozygous mice (Hosoda et al., 1994). A 5.5kb 

retrotransposon-like element is found in intron 1 (Figure 2.7) (Yamada et al., 2006). Of the mRNA 

that is transcribed, 75% is an aberrant 6.5kb form lacking exons 2-6 while the remaining 25% of 

mRNA is normally transcribed with a size of 4.4kb (Hosoda et al., 1994, Yamada et al., 2006). 

Homozygous Ednrbs/s mice display variable levels of irregular white spotting (Hosoda et al., 1994, 

Yamada et al., 2006) and normally display a white spot on the belly (personal observation, and 

personal communication with animal technicians at Francis Crick Institute).  

In the Ednrbs-l allele, all coding exons of the gene are removed with a large deletion 

spanning 97,637bp from 15.72kb upstream of the Ednrb gene to 54.98kb downstream (Figure 

2.7) (Hosoda et al., 1994, Deo et al., 2013). No other genes are deleted in this region, however 

(Deo et al., 2013). Mice homozygous for the Ednrbs-l are mostly white, but may have a small 

pigmented spot on the head or rump (Hosoda et al., 1994). Ednrbs-l homozygotes are mostly 

lethal between 2-4 weeks (Hosoda et al., 1994). Ednrbs/s and Ednrbs/s-l mice were maintained on 

a mixed SSL/LeJ and C57BL/6J background.  
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Figure 2.7. Schematic representation of the mutant loci of the Ednrbs and Ednrbs-l alleles. 
 

Dp1Tyb 

Dp1Tyb is a Down Syndrome mouse model originally generated and described by Lana-

Elola et al. (2016). A 23Mb duplication was generated from Lipi to Zbtb21 using Cre/loxP-

mediated chromosome engineering. Dp1Tyb animals were on a C57BL/6J background. The 

Dp1Tyb region contains 148 protein-coding genes and further details can be found in Chapter 5.  

 
B6Y-Sry 

B6Y-Sry, also known as the ‘four core genotype model’, was originally generated and 

described by Robin Lovell-Badge and colleagues in Lovell-Badge and Robertson (1990).  

The Y chromosome carries a 11kb deletion encompassing part of the male-determining 

Sry gene, including the highly conserved exon HMG box domain (dl1Rlb allele Y-) (Figure 2.8) 

(Gubbay et al., 1990, Gubbay et al., 1992). Tg(Sry)2Ei is a transgene with a 14.6kb genomic 

fragment containing the Sry open reading frame only (Mahadevaiah et al., 1998), inserted as 12-

14 copies into chromosome 3, with no evidence of disruption of other genes (Figure 2.8) (Itoh 

et al., 2015). B6Y-Sry animals are phenotypically male. Breeding B6Y-Sry males with a wildtype 

female generates four “core” genotypes: XY-Sry, XXSry, XY- and XX. XXSry are phenotypically 

male with smaller testes than normal as they lack sperm (see Introduction subsection 1.1.6) 

(Arnold and Chen, 2009). XY- males are phenotypically female with ovaries and XX are 

comparable to normal females, although XY- females lose their germ cells and cease oestrus 

cycling early (Arnold and Chen, 2009). The line is maintained on a pure C57BL/6J background.  
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Figure 2.8. Schematic representation of the mutant locus of the dl1Rlb allele Y- and Sry 
transgene. 
 

2.2.1.3 Genotyping 

gDNA extraction 

Genotyping of animals for breeding at the Francis Crick Institute was carried out by the 

biotech company Transnetyx. Genotyping of animals for experimental studies and animals for 

breeding in Mill Hill was carried out as described here, except for the Dp1Tyb line which was 

also genotyped by Transnetyx. Ear biopsies or tail biopsies from mouse embryos or early 

postnatal pups were submerged in 20μl of a 1:2 solution of DNAreleasy (Anachem, LS02) to 

distilled water in 1.5ml Eppendorf tubes. Biopsies were placed in heat blocks at 75oC for 5 mins 

and 95oC for 2 mins to lyse cells. The DNAreleasy-lysate was used directly for PCR or stored at -

20oC for future use.  

 

PCR 

PCR genotyping of mouse lines was performed using primers listed in Table 2.7.. 1-2 μl 

of non-quantified genomic DNA were used in each PCR reaction of 10-40μl. The standard PCR 

was as follows: reactions for PCR were made up using a standard mix of 10x Reaction buffer IV 

(Thermo Fisher Scientific, AB0301-B), Taq polymerase (Thermo Fisher Scientific, AB0301-B), 

25mM MgCl2 (Thermo Fisher Scientific, AB0301-B), dNTPs (Invitrogen, 10297-018), Cresol red 

(Sigma-Aldrich, 114472-5G) and distilled water. Generally, 10% of the reaction mix comprised 

10x Reaction buffer IV, 0.4-1% comprised Taq polymerase and 20% comprised Cresol red. MgCl2
 

and dNTPs were used at final concentrations of 1.5-1.7mM and 200-250μM, respectively. Primer 

concentrations varied according to each reaction but were used at final concentrations of 

approximately 0.2-0.4μM. DMSO (Sigma-Aldrich, D8418) and/or Betaine (Sigma-Aldrich, B0300) 
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were used as necessary to enhance the efficiency of PCRs. PCR programs varied greatly 

depending on each reaction. Generally, PCR programs consisted of an initialisation step of 2-4 

minutes at 94oC. This was followed by a 15-45 second denaturation step at 94oC, an annealing 

step of 30-45 seconds at 55oC-63oC (according to the melting temperature of the primers) and 

an extension step of 45 seconds-1 minute 45 seconds at 72oC, which was repeated for up to 40 

cycles. This was followed by a final extension step of up to 7 minutes at 72oC.  

 
Gel electrophoresis 

PCR products were electrophoresed on 1.5-2% agarose gels in 1x TAE, prepared with 

ethidium bromide (1:20,000) (Biorad, 161-0433).  

10μl of each product was run alongside a 1kb DNA ladder (Thermo Fisher Scientific, 

SM0331) to resolve PCR product sizes. These were visualised using an Aplegen Omega Fluor gel 

documentation system including a 302nm ultraviolet transilluminator, 5MP camera and Omega 

Fluor Acquisition software. 
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Table 2.7. Primer sequences and their targets used for genotyping transgenic mouse lines. 
WT=wildtype, Mut=mutant.

Mouse line Target Primer Primer sequence Product size 

Wnt1-cre Cre transgene 
Cre-F 
Cre-R 

CCAGCTAAACATGCTTCAT 
CGCTCGACCAGTTTAGTTAC 

Mut: 380bp 

Sox10LacZ/+ 
Wildtype allele 

 
LacZ allele 

Sox10-F 
Sox10-R 
LacZ-F 
LacZ-R 

AGGGATTCGGCAGGCTTGAGGT 
CGTTGGGTGGCAGGTATTGGTC 
GGTCGGCTTACGGCGGTGATTT 
AGCGGCGTCAGCAGTTGTTTTT 

WT: 503bp 
 

LacZ: 586bp 

Ret+/- 
Wildtype allele 

 
Deleted allele 

cRet-F 
cRet-R 
Neo-F 
Neo-R 

TGGGAGAAGGCGAGTTTGGAAA 
TTCAGGAACACTGGCTACCATG 
AGAGGCTATTCGGCTATGACTG 
CCTGATCGACAAGACCGGCTTC 

WT: 250bp 
 

Mut: 400bp 

Ret9/+ 
Wildtype allele 

 
Ret 9 allele 

WT-F 
WT-R 

Ret 9/51-F 
Ret 9/51-R 

CTGTGTGATGCGCTGTGCCGCA 
TGCCGTATCCACCATCTGTGGG 

GCGAGGAGATGTTCCGCCTGATGCT 
TAGCAAAAGGGCCTAGCTTGGACT 

WT: 350bp 
 

Ret 9: 410bp 

Ret51/+ 
Wildtype allele 

 
Ret 51 allele 

WT-F 
WT-R 

Ret 9/51-F 
Ret 9/51-R 

CTGTGTGATGCGCTGTGCCGCA 
TGCCGTATCCACCATCTGTGGG 

GCGAGGAGATGTTCCGCCTGATGCT 
TAGCAAAAGGGCCTAGCTTGGACT 

WT: 350bp 
 

Ret 51: 650bp 

RetS697A/+ 
Wildtype allele 

 
Ret S697A allele 

WT-F 
WT-R 

Ret S697A-F 
Ret S697A-F 

ATTCCACGGAGAACCAGG 
TCACATCTCCCTTGCTAGCTAGGGC 

ATTCCACGGAGAACCAGG 
CTAGACTCGAGTTAATTAACCGG 

WT: 337bp 
Ret S697A: 

337bp 
(perform two 

separate PCRs) 
Ednrbs/+, 

Ednrbs/s and 
Ednrbs/s-l 

Wildtype allele 
 

Ednrb s allele 

Both-F 
Mut-R 
WT-R 

TTGTTGCCAATGCAATTGAGTTCAGGGG 
GCCAGGCAGTGGGCACTCTGGAT 
CATGTGATTACAGACACTTACAAC 

WT: 225bp 
 

Mut: 318bp 

Ednrbs-l/+ and 
Ednrbs/s-l 

Wildtype allele 
 

Ednrb s-l allele 

WT-F 
WT-R 

Ednrb s-l-F 
Ednrb s-l-R 

CATTTGTCCCAGGGATAGGA 
CAGCTTTTGCTAATGGCTGA 
CCCTACCCTTCTCACCCACT 
GCATTACCTCAGGCTCCAC 

WT: 199bp 
 

Mut: 315bp 

B6Y-Sry 
(in combination 

with below) 

Sry transgene 
 

Myogenin allele 
(positive control) 

Sry-F 
Sry-R 

Om1a-F 
Om1a-R 

GAGGGCATGGTCAGTTGAAC 
CTCAGTGTGGAATTCATCTGC 

TTACGTCCATCGTGGACAGCAT 
TGGGCTGGGTGTTAGTCTTAT 

Sry: 400bp 
 

Myogenin: 
245bp (in male 

and female) 

Sex genotyping 
(for general sex 

and Y chr in 
B6Y-Sry mice) 

ZFY allele (Y chr) 
 

Myogenin allele 
(positive control) 

ZFY-F 
YNLS-R 
Om1a-F 
Om1a-R 

GACTAGACATGTCTTAACATCTGTCC 
CCTATTGCATGGACAGCAGCTTATG 

TTACGTCCATCGTGGACAGCAT 
TGGGCTGGGTGTTAGTCTTAT 

ZFY (male): 
200bp 

Myogenin: 
245bp (in male 

and female) 
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2.2.1.4 In vivo administration of overdose of anaesthesia  

Pregnant females were euthanised through in vivo administration of an overdose of 

anaesthesia to recover 18.5dpc embryos for histology. A mix containing 0.2ml intra-epicaine 

(mepivacane hydrochloride 20mg/ml) (Dechra, Vm 10434/4016), 0.8ml pentobarbital 20% w/v 

(from J. M. Loveridge Ltd., JML, M042) in 1.5ml sterile water was prepared and a dose of 

0.1ml/10g body weight was administered through intraperitoneal injection. Cervical dislocation 

of the neck was carried out once the female was unresponsive. 

2.2.2 Tissue collection and preparation  

2.2.2.1 Harvesting of embryos and gut, gonad and brain tissues 

Pregnant females were culled by a schedule 1 method through cervical dislocation of 

the neck in all cases except where embryos were used for histology. P0 pups were also culled 

through cervical dislocation of the neck. Embryos were dissected in PBSA and initially staged 

based upon the date of VP. Correct embryonic stages were confirmed through Theiler staging 

criteria (Theiler, 1989, Kaufman, 1994) as described in the eMouseAtlas 

(https://www.emouseatlas.org/) and, in addition, by counting the number of tail somites for 

embryos between 11 and 12dpc. Tail biopsies were taken for genotype identification (see 2.2.1.3 

for genotyping). Embryonic guts and postnatal day guts were dissected in PBSA from stomach 

to anus, inclusive. The gut mesenteries were cut away, except for those of E11.5 embryos used 

in RNA-seq experiments. Testes or ovaries were harvested for identification of sex through 

gonadal phenotype, where possible. E11.5 gonads for SRY immunostaining were harvested with 

attached mesonephros. Whole E18.5 embryonic brains were harvested for brain cryosectioning. 

For histology of E18.5 embryos, incisions were made on the right side of the embryo and through 

the peritoneal cavity and a small area of skin on the right of the abdomen and part of the greater 

sac was removed for fixative penetration as well as a portion of the scalp. A small opening was 

also made in the skull.  

2.2.3 RNA sequencing 

2.2.3.1 Preparation of single cell suspensions of gut tissue 

Polypropylene tubes were coated, as required, with 20% FBS (Sigma-Aldrich, F7524) in 

DPBS overnight in a 37oC incubator. Embryonic guts were individually digested in 250μl of 

1mg/ml collagenase-dispase (Sigma-Aldrich, 10269638001) in 1.5ml Eppendorf tubes at 37oC. 
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E11.5 guts were digested for 15 minutes, E13.5 guts for 30-45 minutes and E15.5 guts for 45 

minutes. For Mill Hill RNA-seq, guts were pooled in pairs by sex where possible. Following 

digestion, guts were washed three times in 500μl DPBS (Life Technologies, 14190-094) at RT. 

Gut tissues were then immersed in 500μl FACS solution (see 2.1.1 for composition) and 

dissociated by pipetting. E11.5 guts were dissociated for approximately 30 seconds per gut and 

E13.5 and E15.5 guts were dissociated for up to 1 minute per gut. Cell suspensions were 

centrifuged for 5 minutes at 47g. The supernatant was removed and cell pellet resuspended in 

500μl FACS media. Propidium iodide (Sigma-Aldrich, P4170) was added at a final concentration 

of 1.25μg/ml. Finally, cell suspensions were filtered through a 0.35μm filter lid.  

2.2.3.2 Fluorescence activated cell sorting (FACS) 

Wnt1-cre;R26R-EYFP embryos were identified through observing embryos for YFP under 

a fluorescence microscope and single cell suspensions of embryonic gut tissues were prepared 

as described in 2.2.3.1. YFP positive and negative cells were then sorted via FACS using a FACS 

Aria Fusion (Becton Dickinson) or MoFlo XDP (Beckman Coulter) and a 100μm nozzle. Cells from 

a wildtype gut were used as a negative control for gating of YFP- cells, prior to sorting samples. 

A hierarchical gating strategy was used: 1) cell debris was excluded using a physical parameter 

plot based on low forward scatter area (FSA-A) against side scatter area (SSC-A); 2) doublets 

were excluded on an area against peak plot, i.e. forward scatter area (FSA-A) against forward 

scatter width/height (FSC-W/FSC-H); 3) dead and dying cells were excluded based on propidium 

iodide labelling of cells (Sigma-Aldrich, P4170); and 4) subpopulations of enteric neural crest 

cells and mesenchymal cells were gated and collected based on YFP presence using appropriate 

lasers. FACS-sorted samples were collected in FACS solution (see 2.1.1 for composition). All cell 

sorting was performed by the Flow Cytometry Facility at the Francis Crick Institute.   

2.2.3.3 RNA extraction and quality control 

An RNase-free working environment was provided by using RNaseZap (Ambion, 

AM9780) to remove RNases from the lab bench and all work surfaces. All tubes, tips and 

solutions used were RNase-free. After FACS, sorted cells were centrifuged at 200g for 15 minutes 

at 4oC. Following this, a RNeasy Micro kit (Qiagen, 74004) was used to extract total RNA as per 

the manufacturer’s instructions. 100μl of RLT buffer (a lysis buffer) containing b-

mercaptoethanol (10μl for 1ml of RLT buffer) (Sigma-Aldrich, M6250) was added for fewer than 

100,000 cells and 350μl added for more than 100,000 cells and RNA was eluted in 14μl RNase-
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free water. For a quality control analysis of RNA and to accurately measure RNA concentration, 

2μl of RNA was taken. 1μl of RNA was processed with a Qubit RNA HD Assay Kit to quantify RNA 

concentration on a Qubit 3.0 Fluorometer (using software package APP v 1.02 + MCU v0.21). 1μl 

of RNA was processed with an Agilent RNA 6000 Pico kit to assess RNA quality on an Agilent 

2100 Bioanalyzer Instrument (using Agilent 2100 Expert Software version B.02.08.SI648 (SR2)). 

Where RNA concentrations were too low to be measured on the Qubit, these were estimated 

using the BioAnalyzer and normalised against Qubit readings. Any samples which had RNA 

integrity (RIN) values of less than 7.0 were discarded.  

2.2.3.4 cDNA library production and sequencing 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9. Flowchart overview of SMART-Seq v4 protocol and cDNA synthesis. Adapted from 
SMART-Seq v4 user manual. The SMART-Seq v4 Oligonucleotide, 3’ SMART-Seq CDS Primer II A, and PCR 
Primer II A all contain a region with an identical sequence. The black start indicates a chemical block on 
the 5’ end of the oligonucleotide. 
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The SMART-Seq® v4 Ultra® Low Input RNA Kit for Sequencing (Takara, 634890) was used 

for cDNA library preparation at the Crick sequencing facility as per the manufacturer’s 

instructions. An overview of the protocol is shown in Figure 2.9.  

The overall protocol can be divided into 5 main steps, as indicated in Figure 2.9. The first 

step was to start with total RNA. RNA samples were diluted to provide an input quantity of 2ng 

of total RNA per sample, diluted in water to a volume of 9.5μl. The second step was the first 

strand cDNA synthesis. 9μl of diluted RNA was primed using the 3’ SMART-Seq CDS primer II A. 

A SMART-Seq v4 oligonucleotide was added to allow for template switching at the 5’ ends of 

transcripts and for extension by reverse transcription. The third step was the full-length cDNA 

amplification by long distance PCR (LD-PCR). PCR Primer II A was used to amplify cDNA from 

sequences generated in first-strand cDNA synthesis. A blocked PCR primer is used for 

amplification to prevent ligation of the sequencing adapter to the 5’ ends of double stranded 

cDNA fragments. 12 PCR cycles were performed for LD PCR. The fourth step was the amplified 

cDNA purification and validation. Purification of amplified cDNA was carried using an Agencourt 

AMPure XP kit (Beckman Coulter, A63881). Quality control analyses of amplified cDNA were 

performed using an Agilent 2100 Bioanalyzer and Agilent’s High Sensitivity DNA Kit (Agilent, 

5067-4626). Positive controls were checked for a clean product by identifying a distinct peak of 

DNA ranging from 400bp to 10,000bp, peaking at approximately 2,500bp. Negative controls 

were checked for a lack of product to demonstrate specific successful cDNA synthesis and 

amplification. The fifth and final step was the library preparation. cDNA libraries were prepared 

using a Nextera XT DNA library preparation kit (Illumina, FC-131-1096) and an input volume of 

200pg of cDNA. The final libraries were normalised to 2.5nM, pooled and loaded onto a 

HiSeq4000 (Illumina, Inc.) for sequencing three biological replicates for each condition.  

For Mill Hill RNA-seq, an Illumina TruSeq kit with RiboErase was used.  

2.2.3.5 Processing of RNA-seq data and bioinformatic analyses 

Processing of RNA-seq data and quality control 

RNA-seq reads generated at the Crick were aligned to the Mus musculus mouse mm10 

transcriptome from Ensembl (version GRCm38, available at University of California Santa Cruz, 

UCSC, at https://genome.ucsc.edu/) using the STAR (version 2.5.2a) package (Dobin et al., 2013) 

to map RNA-seq reads to the genome and the RSEM package (version 1.3.0) (Li and Dewey, 

2011) to generate read counts for each of the transcripts. This generated an average of 27.5 

million 75bp single-end reads per sample. For RSEM analysis, the default parameters were run 
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using the “–forward-prob 0” option for a strand specific protocol. The DESeq2 package (Love et 

al., 2014) was used for normalisation and quantification of gene expression level. Transcripts 

with any reads associated in any of the samples were included in the analysis. This resulted in 

30,881 gene transcripts mapping to the genome. Quality of samples was assessed using the 

program FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and integrated 

into a report in MultiQC (Ewels et al., 2016) using metrics including % rRNA, number of genes 

expressed, % exonic mRNA, mean quality score, GC base content, number of undetected bases 

and number of duplications.  

RNA-seq reads generated at Mill Hill were aligned to the Mus musculus mouse mm10 

transcriptome from Ensembl (version GRCm38, available at University of California Santa Cruz, 

UCSC, at https://genome.ucsc.edu/) using the program bowtie2 (Langmead and Salzberg, 2012). 

The RSEM package (as for the Crick data) was used to generate read counts for each of the 

transcripts. A low threshold filter was applied to remove genes with low counts and therefore 

at least 10 reads per sample were required to consider a gene expressed. This was applied across 

each sample and condition and therefore 120 reads were required across all 12 samples.  

 

Differentially expressed genes (DEGs) 

Differential expression analysis at the Crick was performed using the DESeq2 package 

(Love et al., 2014) (version 1.12.4) in R version 3.4.3. Genes were considered to be differentially 

expressed if the adjusted p value was less than 0.05. Pathways, biological processes and 

transcription factor target enrichments of DEGs were analysed using the Metacore Pathway 

Analysis. 

Differential expression analysis at Mill Hill was performed using the edgeR package 

(Robinson et al., 2010) in R. Count data was normalised in edgeR by using the number of mapped 

reads and a normalisation factor using a trimmed mean of M values (TMM). This generated an 

output of log2 transformed normalised expression data. Genes were considered to be 

differentially expressed if the adjusted p value was less than 0.05. Pathways and biological 

processes of DEGs were analysed using the Metacore Pathway Analysis. 

 

Gene Set Enrichment Analyses (GSEA) 

Gene set enrichment analysis (version 2.2.3) (Subramanian et al., 2005) was performed 

using ranked gene lists using the Wald statistics, and gene sets for canonical pathways and 

biological processes were taken from MSigdb (Liberzon et al., 2011). All default parameters were 
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used except for enrichment statistic for the scoring scheme and maximum and minimum size 

for gene sets. The ‘classic’ enrichment statistic was used instead of a weighted one, so all genes 

on the ranked gene list were considered equal. A maximum gene set size of 500 was used to 

consider almost all gene sets regardless of the number of genes in them. A minimum gene set 

size of 5 was used. Default parameters were used for the normalisation mode (meandiv), make 

detailed gene set report (true), collapse dataset (true), collapsing mode (Max_probe), graphical 

user interface or gui (false), collapse dataset to gene symbols (true), random seed (timestamp) 

and the number of permutations (1000). Gene signatures with a False Discovery Rate (FDR) q-

value equal to or less than 0.25 were considered to be statistically significant.  

 

Heatmap generation 

Heatmaps of selected genes were generated using the gplots CRAN package (version 

3.0.1) (Warnes et al., 2016) on program R. Genes were clustered using an Eisen distance matrix 

and average linkage clustering method. 

2.2.4 Immunohistochemistry 

2.2.4.1 Preparation of samples: fixation and cryosectioning 

Whole guts dissected from embryos or pups were fixed in 4% paraformaldehyde in PBS 

at 4oC on a shaker, for 2 hours (E14.5) or overnight (E18.5-P0). E11.5 gonads were fixed in 4% 

PFA at 4C for 2 hours. Whole E18.5 brains were fixed in 4% PFA at 4oC, overnight. After fixation 

all tissues were washed three times in PBSA for 5 minutes/wash. Prior to cryosectioning, tissues 

were cryo-protected in 30% sucrose (in PBS) for 1-2 nights until tissues sank and then embedded 

in OCT (VWR Chemicals, 361603E).  

For gut sections, guts were incubated in a gelatin and sucrose solution (7.5% and 15%, 

respectively, in PBS) at 37oC for 30 minutes. Guts were then orientated in the gelatin and sucrose 

solution in a Petri dish at room temperature until solid. Gelatin-sucrose blocks containing gut 

pieces were cut using a blade and frozen in isopentane on dry ice at -60oC. Gonads and brains 

were embedded directly in OCT and frozen on dry ice. All tissues were cut on a cryostat (Leica) 

at 12μm and stored at -80oC. For histology, whole E18.5 embryos were fixed in Bouin’s (Sigma-

Aldrich, HT10132) for 48 hours in rotating tubes. These were washed in 70% ethanol 3 times for 

10 mins/wash, and stored in 70% ethanol at room temperature until processed. Whole kidneys 

were fixed for 2 hours at room temperature in 10% formalin.  
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2.2.4.2 Whole-mount immunostaining of guts 

After fixation whole guts were permeabilised in 0.3% PBT for 1 hour at room 

temperature followed by blocking in a solution of 10% goat serum/0.3% PBT for 1 hour. Primary 

antibodies were then applied, similarly, in the blocking solution for 1 or 2 nights (<E15.5 and 

>E18.5, respectively). Guts were then washed three times in 0.3% PBT for 1 hour per wash at 

4oC. Secondary antibodies were applied in a blocking solution containing DAPI for 2 hours or 1-

2 nights (<E15.5 and >E18.5, respectively) at 4oC. Guts were washed three times in 0.3% PBT for 

20 minutes per wash followed by a 15-minute wash in PBS. Guts were then mounted in 

Vectashield mounting media (<E15.5) (Vecta Laboratories, H1000) or Aquapolymount media 

(>E18.5) (Park Scientific, 18606) under raised coverslips attached using blue tac and sealed with 

nail varnish.   
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Antigen 
Host; monoclonal 

or polyclonal 
Catalogue 

number 
Source Dilution 

Primary 
GATA4 

 
Goat; 

polyclonal 
C-20 Santa Cruz 1:300 

Islet1,2 
 

Mouse; 
monoclonal IgG2b 

39.4D5 DSHB 1:200 

NK1R 
 

Rabbit; 
polyclonal 

S8305 Sigma-Aldrich 1:5000 
(+AR) 

Phox2b 
 

Rabbit; 
monoclonal IgG 

ab183741 Abcam 1:500 
(+AR) 

Ret Goat; 
polyclonal 

GT15002 Immune 
Systems/Neuromics 

1:200 
(+AR) 

Sox9 
 

Goat; 
polyclonal 

AF3075 
 

R&D systems 1:200 

Sry 
 

Rabbit; 
polyclonal 

Not applicable Gift from Dagmar 
Wilhelm, University 

of Melbourne 

1:100 

TH Mouse; 
monoclonal IgG1 

T2928 Sigma-Aldrich 1:500 
(+AR) 

Tuj1 Mouse;  
monoclonal IgG2a 

MMS-435P 
 

BioLegend 1:500-
1:1000 

Secondary 
Alexa 594 

 
Goat anti-mouse 

IgG2a 
A21135 Invitrogen 1:500 

Alexa 488 
 

Donkey anti-mouse A21202 Invitrogen 1:500 

Alexa 488 
 

Donkey anti-rabbit A21206 Invitrogen 1:500 

Alexa 568 
 

Donkey anti-rabbit A10042 Invitrogen 1:500 

Alexa 647 
 

Donkey anti-goat A21447 Invitrogen 1:500 

 
Table 2.8. Primary and secondary antibodies used for immunohistochemistry. “+AR” denotes 
antigen retrieval is required. 
 

2.2.4.3 Immunostaining of sections 

Cryosections were thawed at RT then washed in PBS for 2 minutes to remove OCT. If 

antigen retrieval was required, slides were immersed in an open top staining dish filled with 

10mM sodium citrate (pH6) and microwaved (using a 900V microwave) at 100% for 2 minutes 

and at 30% for 6 minutes. Following this, the slides were allowed to cool in the solution for 20 

minutes at RT. Half the sodium citrate solution was then replaced with distilled water and left 

for 10 minutes at RT. Slides were transferred to a coplin jar filled with PBSA for a short rinse and 

later allowed to drain. An ImmEdge pen (Vector Laboratories, H-4000) was used to draw a 
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hydrophobic barrier around samples on the slide and blocking solution of 10% donkey or goat 

serum in 0.1% PBT was applied to the cryosections for 30 minutes at RT. Primary antibodies 

were then added to the blocking solution and the slides were incubated in a humidified chamber 

at 4oC overnight. On the next day they were washed three times with 0.1% PBT for 15 minutes 

at RT per wash. Secondary antibodies with the appropriate fluorophores were then applied in 

blocking solution containing DAPI for 1-2 hours at RT in the dark. Sections were washed three 

times with 0.1% PBT for 15 minutes per wash, followed by a 10-minute wash in PBS. To remove 

background staining and autofluorescence, after a brief wash in distilled water a solution of 

1mM copper (II) sulphate and 50nM ammonium chloride in distilled water was applied for 30 

minutes at RT in the dark. Sections were finally washed in PBS for 1 minute and left to air dry 

before adding Aquapolymount mounting medium and a coverslip (Park Scientific, 18606). 

Details of all primary and secondary antibodies and dilutions used are listed in Table 2.8. 

2.2.4.4 Histology 

For Haematoxylin-Eosin (H+E) staining, samples were embedded in wax and sectioned 

at a thickness of 4μm by the Experimental Histopathology service at the Crick.  

2.2.4.5 Image processing and analysis 

Immunostained whole E18.5 and P0 guts were imaged using an Olympus IX83 and 

Hamamatsu Flash 4.0 sCMOS camera. A Lumencore spectra X was used for an LED light source 

and the software program cellSens (Olympus) was used. Immunostained whole E14.5 guts and 

all sections were imaged using a Leica SP5 confocal with PMT and hybrid detectors. The software 

program LAS AF (Leica Application Suite Advanced Fluorescence, Leica Microsystems) was used. 

5x, 10x and 20x objectives were used with numerical apertures 0.15, 0.6 and 0.7. Histology 

sections were imaged using a Leica DMRA2 light microscope and Retiga 2000R camera with 

software package Qcapture (QImaging).  

Statistical analysis was carried out using R. Fisher’s exact test statistics were generated 

in R by manually inputting data in the form of matrices. Wilcoxon rank sum test and chi-squared 

test statistics were generated in R by inputting data files using scripts generated by Gavin Kelly 

from the bioinformatics team at the Francis Crick Institute. Other statistics for RNA-seq analyses 

were generated in R by Probir Chakravarty from the bioinformatics team at the Francis Crick 

Institute. Thresholds for significance are described along with the results.  
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2.2.5 Gene expression assays 

2.2.5.1 RNA extraction 

Tissues were homogenised using a tissue disrupter in 350μl RLT buffer containing b-

mercaptoethanol (10μl for 1ml of RLT buffer) (as in 2.2.3.1). Total RNA was extracted using a 

RNeasy Micro kit as per the manufacturer’s instructions. RNA was eluted in 14μl nuclease-free 

water. Nucleic acid concentration was quantified using a Nanodrop 2000c spectrophotometer. 

2.2.5.2 cDNA production 

Reverse transcription of total RNA was carried out using a SuperScript™ IV VILO™ Master 

Mix (Thermo Fisher Scientific, 11756050) as per the manufacturer’s instructions. Up to 2.5μg of 

total RNA was used per 20μl reaction. Reactions containing total RNA, Master Mix and nuclease-

free water were incubated at 25oC for 10 minutes, 50oC for 10 minutes and 85oC for 5 minutes 

in a PCR thermocycler. cDNA was stored at -80oC for future use.  

2.2.5.3 Real-time quantitative reverse transcription PCR (qRT-PCR) 

Gene expression was quantified using real-time qRT-PCR. A reaction mix of 5μl Sybr Green 

(Thermo Fisher Scientific, AB1162B), 2.5μl nuclease-free water and 0.5 μl 10μM primer pair was 

used per 10μl reaction. cDNA was diluted to a concentration of 1.67ng/μl and 2μl of cDNA was 

used per reaction. GAPDH, Tbp or Beta-actin genes were used as endogenous control genes for 

normalisation of gene expression. All reactions were performed at least in duplicates and 

nuclease-free water was used as a negative control for all primer pairs. Reactions were 

performed in a 7500 Real-Time PCR System (Applied Biosystems) using the following protocol: 

Step 1) holding at 50oC for 2 minutes; Step 2) denaturation at 95oC; Step 3) 40 cycles of 

denaturation at 95oC for 15 seconds, annealing at 60oC for 1 minute and elongation at 95oC for 

15 seconds; Step 4) additional dissociation cycle at 95oC for 15 seconds, 60oC for 1 minute and 

95oC for 15 seconds. Relative expression was calculated using a ddCT method against 

endogenous control genes.  

2.2.6 Ex utero examination of 18.5dpc litters 

In order to identify which defective physiological process or processes causing prenatal 

lethality, caesarean sections were carried out on 18.5dpc pregnant females that were culled 

through cervical dislocation of the neck. E18.5 embryos were exteriorised quickly and the nose 

and mouth of each embryo was wiped dry. Embryos were numbered and their thorax was lightly 
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pinched to stimulate breathing. Embryos were placed in a 32oC thermoregulated incubator (the 

temperature of normal litters) for 1 hour. Behaviour and adaptation to extra-uterine life was 

assessed and characteristics including the colour of embryos, breathing patterns and apparent 

motor activity were examined.  
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Chapter 3. Identifying sex differences in the developing enteric 
nervous system 

3.1 Introduction 

A 4:1 male to female sex bias exists in Hirschsprung disease, indicating that sex is a 

significant risk factor in disease susceptibility (Badner et al., 1990, Amiel et al., 2008). Therefore, 

characterising sex differences in the enteric nervous system (ENS) at a molecular level is 

important to understand the mechanisms underlying this sex bias and identifying potential 

candidate genes causing this. No direct attempts have been made to identify sex differences in 

the ENS to date. GWAS and exome sequencing datasets generated from Hirschsprung patients 

have, so far, been unable to attribute the sex bias to any sex-linked or autosomal genes (Amiel 

et al., 2008, Garcia-Barcelo et al., 2009, Zhang et al., 2017). However, these analyses are made 

difficult by the comparative shortage of female patients, which is a natural consequence of the 

sex bias. It is possible to speculate, however, that males are more predisposed to Hirschsprung 

disease due to their genetic or hormonal makeup or that females are protected.  

RNA-sequencing (RNA-seq) techniques provide a means to characterise the 

transcriptomes of single or selected groups of cells or tissues. The generation of comprehensive 

sets of differentially expressed genes enables detailed exploration of cell fates and the 

elucidation of pathways and biological processes. In terms of disease pathogenesis, RNA-seq 

analyses can also allow the identification of novel gene candidates. A number of RNA-seq studies 

comparing male and female tissues have already began to enhance my understanding of the 

impact of sex on some developmental processes and the susceptibility to several diseases 

(Dewing et al., 2003, Mozhui et al., 2012, Labonte et al., 2017).  

This chapter describes how RNA-seq was used to compare the transcriptomes of enteric 

neural crest-derived cells and their surrounding gut tissue (i.e. their niche) in males and females. 

The two populations examined here are termed enteric neural crest cells (ENCCs) and 

mesenchymal cells. The first aim was to identify differentially expressed genes between males 

and females that could be important candidates for the sex bias of Hirschsprung disease. The 

second aim was to identify whether particular pathways, relevant to ENS development and 

Hirschsprung disease, were upregulated in one sex compared to the other. The third aim was to 

explore whether any sex differences identified were due to X- or Y-linked genes or to more 

general sex chromosome effects, such as X-inactivation sequestering factors involved in 

heterochromatin, or gonadal hormones (Lopes et al., 2010, Wijchers et al., 2010).  
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Since both intrinsic and extracellular cues are required by ENCCs for normal neural crest 

colonisation in the gut and development of the ENS (Heanue and Pachnis, 2007, Lake and 

Heuckeroth, 2013, Nagy and Goldstein, 2017), it was important to consider both ENCCs and 

mesenchymal cells. While it would be possible to carry out such a study using cells isolated from 

human embryonic guts, it would be difficult to obtain material from precisely stage-matched 

male and female embryos especially given the genetic diversity in humans. There is also no 

obvious cell surface ENCC marker in humans that could be used to sort these cells from their 

niche cells. Recent studies, however, have exploited the neural crest surface marker p75 to 

isolate ENCCs from human foetal gut (Cooper et al., 2016, Rollo et al., 2016) whilst p75 in 

conjunction with HNK-1 has been used to isolate neural crest cells from heterogeneous human 

cell cultures (Lee et al., 2010, Lai et al., 2017). In addition, it would be important to have data 

that could be used in combination with the range of genetic models established in the mouse 

(as described in later chapters). I therefore conducted the analysis in mice.  

RNA-seq was carried out in mouse embryos at 3 timepoints at the Francis Crick Institute 

at Midland Road in central London (hereafter “Crick”): E11.5, E13.5 and E15.5, which reflect 

both key stages of ENS development and sex determination/differentiation (Munsterberg and 

Lovell-Badge, 1991, O'Shaughnessy et al., 2006, O'Shaughnessy and Fowler, 2011, Sasselli et al., 

2012, Obermayr et al., 2013, Hao et al., 2016). RNA-seq was also carried out at E15.5 in the 

previous lab location at the Francis Crick Institute at Mill Hill site, in North London (hereafter 

“Mill Hill”). In ENS development, at E11.5 the ENCCs have not yet reached the colon and a unique 

population of ENCCs known as the transmesenteric vagal NCCs is present in addition to the vagal 

ENCC population (Nishiyama et al., 2012, Obermayr et al., 2013). At E13.5, most of the hindgut 

has been colonised and the sacral NCCs have started to enter the gut (Wang et al., 2011, 

Obermayr et al., 2013). At E15.5, colonisation of the gut is complete (Heanue and Pachnis, 2007, 

Obermayr et al., 2013). These three timepoints also mark the presence of different subtypes of 

neurons in the gut (Hao and Young, 2009, Sasselli et al., 2012, Hao et al., 2016). In terms of sex 

differentiation, E11.5 represents a stage before male hormone synthesis (mainly testosterone 

and AMH) initiates at E12.5 (O'Shaughnessy et al., 2006, O'Shaughnessy and Fowler, 2011), and 

by E15.5 testosterone is known to have already directed the development of several tissues 

along a male pathway (Shima et al., 2013, Murashima et al., 2015).  

The results presented here show that sexually dimorphic gene expression is found in 

ENCCs at E11.5 and E13.5, but not at E15.5, during gut colonisation by ENCCs. An evident 

sexually dimorphic transcriptional event was found at E13.5 where many genes were switched 
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on or upregulated in females compared to males. Key signalling pathways for ENS development 

were also upregulated in females. These results suggest that female ENCCs may be more 

developmentally advanced than their male counterparts. Cross-comparison to additional RNA-

seq datasets found enrichment of female-biased genes, identified here, in a novel subtype of 

ENCCs. Overall, these results show that there are sex differences in ENS development and 

provide important implications for why a male sex bias exists in Hirschsprung disease.  

 

3.2 Results 

3.2.1 Sample collection, mRNA sequencing and data quality assessment  

3.2.1.1 Isolation of cells for mRNA sequencing  

In order to isolate ENCCs and mesenchymal gut cells from mouse embryos, a Wnt1-cre 

driver line (Danielian et al., 1998) was used in combination with a R26R-EYFP reporter line 

(Srinivas et al., 2001) to generate double transgenic embryos containing YFP-labelled ENCCs. 

Wnt1-cre;R26R-EYFP embryos were identified using a fluorescence microscope and guts were 

dissected from stomach to anus, inclusive. After tissue dissociation to single cell suspensions, 

YFP+ ENCCs were sorted from the YFP- mesenchymal cell populations using FACS (see Materials 

and Methods for full details). These experiments were carried out at E11.5, E13.5 and E15.5, and 

three independent biological replicates were processed at each stage. The experimental 

workflow is shown in Figure 3.1. 

3.2.1.2 Cell numbers, RNA quantities and RIN values for RNA-seq samples 

A total of 36 samples for mRNA were produced for sequencing, listed in Table 3.1 and 

Table 3.2. On average, 2,800, 50,600 and 75,500 cells were sorted for YFP+ samples at E11.5, 

E13.5 and E15.5, respectively and at least 53,000-951,000 cells for YFP- sorts. From these cell 

sorts, at least 2ng of RNA was extracted from all samples. RNA integrity (RIN) values were 

measured and demonstrated that very high-quality RNA was generated from all samples. The 

details of cell numbers, RNA quantities and RIN values for all samples are shown in Table 3.1. 

The average RIN values for each cell type at each embryonic stage are shown in Figure 3.2. 
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Figure 3.1. Summary of workflow to isolate ENCCs and gut mesenchymal cells. Male Wnt1-cre 
mice were crossed to R26R-EYFP/R26R-EYFP females to generate Wnt1-cre; R26R-EYFP/+ embryos 
whereby ENCCs were labelled with YFP. After selection of YFP+ embryos under a fluorescence microscope, 
YFP+ guts and one YFP- gut were dissected, individually digested and dissociated to obtain single-cell 
suspensions. YFP- gut cells were used as negative control for gating prior to FACS sorting of experimental 
samples. RNA from FACS-sorted YFP+ ENCCs and YFP- mesenchymal cells was processed for downstream 
RNA-sequencing.  
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Table 3.1. List of the 36 samples processed for mRNA sequencing with their respective original 
cells numbers after FACS, RNA extracted and RIN values. RIN = RNA integrity value, given a score 
out of 10. RIN values of 7-10 are considered high quality RNA.  
 

 Total cell 
number after 

FACS 

Total RNA 
quantity after 

QC (ng) 

 
RIN value 

E11.5 Male YFP+ rep 1 2,840 2.64 9.4 
E11.5 Male YFP+ rep 2 2,810 3.60 10 
E11.5 Male YFP+ rep 3 2,310 4.56 10 

E11.5 Female YFP+ rep 1 2,640 4.49 9.4 
E11.5 Female YFP+ rep 2 2,930 2.40 10 
E11.5 Female YFP+ rep 3 3,148 6.84 10 
E11.5 Female YFP- rep 1 55,650 46.68 10 
E11.5 Female YFP- rep 2 81,430 74.40 10 
E11.5 Female YFP- rep 3 68,348 96.96 10 
E11.5 Male YFP- rep 1 53,000 53.64 10 
E11.5 Male YFP- rep 2 85,710 87.60 10 
E11.5 Male YFP- rep 3 66,865 102.24 9.9 
E13.5 Male YFP+ rep 1 64,891 22.20 9.4 
E13.5 Male YFP+ rep 2 51,500 57.60 10 
E13.5 Male YFP+ rep 3 50,700 65.04 10 

E13.5 Female YFP+ rep 1 65,394 24.00 9.3 
E13.5 Female YFP+ rep 2 44,700 7.20 10 
E13.5 Female YFP+ rep 3 26,240 20.04 10 

E13.5 Male YFP- rep 1 428,436 85.92 9.6 
E13.5 Male YFP- rep 2 633,000 698.40 10 
E13.5 Male YFP- rep 3 451,000 576.00 10 

E13.5 Female YFP- rep 1 431,676 73.92 9.6 
E13.5 Female YFP- rep 2 565,000 62.40 10 
E13.5 Female YFP- rep 3 321,795 465.60 10 
E15.5 Male YFP+ rep 1 80,100 62.04 10 
E15.5 Male YFP+ rep 2 63,415 22.82 10 
E15.5 Male YFP+ rep 3 81,948 62.15 9.8 

E15.5 Female YFP+ rep 1 87,119 56.98 9.6 
E15.5 Female YFP+ rep 2 60,905 72.6 9.4 
E15.5 Female YFP+ rep 3 79,435 81.62 8.8 

E15.5 Male YFP- rep 1 758,000 786.5 8.5 
E15.5 Male YFP- rep 2 800,000 870.1 9.1 
E15.5 Male YFP- rep 3 951,032 786.5 8.9 

E15.5 Female YFP- rep 1 800,000 755.7 8.7 
E15.5 Female YFP- rep 2 800,000 865.7 8.9 
E15.5 Female YFP- rep 3 896,228 684.2 8.5 
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Figure 3.2. Mean RIN values per cell type for each timepoint. All RIN values were very high. 
Standard deviations are shown as error bars.  
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Figure 2.1. Average RIN values per cell type for each timepoint. 
All RIN values were very high. Standard deviations are shown as error bars.  
 
 
 

2.1.1 Environmental effects on sex differences in the transcriptomes of ENCCs and 
mesenchymal cells 

Transcriptomic analyses were also carried out on E15.5 material derived from mice 

maintained at the Mill Hill site. The protocols used for the preparation of these samples 

were slightly different: guts were pooled by sex according to litter rather than 

individually processed and a different kit was used for cDNA library preparation (see 

Materials and Methods). Additionally, cells undergoing apoptosis were not removed. 

The validation test of the RNA-seq results of the Mill-Hill set was done by qPCR on E15.5 

embryos derived from Crick mice and showed no correspondence (data not shown). 

Moreover, cross-comparison of Mill Hill and Crick RNA-seq data at E15.5 found no 

overlap in the list of DEGs between both datasets, excluding the ubiquitously expressed 

sex-linked genes.  
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3.2.1.3 mRNA sequencing and data quality assessment  

RNA-seq reads were aligned to the Mus musculus genome (mm10 Ensembl, version 

GRCm38) and data processed as described in the Materials and Methods. All samples had a high 

number and percentage of uniquely mapped reads (mean=84.5%, range=74.6-87.6%), 

suggesting high quality RNA had been preserved through sample collection and FACS sorting 

(Table 3.2). Therefore, all samples passed the first quality control and were used in downstream 

analyses. 

The quality control tool FastQC was also used to assess the quality of samples using 

different metrics, and the results were integrated into a report in the program MultiQC (Ewels 

et al., 2016) (see Appendix for full details of report). All samples had low levels of rRNA (<0.2%) 

and high levels of exonic mRNA (mean=88.6%) and expected GC content. Mean quality scores 

and per sequence were high across all samples. Per base N content (<1%), overrepresented 

sequences (<1%) and adaptor content were very low as intended. Sequence duplication levels 

patterns were as expected, and although they were low they did not pass stringent threshold 

levels. All samples had sequences of a single length comprising 76bp. A contaminant screen was 

performed to identify the fraction of sampled reads aligning to the mouse genome. One sample 

“E15.5 Male YFP+ rep 2” showed low levels of contamination with human cDNA at 12.2%. This 

portion was excluded from alignment to the mouse genome, however, this sample had a lower 

read count (Table 3.2). Samples passed the quality control thresholds across all metrics except 

for the sequence duplication levels. The number of duplicates found may have been higher due 

to some sequences being more highly abundant compared to more lowly expressed transcripts.   

There was no minimum threshold to consider a gene as expressed, and transcripts that 

had any reads associated with them were included in the analysis. This resulted in a total of 

30,881 gene transcripts mapping to the genome. Expression level data was log2-transformed 

according to the number of reads detected per sample. The number of genes detected for each 

sample was quantified and gene expression density distributions were plotted to check for 

outliers. No outliers were identified and all samples had highly similar gene expression 

distributions and therefore were comparable (Figure 3.3A-B).  
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Table 3.2. List of the 36 samples processed for mRNA sequencing with respective total 
numbers of reads generated in millions and corresponding percentages uniquely mapped to 
the Mus musculus genome.*denotes sample with low levels of human contamination and therefore 
fewer mapped reads to the mouse genome. rep=replicate.  

 Sample name Total number 
of input reads 

Number of 
uniquely 

mapped reads 

% of uniquely 
mapped reads 

E11.5 Male YFP+ rep 1 22.6 18.9 83.8 
E11.5 Male YFP+ rep 2 26.7 22.3 83.5 
E11.5 Male YFP+ rep 3 27.4 22.5 82.2 

E11.5 Female YFP+ rep 1 28.4 23.4 82.2 
E11.5 Female YFP+ rep 2 32.9 27.6 83.7 
E11.5 Female YFP+ rep 3 30.6 25.7 83.9 

E13.5 Male YFP+ rep 1 23.1 19.7 85.3 
E13.5 Male YFP+ rep 2 27.6 23.4 84.6 
E13.5 Male YFP+ rep 3 24.8 21.1 85.0 

E13.5 Female YFP+ rep 1 28.3 23.9 84.3 
E13.5 Female YFP+ rep 2 33.0 28.1 85.3 
E13.5 Female YFP+ rep 3 26.2 22.3 85.2 

E15.5 Male YFP+ rep 1 26.2 22.3 85.1 
E15.5 Male YFP+ rep 2* 22.7 16.9 74.6 
E15.5 Male YFP+ rep 3 26.5 22.4 84.8 

E15.5 Female YFP+ rep 1 29.9 25.3 84.5 
E15.5 Female YFP+ rep 2 25.5 21.7 85.1 
E15.5 Female YFP+ rep 3 25.5 21.5 84.2 

E11.5 Male YFP- rep 1 26.6 22.4 84.2 
E11.5 Male YFP- rep 2 24.6 20.7 84.2 
E11.5 Male YFP- rep 3 26.2 21.9 83.3 

E11.5 Female YFP- rep 1 24.9 20.7 83.2 
E11.5 Female YFP- rep 2 27.0 22.9 84.7 
E11.5 Female YFP- rep 3 21.7 18.1 83.2 

E13.5 Male YFP- rep 1 27.4 24.0 87.6 
E13.5 Male YFP- rep 2 27.7 23.7 85.8 
E13.5 Male YFP- rep 3 30.5 26.3 86.0 

E13.5 Female YFP- rep 1 33.8 29.5 87.2 
E13.5 Female YFP- rep 2 26.9 23.0 85.7 
E13.5 Female YFP- rep 3 22.3 19.0 85.1 

E15.5 Male YFP- rep 1 25.3 21.7 85.8 
E15.5 Male YFP- rep 2 28.5 24.5 85.9 
E15.5 Male YFP- rep 3 25.9 22.3 86.1 

E15.5 Female YFP- rep 1 43.9 37.6 85.7 
E15.5 Female YFP- rep 2 30.8 26.4 85.7 
E15.5 Female YFP- rep 3 26.6 22.9 86.0 
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Figure 3.3. Quality control assessment of RNA-seq data across all samples using MultiQC. (A) 
Bar chart showing the number of expressed genes detected in each sample for sex (males, females), 
embryonic stage (E11.5, E13.5, E15.5) and cell type (YFP+, YFP-). (B) Box and whisker diagrams show gene 
expression (log2

 normalised expression) quartile distributions across all samples. No outliers were 
identified.  
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3.2.2 Overview of transcriptional differences across all conditions 

3.2.2.1 The two cell populations sorted by FACS are confirmed as ENCCs and 
mesenchymal cells  

The identity of the putative ENCCs and mesenchymal cells isolated by FACS was first 

tested by analysing the expression of specific markers within the transcriptome data derived 

from the YFP+ and YFP- cell populations at different stages. YFP+ sorted samples showed high 

expression levels of general neural crest markers Foxd3 and Sox10 (Dottori et al., 2001, Sauka-

Spengler and Bronner-Fraser, 2008, Simoes-Costa and Bronner, 2015) and of enteric neural crest 

markers Ret and Ascl1 (Young and Newgreen, 2001, Hao and Young, 2009, Sasselli et al., 2012), 

compared to YFP- cell samples (Figure 3.4A). Accordingly, YFP- samples showed high expression 

levels of gut mesenchyme markers including Gdnf, Edn3 and Ntf3 (Chalazonitis et al., 2001, 

Natarajan et al., 2002, Heanue and Pachnis, 2007, Lake and Heuckeroth, 2013), compared to 

YFP+ samples (Figure 3.4B). Therefore, this confirmed the correct isolation of ENCCs and 

mesenchymal cells. 
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Figure 3.4. Levels of expression of ENCC and mesenchymal markers within the FACS sorted cell 
populations. (A) Expression levels of known ENCC markers Foxd3, Sox10, Ret and Ascl1, and (B) of known 
gut mesenchyme markers Gdnf, Edn3 and Ntf3. Each marker showed positive enrichment in its respective 
cell type. Expression levels shown are the mean across 3 male and 3 female replicates, with standard 
deviations.  
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3.2.2.2 Clustering analysis 

An unsupervised hierarchical clustering analysis was performed on all transcriptomic 

data to explore the organisation of samples and their relationships. The resulting dendrogram 

is shown in Figure 3.5A. The samples formed two clearly defined groups by cell type: YFP- and 

YFP+, separated by a large distance. These two groups further clustered according to embryonic 

stage, with three clusters seen for E11.5, E13.5 and E15.5 for each cell type. No consistent 

clusters were formed for sex or replicate number, demonstrating their similar gene expression 

profiles.  

Unsupervised principal component analysis (PCA) was similarly applied to explore the 

organisation of samples and their relationships, as well as consistency of datasets between 

biological replicates. The two principal components accounting for the most variation in the data 

were plotted respectively along the x- and y-axis. Figure 3.5B shows that PC1 accounts for 57% 

of the total variation in the data while PC2 accounts for 28%. Similar to what found with the 

dendrogram, samples clearly cluster along PC1 by cell type (Figure 3.6A), with YFP+ samples on 

the left and YFP- samples on the right. Samples cluster along PC2 by embryonic stage (Figure 

3.6B), with a tight cluster representing samples at E11.5 at the bottom of PC2 and looser clusters 

for E13.5 and E15.5 going up PC2. The organisation and equal spacing between the clusters at 

different timepoints demonstrate a consistent rate of change between transcriptional profiles 

in time. The finding of looser clusters at E13.5 and E15.5 suggests that more varied 

transcriptional profiles emerge with time. Samples did not cluster collectively according to sex 

(Figure 3.6C). 

Together, these results demonstrate that ENCCs and mesenchymal cells have distinct 

transcriptional profiles. The transcriptomes of these cell types also clearly change over time, 

however only small differences exist between sexes.   
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Figure 3.5. Clustering analyses of genome-wide expression changes across all conditions. (A) 
Unsupervised hierarchical clustering analysis formed two large clusters grouped by cell type, which 
further clustered according to embryonic stage. (B) PCA plots show that samples cluster similarly.  
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Figure 3.6. Principal component analyses (PCA) by cell type, embryonic stage and sex. PCA plots 
show that samples cluster according to (A) cell type, (B) embryonic stage, but not (C) sex. Loose clustering 
of some samples at E13.5 and E15.5 demonstrates some variation between biological replicates. 
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3.2.3 Transcriptional changes between male and female ENCCs  

3.2.3.1 Differentially expressed genes at E11.5, E13.5 and E15.5 

Although the global transcriptome analysis of variance did not identify a significant 

degree of separation between sex at any stage, the transcriptomic data was mined for sex 

differences at a single-gene level at each of the timepoints analysed. Figure 3.7 shows MA plots 

with the distribution of relative gene expression between males and females ENCCs for all genes 

identified. MA plots are plotted on log ratio (M) and mean average (A) scales. The mean of 

normalised counts considers the average expression of each gene across all samples and is the 

log2 of the base mean. The log2FC considers the differential expression between males and 

females specifically in the sample shown. There were 35 differentially expressed genes (DEGs) 

identified at E11.5, 30 DEGs at E13.5 and 6 DEGs identified at E15.5 (adjusted p-value<0.05). 

These DEGs are listed with their full gene names, relative expression calculated in log2 fold 

change (log2FCs) and chromosome location in Table 3.3, Table 3.4 and Table 3.5. 

At E11.5, the MA plot in Figure 3.7A(i) showed a generally symmetrical distribution of 

genes expressed between males and females in ENCCs, with marginally more genes expressed 

at higher levels in males (mean of normalised counts > 1e+01). This is seen by the greater spread 

of genes with positive and high log2FCs. At E13.5, the MA plot shows a highly asymmetrical 

distribution of expressed genes between males and females. Where the mean of normalised 

counts > 1e+0.8, genes with a log2FC < -1 were found densely scattered. This indicates activation 

or marked upregulation of some genes exclusively in female ENCCs (Figure 3.7 (ii)). The MA plot 

at E15.5 showed a symmetrical distribution of gene expression levels and fold changes, similar 

to what was found at E11.5 (Figure 3.7(iii)). The percentage of male versus female DEGs is 

visualised as a bar chart in Figure 3.7B. The DEGs at E11.5 were mostly male-biased (66%), at 

E13.5 were female-biased (80%) and at E15.5 were mostly male-biased (75%). 

A Venn diagram of all DEGs in ENCCs showed that only 5 DEGs overlapped across all 

timepoints (Figure 3.7C). These genes were the X-linked gene Xist and the Y-linked genes Ddx3y, 

Uty, Kdm5d and Eif2s3y, ubiquitously expressed in females and males respectively. One DEG 

overlapped between E11.5 and E13.5 timepoints, corresponding to the gene Amy2. Amy2 was 

the second most differentially expressed gene at both E11.5 and E13.5 timepoints. Interestingly, 

this gene switched from being female-biased at E11.5 with a log2FC of -17.4 to being male-biased 

at E13.5 with log2FC of 17.9 (2), however expression of this gene was very low (Table 3.3 and 

Table 3.4, low expression shown later in Figure 3.8).  
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Figure 3.7. Transcriptional changes between males and females at E11.5, E13.5 and E15.5 in 
ENCCs. (A) MA plots showing global expression differences between males and females at E11.5, E13.5 
and E15.5 in ENCCs. Each dot represents a gene; grey dots represent genes non-significantly different and 
red dots represent differentially expressed genes (DEGs) (adjusted p-value <0.05. Genes enriched in males 
were positively enriched (log2FC >0) and genes enriched in females were negatively enriched (log2FC<0). 
Red horizontal lines mark log2FCs of -1 and 1. Numbers of total DEGs (p<0.05) for each embryonic stage 
and for males (up) and females (down) are indicated. Some grey dots representing transcripts with very 
high or low log2FCs were not significant due to variable read numbers. (B) Graphic view representing the 
percentage of male- and female-biased DEGs at each timepoint. (C) Venn diagram showing overlap of 
DEGs across the three timepoints.  
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Table 3.3. Differentially expressed genes between male and female at E11.5 in ENCCs. 
Differentially expressed genes between sexes where adjusted at p-value <0.05. Male-biased genes 
(log2FC>0) are highlighted in blue and female-biased genes (log2FC<0) are highlighted in pink, and ranked 
according to adjusted p-value. Ubiquitously expressed genes are greyed out. Chr=chromosome number. 
p adj.= adjusted p-value.  

DEGs: E11.5 ENCCs
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y Y 8.5 1.03E-95
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 9.9 3.89E-45
Kdm5d Lysine-specific demethylase 5D Y 10.4 1.16E-19
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 11.2 4.69E-17
Xist inactive X specific transcripts X -9.2 5.41E-09
Gm20458 SYS1-DBNDD2 readthrough (NMD candidate) 2 -18.7 4.24E-07
Amy2 Pancreatic alpha-amylase 3 -17.4 0.0001
Eif2s3x Eukaryotic translation initiation factor 2 subunit 3, X-linked  X -0.7 0.0011
Ccdc88b Coiled-Coil Domain Containing 88B 19 3.3 0.0017
Snph Syntaphilin 2 1.9 0.0073
Ldlrad4 Low-density lipoprotein receptor class A domain-containing protein 4  18 2.5 0.0077
Abcc8 ATP-binding cassette, sub-family C (CFTR/MRP), member 8 7 4.0 0.0107
Sox7 SRY (sex determining region Y)-box 7 14 6.9 0.0114
Gm10584 0 7 -5.5 0.0120
Meox1 Homeobox protein MOX-1 11 5.5 0.0130
Tsix X (inactive)-specific transcript, opposite strand X -7.4 0.0130
Gm36569 predicted gene, 36569 3 6.1 0.0141
Ptprb protein tyrosine phosphatase, receptor type, B 10 6.0 0.0164
Itgb3 Integrin beta-3 11 -1.4 0.0164
Hbb-bh1 hemoglobin Z, beta-like embryonic chain 7 -5.2 0.0210
Zc2hc1c zinc finger, C2HC-type containing 1C 12 -1.5 0.0261
Sspn sarcospan 6 0.8 0.0271
Icam1 intercellular adhesion molecule 1 9 5.7 0.0293
Lrrc55 Leucine-rich repeat-containing protein 55 2 1.5 0.0296
C130060C02Rik RIKEN cDNA C130060C02 gene 19 5.6 0.0330
6430573F11Rik Probable tRNA methyltransferase 9-like protein 8 -1.1 0.0333
Sardh sarcosine dehydrogenase 2 -2.2 0.0379
Itga11 integrin subunit alpha 11 9 2.8 0.0379
Fam20a Pseudokinase FAM20A  11 5.9 0.0449
Vwce von Willebrand factor C and EGF domains 19 3.7 0.0449
E030013I19Rik RIKEN cDNA E030013I19 gene 2 -5.7 0.0449
Slc7a3 solute carrier family 7 (cationic amino acid transporter, y+ system), member 3 X 2.6 0.0478
Gpr35 G protein-coupled receptor 35 1 6.0 0.0489
Alox12 arachidonate 12-lipoxygenase 11 5.9 0.0495
Sdcbp2 Syntenin-2 2 3.6 0.0500

DEGs: E13.5 ENCCs
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y  Y 9.7 9.44E-71
Kdm5d Lysine-specific demethylase 5D Y 8.4 1.14E-65
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 10.2 1.18E-38
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 9.6 8.31E-34
Xist inactive X specific transcripts X -8.2 3.68E-07
Col8a2 Collagen alpha-2(VIII) chain 4 -3.5 3.09E-05
Amy2 Pancreatic alpha-amylase 3 17.9 4.80E-05
Ptgis prostaglandin I2 (prostacyclin) synthase 2 -1.7 0.0004
Slc34a2 solute carrier family 34 (sodium phosphate), member 2 5 17.6 0.0013
Klhl6 Kelch-like protein 6 16 -3.3 0.0016
Fbn1 Fibrillin-1 Asprosin 2 -1.1 0.0020
Hic1 HIC ZBTB transcriptional repressor 1 11 -3.2 0.0026
Col24a1 Collagen alpha-1(XXIV) chain 3 -3.7 0.0048
Hand1 Heart- and neural crest derivatives-expressed protein 1 11 -1.7 0.0068
Xlr4a X-linked lymphocyte-regulated 4A X -7.0 0.0073
Hoxa10 Homeobox protein Hox-A10 6 -2.6 0.0084
Hlx H2.0-like homeobox protein 1 -2.5 0.0109
Hoxc8 Homeobox protein Hox-C8 15 -2.1 0.0133
Parp3 poly(ADP-ribose) polymerase family member 3 9 -2.5 0.0163
Tmem252 Transmembrane protein 252  19 -2.3 0.0169
Rdh10 Retinol dehydrogenase 10  1 -1.7 0.0189
Foxl1 Forkhead box protein L1  8 -3.4 0.0189
Steap4 Metalloreductase STEAP4 5 -5.5 0.0226
Hacd4 Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase 4 4 -1.5 0.0226
Pitx2 paired-like homeodomain transcription factor 2 3 -1.7 0.0229
S1pr3 Sphingosine 1-phosphate receptor 3 13 -1.4 0.0244
Popdc2 Popeye domain-containing protein 2  16 -2.1 0.0309
Fgfr2 fibroblast growth factor receptor 2 isoform 3  7 -2.5 0.0417
Vstm4 V-set and transmembrane domain containing 4 14 -2.0 0.0417
Rem1 GTP-binding protein REM 1 2 -2.3 0.0482

DEGs: E15.5 ENCCs
Gene symbol Gene name Chr Log2FC p adj.
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 8.8 1.26E-66
Ddx3y ATP-dependent RNA helicase DDX3Y  Y 9.7 5.53E-62
Kdm5d Lysine-specific demethylase 5D Y 8.5 6.39E-45
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked  Y 9.7 8.01E-26
Xist inactive X specific transcripts X -9.3 2.16E-09
Duxbl3 double homeobox B-like 3 14 -3.5 0.0004
Tlr4 toll-like receptor 4 4 5.9 0.0899
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Table 3.4. Differentially expressed genes between male and female at E13.5 in ENCCs. 
Differentially expressed genes between sexes where adjusted at p-value <0.05. Male-biased genes 
(log2FC>0) are highlighted in blue and female-biased genes (log2FC<0) are highlighted in pink, and ranked 
according to adjusted p-value. Ubiquitously expressed genes are greyed out. Chr=chromosome number. 
p adj.= adjusted p-value. 
 

 

Table 3.5. Differentially expressed genes between male and female at E15.5 in ENCCs. 
Differentially expressed genes between sexes where adjusted at p-value <0.05. Male-biased genes 
(log2FC>0) are highlighted in blue and female-biased genes (log2FC<0) are highlighted in pink, and ranked 
according to adjusted p-value. Ubiquitously expressed genes are greyed out. Chr=chromosome number. 
p adj.= adjusted p-value. 

DEGs: E11.5 ENCCs
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y Y 8.5 1.03E-95
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 9.9 3.89E-45
Kdm5d Lysine-specific demethylase 5D Y 10.4 1.16E-19
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 11.2 4.69E-17
Xist inactive X specific transcripts X -9.2 5.41E-09
Gm20458 SYS1-DBNDD2 readthrough (NMD candidate) 2 -18.7 4.24E-07
Amy2 Pancreatic alpha-amylase 3 -17.4 0.0001
Eif2s3x Eukaryotic translation initiation factor 2 subunit 3, X-linked  X -0.7 0.0011
Ccdc88b Coiled-Coil Domain Containing 88B 19 3.3 0.0017
Snph Syntaphilin 2 1.9 0.0073
Ldlrad4 Low-density lipoprotein receptor class A domain-containing protein 4  18 2.5 0.0077
Abcc8 ATP-binding cassette, sub-family C (CFTR/MRP), member 8 7 4.0 0.0107
Sox7 SRY (sex determining region Y)-box 7 14 6.9 0.0114
Gm10584 0 7 -5.5 0.0120
Meox1 Homeobox protein MOX-1 11 5.5 0.0130
Tsix X (inactive)-specific transcript, opposite strand X -7.4 0.0130
Gm36569 predicted gene, 36569 3 6.1 0.0141
Ptprb protein tyrosine phosphatase, receptor type, B 10 6.0 0.0164
Itgb3 Integrin beta-3 11 -1.4 0.0164
Hbb-bh1 hemoglobin Z, beta-like embryonic chain 7 -5.2 0.0210
Zc2hc1c zinc finger, C2HC-type containing 1C 12 -1.5 0.0261
Sspn sarcospan 6 0.8 0.0271
Icam1 intercellular adhesion molecule 1 9 5.7 0.0293
Lrrc55 Leucine-rich repeat-containing protein 55 2 1.5 0.0296
C130060C02Rik RIKEN cDNA C130060C02 gene 19 5.6 0.0330
6430573F11Rik Probable tRNA methyltransferase 9-like protein 8 -1.1 0.0333
Sardh sarcosine dehydrogenase 2 -2.2 0.0379
Itga11 integrin subunit alpha 11 9 2.8 0.0379
Fam20a Pseudokinase FAM20A  11 5.9 0.0449
Vwce von Willebrand factor C and EGF domains 19 3.7 0.0449
E030013I19Rik RIKEN cDNA E030013I19 gene 2 -5.7 0.0449
Slc7a3 solute carrier family 7 (cationic amino acid transporter, y+ system), member 3 X 2.6 0.0478
Gpr35 G protein-coupled receptor 35 1 6.0 0.0489
Alox12 arachidonate 12-lipoxygenase 11 5.9 0.0495
Sdcbp2 Syntenin-2 2 3.6 0.0500

DEGs: E13.5 ENCCs
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y  Y 9.7 9.44E-71
Kdm5d Lysine-specific demethylase 5D Y 8.4 1.14E-65
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 10.2 1.18E-38
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 9.6 8.31E-34
Xist inactive X specific transcripts X -8.2 3.68E-07
Col8a2 Collagen alpha-2(VIII) chain 4 -3.5 3.09E-05
Amy2 Pancreatic alpha-amylase 3 17.9 4.80E-05
Ptgis prostaglandin I2 (prostacyclin) synthase 2 -1.7 0.0004
Slc34a2 solute carrier family 34 (sodium phosphate), member 2 5 17.6 0.0013
Klhl6 Kelch-like protein 6 16 -3.3 0.0016
Fbn1 Fibrillin-1 Asprosin 2 -1.1 0.0020
Hic1 HIC ZBTB transcriptional repressor 1 11 -3.2 0.0026
Col24a1 Collagen alpha-1(XXIV) chain 3 -3.7 0.0048
Hand1 Heart- and neural crest derivatives-expressed protein 1 11 -1.7 0.0068
Xlr4a X-linked lymphocyte-regulated 4A X -7.0 0.0073
Hoxa10 Homeobox protein Hox-A10 6 -2.6 0.0084
Hlx H2.0-like homeobox protein 1 -2.5 0.0109
Hoxc8 Homeobox protein Hox-C8 15 -2.1 0.0133
Parp3 poly(ADP-ribose) polymerase family member 3 9 -2.5 0.0163
Tmem252 Transmembrane protein 252  19 -2.3 0.0169
Rdh10 Retinol dehydrogenase 10  1 -1.7 0.0189
Foxl1 Forkhead box protein L1  8 -3.4 0.0189
Steap4 Metalloreductase STEAP4 5 -5.5 0.0226
Hacd4 Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase 4 4 -1.5 0.0226
Pitx2 paired-like homeodomain transcription factor 2 3 -1.7 0.0229
S1pr3 Sphingosine 1-phosphate receptor 3 13 -1.4 0.0244
Popdc2 Popeye domain-containing protein 2  16 -2.1 0.0309
Fgfr2 fibroblast growth factor receptor 2 isoform 3  7 -2.5 0.0417
Vstm4 V-set and transmembrane domain containing 4 14 -2.0 0.0417
Rem1 GTP-binding protein REM 1 2 -2.3 0.0482

DEGs: E15.5 ENCCs
Gene symbol Gene name Chr Log2FC p adj.
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 8.8 1.26E-66
Ddx3y ATP-dependent RNA helicase DDX3Y  Y 9.7 5.53E-62
Kdm5d Lysine-specific demethylase 5D Y 8.5 6.39E-45
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked  Y 9.7 8.01E-26
Xist inactive X specific transcripts X -9.3 2.16E-09
Duxbl3 double homeobox B-like 3 14 -3.5 0.0004
Tlr4 toll-like receptor 4 4 5.9 0.0899

DEGs: E11.5 ENCCs
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y Y 8.5 1.03E-95
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 9.9 3.89E-45
Kdm5d Lysine-specific demethylase 5D Y 10.4 1.16E-19
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 11.2 4.69E-17
Xist inactive X specific transcripts X -9.2 5.41E-09
Gm20458 SYS1-DBNDD2 readthrough (NMD candidate) 2 -18.7 4.24E-07
Amy2 Pancreatic alpha-amylase 3 -17.4 0.0001
Eif2s3x Eukaryotic translation initiation factor 2 subunit 3, X-linked  X -0.7 0.0011
Ccdc88b Coiled-Coil Domain Containing 88B 19 3.3 0.0017
Snph Syntaphilin 2 1.9 0.0073
Ldlrad4 Low-density lipoprotein receptor class A domain-containing protein 4  18 2.5 0.0077
Abcc8 ATP-binding cassette, sub-family C (CFTR/MRP), member 8 7 4.0 0.0107
Sox7 SRY (sex determining region Y)-box 7 14 6.9 0.0114
Gm10584 0 7 -5.5 0.0120
Meox1 Homeobox protein MOX-1 11 5.5 0.0130
Tsix X (inactive)-specific transcript, opposite strand X -7.4 0.0130
Gm36569 predicted gene, 36569 3 6.1 0.0141
Ptprb protein tyrosine phosphatase, receptor type, B 10 6.0 0.0164
Itgb3 Integrin beta-3 11 -1.4 0.0164
Hbb-bh1 hemoglobin Z, beta-like embryonic chain 7 -5.2 0.0210
Zc2hc1c zinc finger, C2HC-type containing 1C 12 -1.5 0.0261
Sspn sarcospan 6 0.8 0.0271
Icam1 intercellular adhesion molecule 1 9 5.7 0.0293
Lrrc55 Leucine-rich repeat-containing protein 55 2 1.5 0.0296
C130060C02Rik RIKEN cDNA C130060C02 gene 19 5.6 0.0330
6430573F11Rik Probable tRNA methyltransferase 9-like protein 8 -1.1 0.0333
Sardh sarcosine dehydrogenase 2 -2.2 0.0379
Itga11 integrin subunit alpha 11 9 2.8 0.0379
Fam20a Pseudokinase FAM20A  11 5.9 0.0449
Vwce von Willebrand factor C and EGF domains 19 3.7 0.0449
E030013I19Rik RIKEN cDNA E030013I19 gene 2 -5.7 0.0449
Slc7a3 solute carrier family 7 (cationic amino acid transporter, y+ system), member 3 X 2.6 0.0478
Gpr35 G protein-coupled receptor 35 1 6.0 0.0489
Alox12 arachidonate 12-lipoxygenase 11 5.9 0.0495
Sdcbp2 Syntenin-2 2 3.6 0.0500

DEGs: E13.5 ENCCs
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y  Y 9.7 9.44E-71
Kdm5d Lysine-specific demethylase 5D Y 8.4 1.14E-65
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 10.2 1.18E-38
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 9.6 8.31E-34
Xist inactive X specific transcripts X -8.2 3.68E-07
Col8a2 Collagen alpha-2(VIII) chain 4 -3.5 3.09E-05
Amy2 Pancreatic alpha-amylase 3 17.9 4.80E-05
Ptgis prostaglandin I2 (prostacyclin) synthase 2 -1.7 0.0004
Slc34a2 solute carrier family 34 (sodium phosphate), member 2 5 17.6 0.0013
Klhl6 Kelch-like protein 6 16 -3.3 0.0016
Fbn1 Fibrillin-1 Asprosin 2 -1.1 0.0020
Hic1 HIC ZBTB transcriptional repressor 1 11 -3.2 0.0026
Col24a1 Collagen alpha-1(XXIV) chain 3 -3.7 0.0048
Hand1 Heart- and neural crest derivatives-expressed protein 1 11 -1.7 0.0068
Xlr4a X-linked lymphocyte-regulated 4A X -7.0 0.0073
Hoxa10 Homeobox protein Hox-A10 6 -2.6 0.0084
Hlx H2.0-like homeobox protein 1 -2.5 0.0109
Hoxc8 Homeobox protein Hox-C8 15 -2.1 0.0133
Parp3 poly(ADP-ribose) polymerase family member 3 9 -2.5 0.0163
Tmem252 Transmembrane protein 252  19 -2.3 0.0169
Rdh10 Retinol dehydrogenase 10  1 -1.7 0.0189
Foxl1 Forkhead box protein L1  8 -3.4 0.0189
Steap4 Metalloreductase STEAP4 5 -5.5 0.0226
Hacd4 Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase 4 4 -1.5 0.0226
Pitx2 paired-like homeodomain transcription factor 2 3 -1.7 0.0229
S1pr3 Sphingosine 1-phosphate receptor 3 13 -1.4 0.0244
Popdc2 Popeye domain-containing protein 2  16 -2.1 0.0309
Fgfr2 fibroblast growth factor receptor 2 isoform 3  7 -2.5 0.0417
Vstm4 V-set and transmembrane domain containing 4 14 -2.0 0.0417
Rem1 GTP-binding protein REM 1 2 -2.3 0.0482

DEGs: E15.5 ENCCs
Gene symbol Gene name Chr Log2FC p adj.
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 8.8 1.26E-66
Ddx3y ATP-dependent RNA helicase DDX3Y  Y 9.7 5.53E-62
Kdm5d Lysine-specific demethylase 5D Y 8.5 6.39E-45
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked  Y 9.7 8.01E-26
Xist inactive X specific transcripts X -9.3 2.16E-09
Duxbl3 double homeobox B-like 3 14 -3.5 0.0004
Tlr4 toll-like receptor 4 4 5.9 0.0899
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Sexually dimorphic DEGs identified encoded proteins with a variety of different 

functions. In order to better explore the roles of these DEGs across each timepoint, genes were 

assigned a category based on their known functions reported in the literature (Table 3.6). 

Ubiquitously expressed genes were excluded. 15/30 DEGs at E11.5 had miscellaneous functions 

or were uncharacterised coding or non-coding genes, including pseudogenes with no clear or 

known roles. DEGs in functional categories were predominantly genes that were male-biased, 

with the exception of Amy2, Itgb3 and Sardh (12/15). Assembling these categories into higher 

order categories revealed that DEGs in male ENCCs are involved with the composition and 

interaction with the cellular microenvironment (cell adhesion and channel and transmembrane 

transport) as well as cell signalling (ligand-receptor interactions and signal transduction). In 

addition, Sox7 and Meox1 were transcription factors upregulated in males.  

At E13.5, a large group of DEGs, enriched in females, were involved in regulation of gene 

expression (transcription factors) including Hand1, Hoxa10, Hlx, Hoxc8, Foxl1 and Pitx2. Of 

particular interest is Hand1, a paralogue of Hand2 that is expressed in ENCCs and has 

demonstrated importance for normal ENS development through studies of Hand2-/- mice (Lo et 

al., 2007, D'Autreaux et al., 2011, Lei and Howard, 2011). HAND2 has also been implicated to 

have roles in Hirschsprung pathogenesis since Hirschsprung patients have reduced HAND2 

expression in the myenteric plexus of aganglionic gut regions (Qin et al., 2013). Tracing studies 

of Hand1-expressing cells have identified Hand1 expression in tissues including the heart and 

cranial neural crest cells as well as the epithelial lining of the small intestine and colon but not 

the ENS (Wu and Howard, 2002, Barnes et al., 2010). In addition to Hand1, Hlx is of particular 

interest since studies have demonstrated its importance in the development of the ENS in 

mouse (Bates et al., 2006). Cell signalling genes were also enriched in E13.5 female ENCCs DEGs 

including the receptor Fgfr2. It is noteworthy also that genes with roles in the extracellular 

matrix were only upregulated in female ENCC DEGs at E13.5 (Col8a2, Fbn1 and Col24a1). Several 

genes involved in metabolic pathways were also upregulated in female ENCCs, including Rdh10 

that is involved in retinoic acid synthesis.  

Genes are underlined in the table if they were also found significantly upregulated in 

E12.5 ENCCs of a Hirschsprung TashT mutant mouse model (Bergeron et al., 2015). Further 

cross-comparison with this dataset is described in section 3.2.3.4. All DEGs were also 

investigated for imprinting and thereby whether gene expression is determined based upon 

parental inheritance (Faisal et al., 2014). None were identified to be imprinted, however.  
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Table 3.6. DEGs and their functional categories across time. Blue indicates more expressed in 
males, pink indicates more expressed in females. Genes that are underlined indicate genes that were 
significantly deregulated in E12.5 TashT ENCCs (Bergeron et al., 2015). 

 

 
Embryonic stage 

 
E11.5 E13.5 E15.5 

Category Sex-biased genes (log2FC) 

Ligand-receptor Gpr35 (+6.0) S1pr3 (-1.4) 
Fgfr2 (-2.5) 

 

Signal 
transduction 

Ldlrad4 (+2.5) 
Ptprb (+6.0) 

Vstm4 (-2.0) 
Popdc2 (-2.1) 

 

Extracellular 
matrix 

 Col8a2 (-3.5) 
Fbn1 (-1.1) 

Col24a1 (-3.7) 

 

Cell adhesion Icam1 (+5.7) 
Itga11 (+2.8) 
Itgb3 (-1.4) 

  

Metabolic 
pathway 

Alox12 (+5.9 
Amy2 (-17.4) 
 Sardh (-2.2)) 

Amy2 (+17.9) 
Ptgis (-1.7) 

Rdh10 (-1.7) 
Steap4 (-5.5) 
Hacd4 (-1.5) 

 

Transcription 
factor 

Sox7 (+6.9) 
Meox1 (+5.5) 

Hand1 (-1.7) 
Hoxa10 (-2.6) 

Hlx (-2.5) 
Hoxc8 (-2.1 
 Foxl1 (-3.4) 
Pitx2 (-1.7) 

 

Channel and 
transmembrane 

transport 

Abcc8 (+4.0) 
Lrrc55 (+1.5) 
Slc7a3 (+2.6) 

Slc34a2 (+17.6)  

Immune 
pathway 

Ccdc88b (+3.3) Klhl6 (-3.3)  

Miscellaneous Snph (+1.9) 
Fam20a (+5.9) 
 Vwce (+3.7) 

 Sdcbp2 (+3.6) 
Sspn (+0.8) 

Eif2s3x (-0.7) 
Tsix (-7.4) 

Hbb-bh1 (-5.2) 
Zc2hc1c (-1.5) 

6430573F11Rik (-1.1) 

Hic1 (-3.2) 
Xlr4a (-7.0) 
Parp3 (-2.5) 

Tmem252 (-2.3) 
Rem1 (-2.3) 

Duxbl3 (-3.5) 

Uncharacterised 
(protein coding) 

Gm20458 (-18.7)   

Uncharacterised 
(ncRNA) 

Gm36569 (+6.1) 
C130060C02Rik (+5.6) 

Gm10584 (-5.5) 
E030013I19Rik (-5.7) 
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3.2.3.2 Sex-specific patterns of temporal regulation is evident in ENCCs 

A heatmap of all DEGs at each timepoint was plotted to examine sex-specific changes in 

gene expression over time (Figure 3.8). Z-score (standardised scores) represented gene 

expression and was calculated in the program R. Two distinct horizontal stripes can be seen for 

ubiquitously expressed genes including Xist and all four ubiquitously expressed Y-linked genes 

(Ddx3y, Uty, Kdm5d and Eif2s3y). Whilst Y-linked genes showed highly consistent levels of 

expression between samples, Xist was lowly expressed in one female sample (replicate 2) as 

demonstrated by the blue shading. Absence of Y-linked gene expression, however, confirms this 

sample as female.  

Most of the remainder of the heatmap can be divided into three main regions as shown 

in Figure 3.8. The first of these regions (region 1) highlights a distinct gene expression module 

at E11.5. Here, 19 of the 35 DEGs identified in ENCCs at E11.5 were found expressed in males at 

low to medium levels and highly repressed in females. These 19 genes comprised all the male-

biased genes at E11.5 minus the ubiquitous Y-linked genes. The heatmap shows that at E13.5, 

expression levels of these genes were maintained at similar levels in males and, interestingly, 

become switched-on in females to equivalent levels.  

A second group of genes (region 2) on the heatmap highlights a distinct expression 

pattern at E13.5. This group of genes contains 20 of the 24 female-biased DEGs identified at 

E13.5. These DEGs are low in males and females at E11.5, however become highly expressed in 

only females at E13.5. This expression is maintained at E15.5 in females while switching on in 

males to similar levels.  

The remainder of the DEGs at E11.5 (4 male-biased genes and 12 female-biased genes) 

and at E13.5 (6 male-biased genes and 4 female-biased genes) were interspersed in a third 

region (region 3). These genes had no clear clustering patterns and therefore had distinct 

patterns of gene expression over time. 

The two expression modules (regions 1 and 2) demonstrate an important transition 

point in female ENCCs between E11.5 and E13.5 when many genes are switched on. These 

results are consistent with the asymmetrical profile of global gene expression between males 

and females at E13.5, illustrated in the MA plot in Figure 3.7Bii.   
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Figure 3.8. Heatmap of sex-specific gene expression over time in ENCCs. A heatmap of all 60 
genes that showed differential expression between males and females in ENCCs at one or more 
timepoints. Sample replicates (columns) are organised by timepoint and grouped together by sex. Relative 
gene expression values for each gene (rows) are represented by Z-score. Identified regions 1, 2 and 3, as 
mentioned in text, are shown in solid (regions 1 and 2) and dashed (region 3) black boxes. Dotted grey 
boxes outside of these regions identify DEGs, at their respective stages, which did not show clear 
clustering patterns. X- and Y-linked gene names are shown in boxes. 
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3.2.3.3 E13.5 is a crucial timepoint marking a sex-specific shift in pathway enrichments 

Due to the relatively low number of sex-biased DEGs in ENCCs, at the three timepoints 

analysed, gene set enrichment analysis (GSEA) was performed on the all transcriptomic data for 

each timepoint. GSEA analysis combines a collection of pre-defined gene sets with ranked lists 

of gene expression to test whether genes in each set are randomly distributed or clustered 

towards a particular condition. Thereby, in this case, it is possible to explore whether particular 

gene pathways are upregulated in one sex compared to another. Here gene sets were taken 

from Reactome, Kegg and PID (Pathway Interaction Database). 25 pathways were plotted and 

chosen based upon two criteria: they were highly enriched in males or females and/or they were 

relevant pathways for ENS development and Hirschsprung disease (Figure 3.9).  

Several pathways were found consistently upregulated in either males or females across 

all timepoints. Pathways were significant when the False discovery rate (FDR) q-value was less 

than 0.25. 3/25 pathways were consistently upregulated in males, including the neuronal system 

pathway (FDR q-values = 0, 0.191, 0 for E11.5, E13.5, E15.5), membrane trafficking (FDR q-values 

= 0.123, 0.246, 0.004) and the adaptive immune pathway (FDR q-values = 0.024, 0, 0). 5/25 

pathways were upregulated in females including the Ret pathway, pathways in cancer, integrin 

pathway, hedgehog signalling and endothelin pathway. Of these, the Ret pathway (FDR q-values 

= 0.145, 0.070, 0.541), endothelin pathway (FDR q-values = 0.495, 0, 0.245) and hedgehog 

signalling pathways (FDR q-values = 0.010, 0, 0.003) were most highly significant at E13.5. For 

the endothelin pathway at E13.5, 35/62 genes within this gene set were significantly enriched 

in females. This included Edn3 that was the 3rd ranked gene in the gene set. The Edn3 receptor 

Ednrb, however, was not enriched in the female gene set at E13.5, but actually more expressed 

in males.  

The vast majority of pathways changed their enrichment between sexes at one or more 

stages. Remarkably, 15/16 of the remaining pathways analysed switched sex at E13.5. This is 

clearly apparent in the GSEA plots where E11.5 and E15.5 plots show highly similar patterns and 

normalised enrichment scores become flipped at E13.5. More general signalling pathways 

including cell cycle, transcriptional pathways, translation and apoptosis, as well as the retinoic 

acid pathway, showed a change to a male enrichment at E13.5. Conversely, pathways more 

directly relevant to Hirschsprung disease such as GPCR signalling, extracellular matrix, collagen, 

PDGF pathway and calcium signalling showed a change to a female enrichment at E13.5. The 

extracellular matrix pathway was particularly enriched in females with a normalised enrichment 
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score of -5.36 (FDR q-value=0) reflecting the large number of ECM-related female-biased DEGs 

found at E13.5. Finally, the MAPK pathway changed from a female to male enrichment at E15.5.  

It is interesting to note that at E11.5, sex differences were less marked as seen by the 

lower normalised enrichment scores for male and females. At E13.5 and E15.5, sex differences 

became greater and the GSEA plots were more spread to the edges. At E15.5, cell cycle and cell 

cycle mitotic pathways became highly enriched in females with normalised enrichment scores 

of -5.89 and -5.6 (FDR q-values=0), respectively. 

GSEA analysis of biological processes revealed male enrichment at E11.5 in processes 

including lipid and small molecule biosynthesis, vesicular processes and anion transport, while 

in females the enrichment was predominantly in ribosomal, transcriptional and translational 

processes (see Appendix). At E13.5, male cells were enriched in ribosomal, transcriptional and 

translational processes, largely similar to E11.5 female ENCCs (see Appendix). In E13.5 female 

cells, biological processes that were enriched included extracellular matrix, locomotion and 

taxis, and digestive system development (Figure 3.10). Interestingly, at all three timepoints, 

processes associated with neural crest differentiation and neural crest migration were 

upregulated in females, particularly for the former. Neural crest differentiation was most 

enriched in female cells at E13.5 (Normalised Enrichment Score, NES=-3.01, FDR q-value=0) 

compared to E11.5 (NES=-2.01, FDR q-value=0.034) and E15.5 (NES=-1.45, FDR q-value=0.196) 

(see Figure 3.11).  
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Figure 3.9. GSEA analyses of male and female ENCCs for selected gene sets. Normalised enrichment score (NES) was plotted as circles for 25 selected pathways 

from Reactome, Kegg and the PID (Pathway Interaction Database) taken from GSEA. Positive normalised enrichment scores indicated enrichment of a pathway in males 

(blue) and negative enrichment scores indicated enrichment in females (pink). More highly positive or negative scores indicated greater enrichment in males or females, 

respectively. The significance of pathway enrichment is represented by the FDR q-value and indicated by the colour of each circle. Grey circles indicate where the FDR 

q-value>0.5. The number of significantly enriched genes in each pathway is represented by the size of the circle, according to the key. The pathway cytokine-receptor 

interaction was not a detectable pathway at E15.5 and therefore is blank. 
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Figure 3.10. Biological processes enriched in female ENCCs at E13.5 included extracellular 
matrix, positive regulation of locomotion, taxis and digestive system development. Each 
vertical line on the GSEA enrichment plot represents a gene in the gene set. Genes on the left of the 
graphs are more expressed in males and those on the right are more expressed in females. NES= 
normalised enrichment score. FDR q-values are shown. 
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Figure 3.11. Neural crest differentiation and migration were enriched in female ENCCs across 
all 3 timepoints. GSEA plots for neural crest cell differentiation and neural crest cell migration at (A) 
E11.5, (B) E13.5 and (C) E15.5. Each vertical line on the GSEA enrichment plots represents a gene in the 
gene set. Genes on the left of the graphs are more expressed in males and those on the right are more 
expressed in females. NES= normalised enrichment score. FDR q-values are shown. 
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3.2.3.4 Cross-comparison of sex-biased DEGs identified to published and unpublished 
RNA-seq datasets of normal and mutant ENCCs   

 
Comparisons of RNA-seq data generated here were made to 3 RNA-seq datasets of 

ENCCs outside this study. Only commonalities found between these are described here. Firstly, 

comparison of the data obtained here to RNA-seq data generated from isolated ENCCs of the 

TashT model at E12.5 (Bergeron et al., 2015) identified an overlap of 8 DEGs, including Sox7 that 

was male-biased at E11.5 and Fgfr2, Col24a1, Rdh10, Foxl1, Hand1, Hlx, and Hoxc8 genes that 

were female-biased at E13.5. All these genes were upregulated in TashT ENCCs compared to 

wildtype controls. Overlap of these female-biased genes at E13.5 with TashT data is shown in 

Figure 3.12 – Hlx is shown outside the overlap here shown since a log2FC=2 threshold was used, 

just over that for Hlx. Sox7 is clustered in region 1 of the heatmap shown in Figure 3.8, while the 

7 overlapping female-biased genes clustered to region 2 of the heatmap since they are among 

the 20 DEGs switched-on in the female at E13.5 (Figure 3.8).  

Secondly, comparison of my RNA-seq data has also been carried out against single-cell 

RNA-seq (scRNA-seq) data of ENCCs from Wnt1-cre mice at E9.5, E12.5 and E14.5 (Jianning Liu 

and Peikai Chen from the Kathy Cheah lab at the University of Hong Kong, unpublished). In this 

scRNA-seq analysis, several populations of neurons and glia were identified on a t-distributed 

neighbour embedding (t-SNE) plot based on known transcriptional signatures. A t-SNE plot 

enables cells to be visually distinguished from each other based upon their transcriptional 

signatures and clustering patterns. One group of cells did not fall into any of these categories 

and was termed the ‘mesenchymal-like cells’ cluster. This cell population contained 158 

signature genes and was enriched in female cells (79.5%) compared to the female proportion of 

the total cell population (41.4%). A comparison of these 158 signature genes with the DEGs 

found in the experiments reported here at E11.5 and E13.5 identified 7 common genes 

exclusively at E13.5, including Fgfr2, Rdh10, Hand1, Hlx, Fbn1, Hic1 and S1pr3 (Figure 3.12). 

These three datasets overlap in three genes: Fgfr2, Rdh10 and Hand1 (Figure 3.12) which are 

transcription factors clustering in region 2 of the heatmap shown in Figure 3.8.  

A third and final comparison of my RNA-seq data was made with recently published 

scRNA-seq data of ENCCs from Wnt1-cre;R26Tomato mice at P21 (Zeisel et al., 2018). As in the 

Kathy Cheah group study, they identified a unique group of ENCCs which they termed ‘enteric 

mesothelial fibroblasts’. The 386-gene signature of these cells was incorporated into the cross-

comparison here. This cell population was enriched in female cells (85.7%) compared to the total 
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cell population (67.2%). This dataset had 7 genes in common with the female-biased DEGs at 

E13.5 including Ptgis, Steap4, Popdc2, Col8a2, Hlx, Hand1 and Hoxc8 (Figure 3.12).  

Between all four datasets, Hand1 was found in common (Figure 3.12).  

 
 
 
 

 
 
Figure 3.12. Venn diagram illustrating the overlap of female-biased DEGs in E13.5 ENCCs here 
with DEGs or transcriptional signatures of ENCCs from 3 additional RNA-seq datasets. Overlaps 
of genes were found between the 3 datasets that included scRNA-seq data of ‘mesenchymal-like cells’ 
from E9.5, E12.5 and E14.5 ENCCs (Jianning Liu, Peikai Chen and Kathy Cheah at the University of Hong 
Kong, 2018, personal communication), scRNA-seq data of ‘enteric mesothelial fibroblasts’ of P21 ENCCs 
(Zeisel et al., 2018) and TashT mutant ENCCs at E12.5 (Bergeron et al., 2015). Bioinformatic cross-
comparison of datasets was carried out by Peikai Chen. Xist and Xlr4a genes were removed from the 
female-biased ENCCs for this. A log2FC of 2 was used for additional RNA-seq datasets.  
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3.2.4 Transcriptional changes between male and female mesenchymal cells 

3.2.4.1 Differentially expressed genes at E11.5, E13.5 and E15.5  

MA plots of mesenchymal cells in Figure 3.13A, overall, show generally symmetrical 

distributions of gene expression between male and female cells at each timepoint. At E11.5, 

there were 9 DEGs of which 4 were male-biased and 5 were female-biased. At E13.5 there were 

12 DEGs, equally distributed between males and females, and at E15.5 there were 8 DEG 

including 6 that were male-biased and 2 that were female-biased (Figure 3.13B). The 

percentages of female and male DEGS are shown in Figure 3.13B and the list with full details of 

these DEGs, including the significance of their bias is shown in Table 3.7.  A Venn diagram of all 

DEGs in mesenchymal cells showed that only 5 DEGs overlapped across all timepoints (Figure 

3.13, Table 3.7), which were the ubiquitously expressed X- and Y-linked genes as in ENCCs.  
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Figure 3.13. Transcriptional changes and differentially expressed genes between male and 
female mesenchymal cells at E11.5, E13.5 and E15.5. (A) MA plots show global expression changes 
between male and female mesenchymal cells at E11.5, E13.5 and E15.5. Each dot represents a gene; grey 
dots represent non-significant genes and red dots represent differentially expressed genes (DEGs) at the 
adjusted p-value <0.05. Genes enriched in males were positively enriched (log2FC >0) and genes enriched 
in females were negatively enriched (log2FC<0). Red horizontal lines mark log2FCs of -1 and 1. Numbers 
of DEGs (p<0.05) for each embryonic stage and for males (up) and females (down) are indicated. Some 
grey dots representing transcripts with very high or low log2FCs were not significant due to variable read 
numbers. (B) Graphic view representing the percentage of male- and female-biased DEGs at each 
timepoint. (C) Venn diagram showing overlap of DEGs across the three timepoints.  



Chapter 3 – Identifying sex differences in the developing enteric nervous system 
 

 123 

 
Table 3.7. Differentially expressed genes between male and female mesenchymal cells at 
E11.5. DEGs between sexes were adjusted at p-value<0.05. Male-biased genes (log2FC>0) are highlighted 
in blue and female-biased genes (log2FC<0) are highlighted in pink, and ranked according to adjusted p-
value. Ubiquitously expressed genes are greyed out. Chr=chromosome number. p adj.= adjusted p-value. 
 
 

 
Table 3.8. Differentially expressed genes between male and female mesenchymal cells at 
E13.5. DEGs between sexes were adjusted at p-value<0.05. Male-biased genes (log2FC>0) are highlighted 
in blue and female-biased genes (log2FC<0) are highlighted in pink, and ranked according to adjusted p-
value. Ubiquitously expressed genes are greyed out. Chr=chromosome number. p adj.= adjusted p-value. 
 
 

 
Table 3.9. Differentially expressed genes between male and female mesenchymal cells at 
E15.5. DEGs between sexes were adjusted at p-value<0.05. Male-biased genes (log2FC>0) are highlighted 
in blue and female-biased genes (log2FC<0) are highlighted in pink, and ranked according to adjusted p-
value. Ubiquitously expressed genes are greyed out. Chr=chromosome number. p adj.= adjusted p-value. 
 

DEGS: E11.5 mesenchymal cells
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y Y 9.9 9.88E-56
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 8.9 1.42E-55
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 8.8 7.71E-35
Tm4sf20 Transmembrane 4 L6 family member 20 1 -30 2.65E-31
Kdm5d Lysine-specific demethylase 5D  Y 9.9 1.42E-27
Tgtp2 T-cell-specific guanine nucleotide triphosphate-binding protein 1  11 -19.4 7.25E-11
Xist inactive X specific transcripts X -9.1 5.70E-09
Eif2s3x Eukaryotic translation initiation factor 2 subunit 3, X-linked  X -0.8 0.0004
Gdf9 Growth/differentiation factor 9  11 -1.9 0.0167

DEGS: E13.5 mesenchymal cells
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y Y 9.6 3.52E-85
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 8.5 6.61E-55
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 9.6 5.42E-42
Kdm5d Lysine-specific demethylase 5D  Y 10.0 6.52E-28
Xist inactive X specific transcripts X -8.2 2.56E-07
Sox2ot SOX2 overlapping transcript (non-protein coding) 3 -2.9 8.21E-05
Dlgap2 Disks large-associated protein 2 8 -2.9 0.0009
Gm7008 0 12 2.0 0.0013
Gal Galanin peptides Galanin Galanin message-associated peptide 19 -1.8 0.0035
Fam163a Protein FAM163A 1 -1.8 0.0258
Stmn4 stathmin-like 4 14 -2.0 0.0258
Tmem62 Transmembrane protein 62 2 1.0 0.0338

DEGS: E15.5 mesenchymal cells
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y Y 10.1 1.06E-85
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 8.7 2.14E-51
Kdm5d Lysine-specific demethylase 5D Y 9.3 8.63E-39
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 10.1 1.98E-37
Xist inactive X specific transcripts X -9.4 1.44E-09
C78197 expressed sequence C78197 11 2.6 0.0010
Tsix X (inactive)-specific transcript, opposite strand X -8.1 0.0057
Slc45a1 Proton-associated sugar transporter A  4 4.3 0.0133

DEGS: E11.5 mesenchymal cells
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y Y 9.9 9.88E-56
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 8.9 1.42E-55
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 8.8 7.71E-35
Tm4sf20 Transmembrane 4 L6 family member 20 1 -30 2.65E-31
Kdm5d Lysine-specific demethylase 5D  Y 9.9 1.42E-27
Tgtp2 T-cell-specific guanine nucleotide triphosphate-binding protein 1  11 -19.4 7.25E-11
Xist inactive X specific transcripts X -9.1 5.70E-09
Eif2s3x Eukaryotic translation initiation factor 2 subunit 3, X-linked  X -0.8 0.0004
Gdf9 Growth/differentiation factor 9  11 -1.9 0.0167

DEGS: E13.5 mesenchymal cells
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y Y 9.6 3.52E-85
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 8.5 6.61E-55
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 9.6 5.42E-42
Kdm5d Lysine-specific demethylase 5D  Y 10.0 6.52E-28
Xist inactive X specific transcripts X -8.2 2.56E-07
Sox2ot SOX2 overlapping transcript (non-protein coding) 3 -2.9 8.21E-05
Dlgap2 Disks large-associated protein 2 8 -2.9 0.0009
Gm7008 0 12 2.0 0.0013
Gal Galanin peptides Galanin Galanin message-associated peptide 19 -1.8 0.0035
Fam163a Protein FAM163A 1 -1.8 0.0258
Stmn4 stathmin-like 4 14 -2.0 0.0258
Tmem62 Transmembrane protein 62 2 1.0 0.0338

DEGS: E15.5 mesenchymal cells
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y Y 10.1 1.06E-85
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 8.7 2.14E-51
Kdm5d Lysine-specific demethylase 5D Y 9.3 8.63E-39
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 10.1 1.98E-37
Xist inactive X specific transcripts X -9.4 1.44E-09
C78197 expressed sequence C78197 11 2.6 0.0010
Tsix X (inactive)-specific transcript, opposite strand X -8.1 0.0057
Slc45a1 Proton-associated sugar transporter A  4 4.3 0.0133

DEGS: E11.5 mesenchymal cells
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y Y 9.9 9.88E-56
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 8.9 1.42E-55
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 8.8 7.71E-35
Tm4sf20 Transmembrane 4 L6 family member 20 1 -30 2.65E-31
Kdm5d Lysine-specific demethylase 5D  Y 9.9 1.42E-27
Tgtp2 T-cell-specific guanine nucleotide triphosphate-binding protein 1  11 -19.4 7.25E-11
Xist inactive X specific transcripts X -9.1 5.70E-09
Eif2s3x Eukaryotic translation initiation factor 2 subunit 3, X-linked  X -0.8 0.0004
Gdf9 Growth/differentiation factor 9  11 -1.9 0.0167

DEGS: E13.5 mesenchymal cells
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y Y 9.6 3.52E-85
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 8.5 6.61E-55
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 9.6 5.42E-42
Kdm5d Lysine-specific demethylase 5D  Y 10.0 6.52E-28
Xist inactive X specific transcripts X -8.2 2.56E-07
Sox2ot SOX2 overlapping transcript (non-protein coding) 3 -2.9 8.21E-05
Dlgap2 Disks large-associated protein 2 8 -2.9 0.0009
Gm7008 0 12 2.0 0.0013
Gal Galanin peptides Galanin Galanin message-associated peptide 19 -1.8 0.0035
Fam163a Protein FAM163A 1 -1.8 0.0258
Stmn4 stathmin-like 4 14 -2.0 0.0258
Tmem62 Transmembrane protein 62 2 1.0 0.0338

DEGS: E15.5 mesenchymal cells
Gene symbol Gene name Chr Log2FC p adj.
Ddx3y ATP-dependent RNA helicase DDX3Y Y 10.1 1.06E-85
Eif2s3y Eukaryotic translation initiation factor 2 subunit 3, Y-linked Y 8.7 2.14E-51
Kdm5d Lysine-specific demethylase 5D Y 9.3 8.63E-39
Uty ubiquitously transcribed tetratricopeptide repeat gene, Y chr Y 10.1 1.98E-37
Xist inactive X specific transcripts X -9.4 1.44E-09
C78197 expressed sequence C78197 11 2.6 0.0010
Tsix X (inactive)-specific transcript, opposite strand X -8.1 0.0057
Slc45a1 Proton-associated sugar transporter A  4 4.3 0.0133
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3.2.4.2 Sex-specific patterns of temporal regulation in mesenchymal cells 

A heatmap generated with DEGs identified in mesenchymal cells over E11.5, E13.5 and 

E15.5 timepoints showed no obvious clustering (Figure 3.14), indicating the lack of shared 

patterns for these DEGs over time and between sexes. E11.5 DEGs Gdf9 and Eif2x3x were 

strongly sex biased, with a marked upregulation in females. The sex difference for Gdf9 was 

limited to the E11.5 stage, while for Eif2x3x it was maintained, although weaker, at the later 

timepoints analysed. The additional 3 DEGs at E11.5 (dotted boxes) were female-biased with 

only small, but significant, differences in expression level between males and females. At E13.5, 

DEGs were found separated across different clusters, suggesting activation of distinct expression 

patterns across time in the two sexes. However, all 7 DEGs at E13.5, and also the 2 DEGs at 

E15.5, showed very variable expression levels between replicates in both sexes. More 

specifically, at E13.5 Sox2ot, Gal, Dlgap2, Stmn4 and Fam163a genes were all switched on in 

female mesenchymal cells, and then were maintained at a lower level at E15.5, when these 

genes became also expressed in males. Tmem62 and Gm7008, however, were expressed only in 

males at E13.5 and downregulated at E15.5. The two non-ubiquitous DEGs at E15.5 (solid line 

boxes), excluding Tsix, became specifically switched on at E15.5 in males only. 

When comparing the list of DEGs in ENCCs and mesenchymal cells, the X-linked gene 

Eif2x3x was found to be the only non-ubiquitously expressed gene to be sex-biased in both cell 

populations (Table 3.7). It is interesting to note that its Y-linked paralogue, Eif2s3y, maintained 

a constant and equal expression level in male ENCCs and mesenchymal cells across all 

timepoints. Eif2x3x, in contrast, was strongly activated in female ENCCs and mesenchymal cells 

at E11.5 with low levels in males. Eif2x3x then became markedly downregulated in both female 

cell populations after E11.5, and downregulated further in male mesenchymal cells (Figure 3.8 

and Figure 3.14). 
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Figure 3.14. Heatmap of differentially expressed genes between males and females across 
E11.5, E13.5 and E15.5 timepoints in mesenchymal cells. A heatmap of all 19 genes that were 
differentially expressed between males and females at one or more timepoints in mesenchymal cells. 
Samples are organised horizontally by timepoint and grouped together by stage and sex. Z-scores for each 
gene are organised into rows. Non-ubiquitously expressed DEGs are indicated in boxes for E11.5 (dotted), 
E13.5 (dashed) and E15.5 (solid outline box). X- and Y-linked gene names are shown in boxes.  
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3.2.4.3 A male-biased shift in key pathways at E15.5 in mesenchymal cells 

GSEA analysis was carried out for mesenchymal cells, as previously described for ENCCs 

and the results are shown in Figure 3.15. Several pathways were consistently enriched in either 

male or female across all embryonic stages. In males, 11/25 pathways appeared consistently 

enriched including the Ret, PDGF and cancer related pathways, neuronal system, MAPK 

signalling, hedgehog signalling, GPCR ligand binding, GPCR downstream signalling, endothelin, 

collagen and calcium signalling pathways. These pathways maintained highly similar normalised 

enrichment scores (NES) across timepoints. In females, 3/25 pathways were consistently 

enriched including translation, metabolism of RNA and metabolism of proteins. The integrin 

pathway was not found enriched in either male or female mesenchymal cells at E11.5 but was 

enriched in males at other stages.  

For the 10 remaining pathways identified, 7/10 showed an intriguing one-directional 

switch at E15.5 from female to male enrichment, clearly evident in the GSEA plots. These 

pathways included mRNA splicing and processing, membrane trafficking, cytokine interactions, 

cell cycle and apoptosis and showed particularly high levels of enrichment with highly significant 

q-values. Retinoic acid, hedgehog signalling and extracellular matrix pathways also showed 

changes in their enrichments between sexes, however, with the opposite tendency. Overall, the 

most prominent sex differences in enriched pathways were found at E11.5 and E13.5, evidenced 

by their greater NES. 
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Figure 3.15. GSEA analysis of male and female mesenchymal cells for selected gene sets. Normalised enrichment score (NES) was plotted as circles for 25 
selected pathways from Reactome, Kegg and the PID (Pathway Interaction Database). Positive NES indicated enrichment of a pathway in males (blue) and negative 
NES indicated pathway enrichment in females (pink). More highly positive or negative scores indicated greater enrichment in that sex. The significance of pathway 
enrichment is represented by the q-value and indicated by the colour of each circle. Grey circles indicate where the FDR q-value>0.5. The number of significantly 
enriched genes in each pathway is represented by the size of the circle, according to the key. Rows corresponding pathways that were not detectable at a particular 
stage are left blank (e.g. integrin at E11.5). 
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3.2.5 Transcriptional changes of known Hirschsprung genes 

Analysis of DEGs in ENCCs and mesenchymal cells identified Hlx (H2.0 Like Homeobox) 

as the only DEG known to be associated with ENS development and/or Hirschsprung disease. 

Intriguingly, despite reports of its expression in the gut mesenchyme of mouse and roles in ENS 

development (Bates et al., 2006), within this dataset Hlx was differentially expressed in ENCCs. 

Expression of Hlx in ENCCs, however, was very low compared to the gut mesenchyme where no 

sex differences in Hlx expression were found. A heatmap of Hirschsprung-associated genes and 

genes fundamental to ENS development was plotted to identify whether differences in 

expression levels could be seen between male and female cells, albeit at a non-significant level, 

and across different timepoints (Figure 3.16). No obvious differences could be seen within each 

timepoint. However, the activity of particular genes appeared to be restricted to one or two 

timepoints. Pax3, for example, was highly active only in ENCCs at E11.5. Nrtn, similarly, was 

highly active only in E15.5 mesenchymal cells.  

 
Figure 3.16. Heatmap of known ENS development and Hirschsprung genes in ENCCs and 
mesenchymal cells at E11.5, E13.5 and E15.5 timepoints. No significant differences in expression 
of Hirschsprung genes between males and females were detected at any timepoint except for Hlx at E13.5, 
which was female-biased. The heatmap indicates most Hirschsprung genes are expressed at similar levels 
across time.  
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3.2.6 Testing Sry as a candidate for Hirschsprung disease 

Li et al. (2015) found Sry mRNA and SRY protein expression in the ganglionic regions of 

Hirschsprung patient guts, but not in control patients. Aganglionic regions lacked SRY and they 

suggest its ectopic expression in Hirschsprung disease. No Sry expression was detected in 

wildtype ENCCs or gut mesenchyme in this RNA-seq analysis in wildtypes. Sry 

immunohistochemistry was performed on gut sections from several mouse mutant models 

(Sox10
LacZ/+, Ret

51/51, Ret
S697A/S697A), however Sry expression was not found in the foregut, midgut 

or colon (Figure 3.17, data not shown).   

3.2.7 Summary of results 

Overall, the results showed sex differences in gene expression in ENCCs almost 

exclusively at E11.5 and E13.5. A striking sex-specific switch in gene expression was identified 

between E11.5 and E13.5. At E13.5, groups of gene that were specifically active in male ENCCs 

at E11.5 were switched on in females. In addition, the ENS gene Hlx and a group of genes related 

to ENS development (including Fgfr2, Hand1, Rdh10 and collagen genes) were additionally 

switched on in females at E13.5 but only at E15.5 in males. GSEA analysis also revealed a switch 

between sex in the enrichment of key pathways in ENS development at E13.5. Pathways 

including the endothelin, ECM and collagen pathways were significantly enriched in females at 

E13.5. Neural crest differentiation and migration processes were found significantly enriched in 

females across all timepoints. Cross-comparison of RNA-seq data with RNA-seq analyses from 

mutant TashT ENCCs at E12.5 and two additional scRNA-seq datasets of wildtype ENCCs suggests 

an additional non-neuronal and non-glial subpopulation of ENCCs with a ‘mesenchymal-like’ 

transcriptional signature may be enriched in females. Together, these results show an early 

onset of relevant ENS genes in females. 
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Figure 3.17. Sry immunohistochemistry in testis and mutant mouse models of Hirschsprung 
disease identifies no ectopic SRY expression in the gut. (A) Negative control was E11.5 ovary with 
Gata4 and (B) Sry positive control was wildtype E11.5 testis with Sox9. Ovaries and testes indicated in 
dashed circles. No Sry expression was found in plexi of Sox10LacZ/+ and Ret51/51distal colons and Sox10LacZ/+ 
distal midgut, only autofluorescence of gut contents.  
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3.3 RNA-seq of ENCCs and mesenchymal cells at E15.5 at Mill Hill 

3.3.1 Environmental effects on sex differences in the transcriptomes of ENCCs and 
mesenchymal cells 

Transcriptomic analyses were also carried out on E15.5 material derived, similarly, from 

Wnt1-cre;R26R-EYFP mice maintained at the Francis Crick Institute at Mill Hill site (hereafter 

“Mill Hill”). The protocols used for the preparation of these samples were slightly different: guts 

were pooled by sex according to litter rather than individually processed and a different kit was 

used for cDNA library preparation (see Materials and Methods). Additionally, cells undergoing 

apoptosis were not removed. The validation test of the RNA-seq results of the Mill-Hill set was 

done by qPCR on E15.5 embryos derived from Crick mice and showed no correspondence (data 

not shown). Moreover, cross-comparison of Mill Hill and Crick RNA-seq data at E15.5 found no 

overlap in the list of DEGs between both datasets, excluding the ubiquitously expressed sex-

linked genes.  

3.3.1.1 Differentially expressed genes at E15.5 at Mill Hill 

Far more genes were identified as DEGs in Mill Hill data compared to the Crick. 88 DEGs 

were found in ENCCs and 37 genes in mesenchymal cells (Table 3.10, Table 3.11). In contrast to 

the Crick data, there was a strong overlap between these DEGs from the 2 cell populations and 

22 genes were found commonly differentially expressed between male and female. No 

Hirschsprung genes nor any that were related to Hirschsprung disease were identified. The 88 

DEGs identified in ENCCs at Mill Hill also did not fall into clear functional groups (Table 3.10), 

and consisted largely of histone proteins and uncharacterised genes. DEGs identified in 

mesenchymal cells (Table 3.11), consisted of further histone proteins.  
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Table 3.10. Differentially expressed genes between male and female E15.5 ENCCs at Mill Hill. 
Differentially expressed genes between sexes where adjusted p-value <0.05. Male-biased genes 
(log2FC>0) are highlighted in blue and female-biased genes (log2FC<0) are highlighted in pink, and ranked 
according to adjusted p-value. Ubiquitously expressed genes are greyed out. Chr=chromosome number. 
p adj.= adjusted p-value. 
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Table 3.10 continued. 
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Table 3.11. Differentially expressed genes between male and female E15.5 mesenchymal cells 
at Mill Hill and the Crick. Differentially expressed genes between sexes where adjusted p-value <0.05. 
Male-biased genes (log2FC>0) are highlighted in blue and female-biased genes (log2FC<0) are highlighted 
in pink, and ranked according to adjusted p-value. Ubiquitously expressed genes are greyed out. 
Chr=chromosome number. p adj.= adjusted p-value. 
 
 

3.3.1.2 Pathway enrichment comparison between Mill Hill and Crick ENCCs at E15.5 

GSEA analyses of the same 25 selected pathways across Mill Hill and Crick show almost 

no commonalities in sex-specific pathway enrichment between the two locations (Figure 3.18). 

Indeed, at Mill Hill there were only 3/25 pathways that were significantly enriched (q-

value<0.25) in one sex compared to the other. These included cell cycle (q-value=0.006), cell 

cycle mitotic (q-value=0.134) and apoptosis pathways (q-value=0.108), all enriched in females. 
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Remaining pathways all showed both low NES scores and were not significantly enriched in one 

sex compared to another. These GSEA pathway analyses further underscored the differences 

between Mill Hill and Crick transcriptomes of ENCCs at E15.5.  
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Figure 3.18. GSEA analysis of male and female ENCCs at E15.5 at Mill Hill and the Crick, for 25 selected gene sets. Normalised enrichment score (NES) was 
plotted as circles for 25 selected pathways from Reactome, Kegg and the PID (Pathway Interaction Database). Positive NES indicated enrichment of a pathway in males 
(blue) and negative NES indicated pathway enrichment in females (pink). More highly positive or negative scores indicated greater enrichment in that sex. The 
significance of pathway enrichment is represented by the q-value and indicated by the colour of each circle. The number of significantly enriched genes in each pathway 
is represented by the size of the circle, according to the key (note this is different for each graph). The cytokine-receptor pathway at the Crick was not detected and 
therefore blank. 
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3.3.1.3 Differences in environment and mice husbandry at Mill Hill and at the Crick  

 

 
 

Table 3.12. Table summarising differences in housing, diet, microbiota, water, location and 
sound at Mill Hill and the Crick. Data collected by Christophe Galichet, Robin Lovell-Badge lab at the 
Francis Crick Institute. 
 

Comparison of environmental differences in Mill Hill and Crick are shown in Table 3.12, 

that may contribute to transcriptomic differences seen between these mice. Of particular note 

is the difference in microbiota, both in terms of the number of species of microbiota and the 

percentage of Bacteroidetes.  

 

3.4 Discussion 

This is the first study that has examined sex-specific differences in gene expression in both 

the developing ENS and gut mesenchyme. Many studies have examined sex differences in gene 

expression on a transcriptional level predominantly on regions of the brain including 

hippocampus and hypothalamus as well as other tissues such as the heart. These studies have 

shown that the number of sex-biased genes is largely dependent on cell or tissue type as well as 

genetic background in the mouse (Mozhui et al., 2012, Vied et al., 2016, Gershoni and 

Pietrokovski, 2017, Skelly et al., 2018). 

The RNA-seq results here identified 35 DEGs between males and females at E11.5, 30 

DEGs at E13.5 and 6 DEGs at E15.5 in ENCCs. In mesenchymal cells, 9 DEGs were sexually 

dimorphic at E11.5, 12 DEGs at E13.5 and 8 DEGs at E15.5. The identification of non-overlapping 

differentially expressed genes (DEGs) in ENCCs and mesenchymal cells signifies their specificity 

to each cell type. The lack of overlapping DEGs over time demonstrates the dynamic sex-biased 

  Mill Hill Crick 
Housing Open top cages IVC cages 

Diet Diet 5021 from LabDiet 
9% fat 
21.5% protein (fish essentially) 
50.4% carbohydrate 
More minerals 

Diet 2018S from Envigo 
6.2% fat 
18.6% protein (no animal or fish) 
44.2% carbohydrate 
  

Microbiota 68% Bacteroidetes  
>1000 different species  

1% Bacteroidetes 
~250 species 

Water Filtered tap water Reverse osmosis chlorinated water 
Location Above ground Below ground 

Sound Ventilated room Hoods used for handling mice 
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development of the ENS. Fewer DEGs were identified in mesenchymal cells, which would be 

expected given the heterogeneous cell types in this population including endothelial cells, 

smooth muscle, serosa, enterochromaffin cells and connective tissue (Rao and Gershon, 2018). 

This discussion mainly focuses on the role of ENCCs in the gut.   

3.4.1 Both ubiquitous and non-ubiquitously expressed sex-linked genes were 
differentially expressed between males and females 

Five ubiquitous DEGs were found in common to both ENCCs and mesenchymal cells at 

all stages. These included the X-linked gene Xist in females and Y-linked genes Ddx3y, Uty, 

Kdm5d and Eif2s3y. Intriguingly, X-linked paralogues Ddx3x, Kdm6a (of Uty), Kdm5c were not 

identified as DEGs at any stage, although they are all known to escape X-inactivation (Xu et al., 

2006, Yang et al., 2010, Lopes et al., 2011). Only Eif2s3x was differentially expressed in both 

E11.5 ENCCs and mesenchymal cells. Identification of both Eif2s3y and Eif2s3x at E11.5 suggests 

equal dose of these functionally interchangeable gene products in male and female. The 

subsequent loss of significant expression differences for Eif2s3x and the complete absence of 

DEGs for the other X-linked paralogues at any stage suggest unbalanced expression of X- and Y-

linked paralogues in these cell populations over time. This may be particularly relevant for 

Eif2s3x due to its roles in protein translation (Xu et al., 2006). It is possible that other X-linked 

escapees of XCI do so in a tissue-specific manner and not within ENCCs or mesenchymal cells of 

the gut. The general absence of their X-linked paralogues, however, is curious given the wide 

regulatory functions performed by these X-Y pair genes (Bellott et al., 2014). Since Ddx3y, Uty, 

Kdm5d and Eif2s3y showed identical expression levels across time it seems unlikely that these 

genes play a role in the sex bias of Hirschsprung disease. Bergeron et al., 2015, however, 

identified Ddx3y as having a 1.5-fold increase in expression in the Hirschsprung mutant mouse 

model TashT (Bergeron et al., 2015).  

It was also noteworthy that Xist showed a lack of expression in female replicate 2 for 

ENCCs at E13.5. The non-coding RNA and X-linked gene Tsix was also differentially expressed in 

ENCCs at E11.5 and in mesenchymal cells at E15.5. This may suggest lower levels of X-

chromosome inactivation here given its role in blocking XCI as the non-coding antisense of Xist 

(Lee et al., 1999). As heterochromatizing factors are recruited to further inactivate the X-

chromosome in E13.5 females, this may allow upregulation of gene expression elsewhere 

(Silkaitis and Lemos, 2014).  

Other X-linked DEGs identified including Slc7a3 and Xlr4a have no clear functional roles 

or relevance to Hirschsprung disease. Their female-biased expression, however, may suggest 
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that these genes are escaping X-inactivation as gene dosage between males and females is not 

balanced. The Y-linked gene Sry has previously shown ectopic expression in the colons of 

Hirschsprung patients. In vitro studies showed that SRY has potential to compete with Sox10, 

which regulates expression of Ret (Li et al., 2015). This was tested in the mouse in several mutant 

lines, however, no SRY expression was found. It is possible that SRY could be expressed in human 

Hirschsprung guts only or these studies were inaccurate. 

Overall, it is unclear what roles these ubiquitously and non-ubiquitously expressed sex-

linked genes may have on ENS development. These genes warrant further investigation and may 

require a mutational background to identify any general or sex-specific roles in Hirschsprung 

disease. 

3.4.2 Most sex-biased genes identified were autosomal with no known roles in the 
developing ENS 

Overall the RNA-seq results show that sex-biased genes in ENCCs were predominantly 

found at E11.5 and E13.5 during the dynamic migration of ENCCs, but not at E15.5 once 

colonisation of the gut is complete. Only one non-ubiquitously expressed DEG was identified at 

E15.5. Given the timepoints of these sex differences, these are likely to influence processes such 

as proliferation and migration of ENCCs and their differentiation into particular neuronal 

subtypes. These results also indicate that the period of time in which ENCC colonisation of the 

gut occurs may be important in influencing the sex bias of Hirschsprung disease. These sex 

differences must be present in particular neural or glial precursors or neuronal subtypes 

generated early in ENS development. It is possible that, as further neuronal subtypes emerge 

between E13.5 and E15.5, this sex-biased expression is diluted as non-significant or masked in 

E15.5 bulk sample preparations.  

Analysis of all DEGs across time identified sex-specific temporal regulation of a group of 

genes at E11.5 and E13.5. At E11.5 there is an overall male bias in gene expression with particular 

subsets of genes significantly upregulated in male compared to female ENCCs. Although most 

of them turned out to be uncharacterised or pseudogenes, two encode transcription factors: 

Sox7 and Meox1. SOX7 is known to activate several genes including Meox1 and Pax3. Pax3 is a 

key Hirschsprung gene, found exclusively expressed at E11.5 here, and it is known to interact 

with SOX10 for the upregulation of Ret (Pingault et al., 1998, Lang et al., 2000, Savage et al., 

2009, Rajgara et al., 2017). Together these data could suggest that male ENCCs at E11.5 are 

more advanced if the Ret pathway is upregulated in males, however GSEA found this is not the 

case (see 3.4.3). This data, however, does suggest that differential genes and downstream 
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pathways may be activated or upregulated in males by the Sox7 and Meox1 transcription 

factors. 

At E13.5, in contrast, these DEGs that were previously expressed only in male cells 

became switched on in females. This coincided with the switch-on of additional groups of genes 

in female cells at E13.5, which are turned on also in male later at E15.5. These events are very 

apparent in the heatmap analysis of all DEGs identified in the ENCC population (Figure 3.8). The 

highly asymmetrical MA plot at E13.5 (Figure 3.7Aii) also shows that a huge number of genes 

are being upregulated in female ENCCs at this stage, even if their female-biased expression was 

not significant. Therefore, the time between E11.5 and E13.5 marks a crucial time window 

whereby important sexually dimorphic transcriptional transitions occur.  

Many of the 20 female-biased DEGs clustering together in region 2 on the heatmap 

(Figure 3.8) are functionally important and highly relevant to ENS development and 

Hirschsprung disease. The presence of 6 transcription factors in this group demonstrates 

important roles of gene regulation that may be important for the differentiation and 

neurogenesis of ENCCs. One of the transcription factors identified was Hlx, and was the only ENS 

development and/or Hirschsprung gene found to be female-biased in several different datasets. 

Hlx-/- mice have altered neuronal migration and hypoganglionosis of the colon, and this has 

previously been thought to be due to its role in the gut mesenchyme (Bates et al., 2006). Hlx has 

previously been reported with no expression in the ENCCs, in contradiction to several datasets 

described here. In Bates et al. (2006), they were unable to identify changes in expression of key 

genes in ENS development in Hlx-/- mice and its mechanism of action is still unknown. If the bias 

is relevant, it would suggest that male ENCCs may have a reduced migratory potential compared 

to females and therefore be more sensitive to impairing conditions, although it is not possible 

to exclude that other compensatory mechanisms are at work.  

Another potential important player involved in female sex bias is FGF signalling. The 

upregulation of Fgfr2 in females here is intriguing given that Fgf2-/- mice have hyperplastic 

enteric ganglia (Hagl et al., 2008, Hagl et al., 2013) and Fgf2 has also shown to enhance 

proliferation in vitro of NCSCs isolated from neural tube (Fuchs et al., 2009). Moreover, other 

genes related to FGF signalling pathways have been identified as female-biased in my dataset. 

These include Itgb3, found upregulated in female ENCCs at E11.5. Itgb3 has been shown to be 

upregulated upon FGF2 treatment of human dermal fibroblasts (Kashpur et al., 2013) and can 

work as a receptor for fibrillin-1 encoded by Fbn1 (Bax et al., 2003), which was also found to be 

female-biased at E13.5 here. ITGB3 also acts as a receptor for the product of the Hirschsprung 
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gene Nrg1 and is essential for NRG1-ERBB signalling (Ieguchi et al., 2010). Therefore, the 

upregulation of Fgfr2 at E13.5 may cause a general increase in Fgf2 signalling. This could 

upregulate Itgb3, which in turn could upregulate Nrg1 and promote NRG1-ERBB signalling that 

is necessary for normal ENS development. This could contribute to an acceleration of 

colonisation in the female gut at this time.  

Hand1, a paralogue of the ENS development and Hirschsprung-associated gene Hand2 

(D'Autreaux et al., 2011, Lei and Howard, 2011, Lake and Heuckeroth, 2013, Qin et al., 2013) 

was also upregulated in female cells at E13.5, however its function in the ENS is unknown. Foxl1, 

intriguingly, is a target gene of the hedgehog signalling pathway via the transcription factors 

GLI2 and GLI3, both encoded by genes implicated in Hirschsprung disease (Madison et al., 2009, 

Liu et al., 2015). FOXL1 has also previously been shown to be a critical intestinal stem cell niche 

factor (Aoki et al., 2016). HOXC8 and PITX2 transcription factors were also female-biased. PITX2 

is known to have roles in body left-right asymmetry including gut looping (Ryan et al., 1998, 

Campione et al., 1999, Kurpios et al., 2008). If gut looping mechanisms are significantly different 

between males and females, it is possible that the routes of ENCC migration may differ between 

sexes, as well as the extracellular cues that ENCCs receive due to their different positioning.  

The abundant upregulation of ECM and collagen pathway genes in females may also 

have functional implications for ENCC migration. Collagen genes Col8a2 and Col24a1 were 

upregulated in female ENCCs at E13.5. Although Col8 and Col24 genes have no known roles in 

ENS development, other members of the collagen family have shown central roles for ENCC 

migration and normal ENS development (Nagy et al., 2018, Nishida et al., 2018). The role of the 

collagen pathway has also recently become an area of focus in the Hirschsprung field, which has 

led to the development of mouse models of collagen gene mutations. In the Holstein line, the 

collagen-6a4 (Col6a4) gene is upregulated and the gut exhibits delayed migration of ENCCs and 

aganglionosis of the distal colon (Soret et al., 2015). In vitro studies of ENCCs and neurospheres 

have also found that collagen 6 has an inhibitory effect on ENCC migration (Nishida et al., 2018). 

Also, collagen 4 and 18 have been implicated in Hirschsprung disease (Parikh et al., 1992, Nagy 

et al., 2018). These collagens do fall under different subfamilies, however, and are known to 

form different supramolecular assemblies. COL6 forms what are known as beaded filaments, 

while COL4 forms networks in basement membranes and COL18 is a cell membrane associated 

collagen with interrupted triple helices. COL8, however, forms hexagonal networks while COL24 

is fibrillar (Heino, 2007, Shoulders and Raines, 2009, Ricard-Blum, 2011). Therefore, it is unclear 

whether upregulation of Col8a2 and Col24a1 genes may inhibit or promote migration of ENCCs.  
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Rdh10 encodes a retinol dehydrogenase, which converts trans-retinol into trans-retinal 

as part of the retinoic acid pathway, and catalyses the first oxidative step in the metabolism of 

vitamin A to its active metabolite retinoic acid (RA) (Sandell et al., 2007, Sandell et al., 2012). 

Previous studies have shown that retinoic acid is required for normal ENS development as 

Raldh2-deficient mice exhibit agenesis of enteric ganglia (Niederreither et al., 2003). Other 

studies have also shown that RA upregulates expression of Ret (Simkin et al., 2013). Thereby 

upregulation of Rdh10 in female ENCCs may promote their migration. Finally, I examined 

whether the DEGs identified here were imprinted because several imprinted genes are 

expressed at different levels between sexes (Faisal et al., 2014). None of them are known to be 

imprinted, however. 

Overall, these autosomal sex-biased genes are candidates for the sex bias of 

Hirschsprung disease and are likely to function in and interact with pathways that are already 

known to be important for Hirschsprung. It is possible that previous studies have not identified 

these genes since sex was overlooked.  

3.4.3 Pathway and biological processes analyses suggest that female ENCCs are more 
developmentally advanced 

GSEA analysis was carried out to identify pathways and biological processes upregulated 

in one sex compared to the other. What was particularly interesting was the similarity of GSEA 

plots at E11.5 and E15.5, but a distinct reversal from male-to-female enriched pathways at 

E13.5. This again points to E13.5 being an important transitional stage between male and female 

ENCCs. At E13.5 females became enriched in pathways highly relevant to Hirschsprung disease, 

including endothelin, integrin, extracellular matrix and collagen pathways (Amiel et al., 1996, 

Chakravarti, 1996, Breau et al., 2006, Soret et al., 2015, Gazquez et al., 2016). The PDGF pathway 

also became enriched, which has shown evidence of decreased expression in aganglionic 

portions of human guts (O'Donnell et al., 2016).  

The enrichment of the endothelin pathway here is supported by a previous study that 

identified upregulation of genes in the pathway including Ece1 and Edn3 (Vohra et al., 2007). 

Ece1 encodes for endothelin-converting enzyme and is responsible for processing endothelins 

(including Edn3) into biologically active peptides (Hofstra et al., 1999). Edn3 is the ligand for the 

receptor Ednrb that is needed for ENCC proliferation and maintenance (Baynash et al., 1994, 

Nagy and Goldstein, 2006)(see Introduction subsection 1.4.2). Ece1 and Edn3 mRNA had 2.1 and 

1.9-fold higher levels in females compared to males in E12.5 guts. At E14.5, further discrepancies 

were apparent with 7-fold and 3.2-fold higher levels of Ece1 and Edn3 in female guts (Vohra et 
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al., 2007). Greater enrichment of the endothelin pathway in females would suggest that female 

ENCCs have migrated further into the colon at E13.5 enabling upregulation of the pathway in 

response to ligands expressed in the gut mesenchyme within the colon. The upregulation of 

collagens in the GSEA analysis and also integrin pathways support this. Previous studies have 

shown that genes in the endothelin pathway, such as Edn3, increase adhesion of ENCCs 

(Gazquez et al., 2016).  

Analysis of biological processes also found neural crest differentiation and migration 

were enriched in females at all three timepoints but particularly at E13.5. Together, it is possible 

that female ENCCs are able to govern an enhanced migration capacity by actively remodelling 

their microenvironment through the secretion of ECM and collagen proteins. This in turn would 

increase their exposure to endothelins in the colon, promoting proliferation and migration and 

subsequently ENCC differentiation. This provides a possible explanation for how female ENCCs 

are more developmentally advanced than their male counterparts.  

3.4.4 Comparison to published and unpublished datasets suggests that female 
ENCCs are enriched in a novel subpopulation of ENCCs 

Cross-comparison of this data to RNA-seq data generated from isolated mixed-sex 

ENCCs of the TashT Hirschsprung mouse model at E12.5 (Bergeron et al., 2015) identified an 

overlap of 8 DEGs, including Sox7 that was male-biased at E11.5 and Fgfr2, Col24α1, Rdh10, 

Foxl1, Hand1, Hlx and Hoxc8, that were female-biased at E13.5. All of these genes were 

upregulated in TashT ENCCs compared to wildtype controls, suggesting that the female bias in 

ENCCs for these genes may confer reduced migratory potential compared to male ENCCs. 

However, it is important to note that the data generated from TashT mutant contained both 

male and female gut samples. If more female guts were used, this would naturally increase the 

expression levels of these genes in the TashT mutant ENCCs. In addition to this, cells were 

omitted from the colon for TashT analyses despite being a functionally important region for ENS 

development and Hirschsprung disease. The deregulation of these genes in TashT mutants 

nevertheless demonstrates their importance at least in ENS development and possibly in 

Hirschsprung disease.  

Cross-comparison of this data to scRNA-seq data generated from single ENCCs of Wnt1-

cre mice at E9.5, E12.5 and E14.5 identified an overlap of 7 genes between a transcriptional 

signature of ‘mesenchymal-like’ ENCCs containing 158 genes and datasets here. All 7 genes were 

female-biased at E13.5 including Fgfr2, Rdh10, Hand1, Hlx, Fbn1, Hic1 and S1pr3.  
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Altogether, these three datasets overlap in 4 genes: Fgfr2, Rdh10, Hand1 and Hlx, 

including two that encode transcription factors that are specifically turned on by or at E13.5, 

earlier in female than in male cells. Similarly, an overlap of several female-biased genes at E13.5 

was identified with the transcriptional signature of ‘enteric mesothelial fibroblasts’ in a third 

RNA-seq dataset (Zeisel et al., 2018). Both subpopulations of ‘mesenchymal-like’ cells and 

‘enteric mesothelial fibroblasts’ are thought to be largely equivalent and both subpopulations 

were enriched in female cells compared to the total population. The absence of further 

‘mesenchymal-like’ cell markers here may be due to the nature of the bulk RNA-seq containing 

many different populations of cells, thereby diluting the significance of these genes. For 

example, the ‘mesenchymal-like’ cell marker Nkx2-3 had a log2FC of -2.5, however was not 

significant (data not shown). It is possible that an increased presence of ‘mesenchymal-like’ cells 

exist in the ENS of females, enabling enhanced neural crest migration and accelerated 

progression of neural crest differentiation compared to males from E13.5. In the event of a 

Hirschsprung gene mutation, this would result in male ENCCs being further defective compared 

to females and may prevent them from reaching the distal colon. As a result, this would cause 

Hirschsprung disease phenotypes to arise more frequently in males than females leading to a 

male sex bias in the disease.  

Considering the female-biased genes identified in my E13.5 RNA-seq data and the gene 

signature of the ENCC subpopulation of ‘mesenchymal-like’ cells, it is possible to speculate the 

roles and contribution of these cells to ENS development. Rdh10 in the ‘mesenchymal-like’ cells 

may increase retinoic acid production and availability to surrounding ENCCs and ENCC subtypes, 

promoting their differentiation and development. In addition, upregulation of Hand1, Hlx, Fgfr2 

and other genes in these cells could induce downstream signalling pathways that direct ENS 

development through previously unrecognised signalling mechanisms. The enrichment of 

‘mesenchymal-like’ cells in females would therefore enable female ENCCs to have an 

accelerated path of ENS development.  

3.4.5 The presence of marked sex differences in the transcriptome of ENCCs at E13.5 
may be due to the presence of particular cell types at this stage 

It is also possible to consider that males and females may have different contributions 

of different neuronal subtypes that may influence male susceptibility to Hirschsprung disease. 

While cross-comparison of scRNA-seq data suggests this may be due to enrichment of 

‘mesenchymal-like cells’ in females, other cell types can be considered. Given the striking 

changes at E13.5, it is possible to consider the neuronal subtypes that are present at this stage. 
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VIP and NPY neurons both are born from E10 with their peaks of birth at E15 (Pham et al., 1991, 

Hao and Young, 2009). Cholinergic neurons are born from E8 and peak at E12, enkephalin 

neurons are born from E10 and peak at E14 while GABA and NOS neurons are born from E12.5 

and peak at E14.5 (Pham et al., 1991, Hao and Young, 2009). Therefore, all of the 

aforementioned neuronal subtypes are likely to be present in high numbers at E13.5. 5-HT 

neurons, however, are born at E8 and peak as early as E10 while CGRP neurons are born at E10 

and peak much later at E17 (Pham et al., 1991, Hao and Young, 2009). The birthdates and peaks 

of other neuronal subtypes are less well known (Hao and Young, 2009). It is possible that the 

differential makeups of neuronal subtypes are contributing to the differential transcriptional 

profiles at E13.5 or there is different timing of their birth in males and females. It is also possible 

that differential makeups of glial subtypes could, similarly, do so. It is also important to note 

that the sacral neural crest cells begin to enter the hindgut at E13.5 and therefore the sexual 

dimorphisms in gene expression observed at this stage may be contributed by this population 

of ENCCs.  

3.4.6 The roles of sex chromosomes and sex hormones may be considered 

The sex differences in gene expression observed at E11.5 and E13.5, as well as pathway 

differences across all stages, must be due to either differential regulation by X- or Y-linked genes 

or sex hormones. Male sex hormones including AMH (or MIS), testosterone and insulin-like 

factor 3 are not generally produced until E12.5 (Munsterberg and Lovell-Badge, 1991, Shen et 

al., 1994, O'Shaughnessy et al., 2006, Griswold and Behringer, 2009, O'Shaughnessy and Fowler, 

2011). Some AMH ligand, however, can be detected from E11.5 probably in pre-Sertoli cells 

(Munsterberg and Lovell-Badge, 1991, Shen et al., 1994). In female mice, oestrogens are only 

produced in early postnatal life and therefore have no role at these early stages (Drummond, 

2006, Francois et al., 2017). Therefore, at E11.5 it is possible to conclude that sexually dimorphic 

gene expression is driven by direct effects of X- and Y-chromosome genes. At E13.5, sex 

differences observed may instead be attributed to either X- or Y-linked genes or to male sex 

hormones. The potential role of X-linked genes has already been alluded to in this discussion. 

Genes on the Y-chromosome may have negative effects on ENS development and several studies 

have shown Y-linked gene involvement in increased risk to hypertension and coronary heart 

disease with Uty being a potential gene candidate for this (Maan et al., 2017). On the other 

hand, male sex hormones may have a deleterious effect on ENCCs after their production from 

E12.5.  



Chapter 3 – Identifying sex differences in the developing enteric nervous system 
 

 146 

Vohra et al. (2007) have previously investigated the role of male sex hormones in ENS 

development. ENCCs isolated from E12.5 mouse guts were evaluated for their levels of ENCC 

proliferation and differentiation in vitro, in the presence and absence of AMH (MIS) and 

testosterone. AMH had no effect on the proliferation of ENCCs while testosterone increased 

their proliferation, at equivalent levels with and without the addition of GDNF. No differences 

were found in differentiation with the addition of these male hormones (Vohra et al., 2007). The 

addition of testosterone and AMH to E11.5 mouse gut explants also demonstrated no effect of 

these hormones in the migration of ENCCs. Addition of EDN3 peptides to Ret mutant guts in 

vitro, however, were able to partially rescue an aganglionic colonic phenotype although their 

studies concluded that neither Edn3 or Ece1 are regulated by AMH or testosterone (Vohra et al., 

2007).  

3.4.7 Environmental changes cause striking changes to the transcriptome of the ENS  

Whether or not the environment has a role in influencing sex-biased gene expression 

was unclear here. Comparison of Mill Hill and Crick RNA-seq data, however, made it clearly 

evident that the environment has a powerful effect on the transcriptome of the ENS. Although 

there were differences in the experimental procedure and cDNA library production carried out 

at Mill Hill and the Crick, it is unlikely these changes were the main cause of the disparity in the 

results.  

When examining the environmental differences between Mill Hill and the Crick, 

differences between the microbiota composition of mice in the two locations were most 

striking. At Mill Hill, more than 1,000 different species of microbiota were present in contrast to 

250 species at the Crick. Previous studies have demonstrated the importance of microbiota for 

normal development and organisation of the ENS, highlighted by reduced neuron numbers and 

impaired gut motility found in the ENS of germ-free mice (Abrams and Bishop, 1967, Anitha et 

al., 2012, Collins et al., 2014, Obata and Pachnis, 2016). Microbiota are able to regulate the 

regulation activity of the ENS through various mechanisms. These include the direct influence 

of microbiota on Toll-like receptors that sense microbial structures (Brun et al., 2013), by 

inducing the secretion of BMP2 by macrophages (Muller et al., 2014) and also by microbiota 

promoting serotonin production from various cells in the gut (including enterochromaffin cells) 

that induces maturation of the ENS (Reigstad et al., 2015, Yano et al., 2015, Yoo and Mazmanian, 

2017, De Vadder et al., 2018). It is possible that a reduced microbiota in the Crick mice could 

reduce the activity of particular downstream signalling pathways. This may cause biological 
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processes, explored in the GSEA, in E15.5 ENCCs at the Crick to be more disparate between 

males and females than at Mill Hill as any sex-linked or hormonal effects are amplified. Many 

more genes were found to be sexually dimorphic at Mill Hill, however, at 88 compared to only 

6 at the Crick. This may be a result of the larger quantities of RNA used for DNA production and 

sequencing at Mill Hill, however, this can only be speculated. Interestingly, many male-biased 

genes at Mill Hill were involved in immune processes including Cd74, H2-Aa, Cd79a, Cd72, Cd52, 

Cd22, Gzma and Nkg7. Further to this, the biological process ‘adaptive immune system’ was 

enriched in males in E15.5 ENCCs at both locations suggesting a potentially more prominent role 

of immune pathways in males. This underlines the importance of the environment in 

manifesting differences in the transcriptomes of male and female ENCCs.   

Further to the number of microbiota species present, at Mill Hill 68% of microbiota were 

of the bacterial phylum Bacteroidetes in contrast to only 1% at the Crick. Microbiota in the gut 

are dominated by bacteria in the phyla of Bacteroidetes, Firmicutes, and Actinobacteria (Ge et 

al., 2017, Wexler and Goodman, 2017).  Although much of ENS development occurs before birth 

in utero, ENS development and maturation continues into early postnatal life (Sasselli et al., 

2012, Rao and Gershon, 2018). The differential microbiota compositions in Mill Hill and the Crick 

could therefore affect postnatal ENS development. Different bacterial phyla are also known to 

produce or release different neurotransmitters (Clarke et al., 2014), which makes this 

postulation more plausible.  

It is possible that the changes in diet from a higher fat and more varied diet to a more 

restricted no meat diet at the Crick caused effects on the development of the ENS and the 

transcriptome of ENCCs. Previous studies have also shown that high-fat diets can change 

microbiota physiology in mice including the balance of different families of bacteria (Daniel et 

al., 2014). The Crick diet also contains phytoestrogens, naturally occurring oestrogens derived 

from plants (Cassidy, 2003, Rietjens et al., 2017). In mice, the oestrogen receptors ERα and ERβ 

are expressed in enteric neurons as well as the G-protein coupled receptor GPR30 (Million and 

Larauche, 2016, Liu et al., 2019) while ERβ is expressed in human enteric neurons (Million and 

Larauche, 2016, D'Errico et al., 2018). Studies examining oestrogen receptor localisation in 

mouse found that males and females have differential distributions and concentrations of 

oestrogen receptors (Liu et al., 2019). It is unclear how these contribute to ENS development, 

but the presence of phytoestrogens in the diet could therefore have sexually dimorphic effects.   
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3.4.8 Overall conclusions and future work 

Transcriptomic profiling identified differences in gene expression in male and female 

ENCCs in the developing mouse ENS at E11.5, E13.5 and E15.5. Almost all differences were found 

at E11.5 and E13.5 during dynamic migration of ENCCs and ENS development. Several sex-linked 

genes were differentially expressed, including 4 ubiquitously Y-linked genes as expected. The X-

linked gene Xist was also differentially expressed as expected, and some additional X-linked 

genes that were specific to individual developmental stages. Autosomal genes comprised the 

majority of DEGs identified and exploration of the literature has identified potential interactions 

of these genes with known pathways of ENS development and/or Hirschsprung disease. GSEA 

biological processes and pathway analyses found that female ENCCs are more advanced in their 

development, particularly at E13.5. Cross comparison with additional RNA-seq datasets 

discovered this may be due to the enrichment of a novel subpopulation of ENCCs in females 

known as ‘mesenchymal-like’ cells. In addition, cross comparison of this data with a RNA-seq 

data from a TashT Hirschsprung mouse model found many DEGs in common and further alludes 

to the relevance of these female-biased genes in ENS development and Hirschsprung disease. 

The environment was also shown to have a strong effect on the transcriptome of the ENS at 

E15.5 and potential sex differences in gene expression and enrichment of particular biological 

processes and pathways.   

Numerous questions arise including why this transitional phase occurs at E13.5, how 

and whether this possible increased potential of female ENCCs around E13.5 might be 

responsible for causing the sex bias of Hirschsprung disease. Overall, these studies propose a 

‘female protective model’ whereby female ENCCs are more advanced in their migration and 

differentiation compared to their male counterparts, and express several genes related to the 

ENS transcriptional network at E13.5.  

This work has identified a number of potential gene candidates for the sex bias of 

Hirschsprung disease and these are reinforced by their presence in additional RNA-seq datasets. 

None of these genes have been identified in recent transcriptomic analyses of ENCCs in the gut 

at E11.5 at E15.5 (Memic et al., 2018) or E14.5 (Schriemer et al., 2016). It is possible to 

hypothesise that females may be enriched in a particular subpopulation of ‘mesenchymal-like’ 

cells. The upregulation of ECM proteins, collagens, retinoic acid and transcription factors may 

promote ENS development in females through the remodelling of the ENCC microenvironment 

and an upregulation of Ret. The presence of a large number of upregulated genes in females is 

consistent with the complex transcriptional network of ENS development and the sporadic 
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nature of Hirschsprung disease that can be caused by mutations in more than 30 genes. It is 

possible that the sex bias is caused by the upregulation of several female-biased genes (including 

Hand1, Hlx, Fgfr2 and Rdh10, among others identified) as well as small sexually dimorphic 

changes in the expression of many other genes.  

Future work will include validating the results of this RNA-seq data as well as further 

exploration for the implications of these results and verification of hypotheses drawn. This RNA-

seq data will be validated using qRT-PCR, to further verify the correct isolation of ENCCs and gut 

mesenchymal cells used here. qRT-PCR will also verify the results of expression data generated 

here, including male-biased and female-biased genes at the different embryonic timepoints. in 

situ hybridisation will be carried out on fixed gut tissues to identify the distribution and 

localisation of the transcripts of DEGs identified here, and verify candidate gene expression in 

vivo. This will be important to understand whether sex-biased expression of genes may be 

localised to a particular region or regions of the gut, or to particular cell types. Further to this, 

immunohistochemistry will also be carried out to identify whether sex-biased expression of 

these genes persists to the protein level.  

A key hypothesis from these findings is that female ENCCs are more developmentally 

advanced than their male counterparts, including in ENCC migration and differentiation. ENCC 

migration differences in males and females could be investigated through time-lapse imaging of 

ENCC migration using Wnt1-cre;R26R-EYFP gut explants. This would enable migration speed to 

be measured and quantified and also ENCC migratory behaviours in males and females to be 

explored. Responses of ENCC migration in male and female ENCCs to particular transcription 

factors, ligands or signalling molecules could be explored through manipulation of the gut 

culture media. For a simpler and quicker experiment, fixed gut tissues could be immunostained 

for the differentiated neuronal marker Tuj1 and the extent of ENCC colonisation measured.  

To test ENCC differentiation in male and female ENCCs, immunohistochemistry could be 

carried out using different combinations of markers. For example, Ret+Tuj1- represent neurons 

that are not fully differentiated compared to Ret+Tuj1+ neurons. Quantifying the numbers of 

neurons expressing both these markers gives a measure of differentiation. Similarly, the 

numbers and proportions of Phox2b+Tuj1- and Phox2b+Tuj1+ neurons could be measured that 

represent immature and differentiated neurons. For a more detailed examination of ENCC 

differentiation, markers for various neuronal subtypes could also be used. To examine the 

numbers and distribution of glial subtypes, morphology of glia could be observed in conjunction 

with immunohistochemistry of general glial markers.  
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The four core genotype model will also be exploited (see Introduction subsection 1.1.6) in 

order to identify whether these sex differences in gene expression at E11.5 and E13.5 are due 

to sex chromosome complement or sex hormones. This will elucidate whether Y-linked genes or 

testosterone may be having deleterious effects on male ENCCs or X-linked genes that escape XCI 

may be positively regulating female ENCCs. Sexually dimorphic expression here could also be 

driven by both sex-linked genes and male sex hormones as one is not mutually exclusive of the 

other. Carrying out similar RNA-seq at E12.5 would also be useful in order to pinpoint when this 

large switch-on of genes occurs in female ENCCs, i.e. whether this happens at E12.5 or E13.5. 

Furthermore, RNA-seq on isolated ENCCs from males and females from a Hirschsprung mutant 

mouse model would be highly informative and useful to reinforce or re-question any hypotheses 

made here. This work provides a strong foundation for further investigation of the sex bias in 

Hirschsprung disease.  
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Chapter 4. Screening mouse models of Hirschsprung disease for 
a sex bias 

4.1 Introduction 

Although several mouse models of Hirschsprung disease exist, few have been studied in 

the context of sex and little progress has been made in exploring their potential to study the sex 

bias of Hirschsprung. Finding a sex-biased mouse model of Hirschsprung disease will be 

important to investigate its sex-linked disease mechanisms, which would be very difficult in 

humans. Analysis of genome databases from human Hirschsprung patients, including GWAS 

data and exome sequencing data, has not been able to shed light on the sex bias of Hirschsprung 

disease to date (Bolk et al., 2000, Gabriel et al., 2002, Amiel et al., 2008). 

This chapter describes experiments that aimed to identify whether mouse models of 

Hirschsprung disease replicate the male sex bias seen in human patients, and therefore whether 

the mouse is a suitable model for studying sex differences in the disease. A screen of a total of 

8 published Hirschsprung models was carried out in mice at postnatal stage 0 (P0) with 

mutations in Ret, Sox10 and Ednrb genes. Some mouse lines were analysed both at the Francis 

Crick Institute at Mill Hill site in North London where the lab was originally based (hereafter “Mill 

Hill”), and at the current Francis Crick Institute site at Midland Road in central London (hereafter 

“Crick”). Some mouse lines were only analysed at the Crick. Any differences in phenotype could 

highlight some influence of the environment on the developing ENS.   

Four mouse models have been previously published with some evidence for a sex bias 

(see Introduction subsection 1.9.3 for further details). These include a Ret9/- model, Ret+/-

;Ednrbs/s, RetDN/+ and TashT. In Ret9/- mice, males were more frequently affected with an enteric 

phenotype (58.6%) compared to females (34.4%) and a male sex bias existed in animals that had 

moderate phenotypes (78.6% male) but not when these were severe (Uesaka et al., 2008). Ret+/-

;Ednrbs/s, RetDN/+ and TashT lines were all 100% penetrant in males and females. In all of these 

lines, males were described to have significantly greater extents of aganglionosis compared to 

females (McCallion et al., 2003b, Vohra et al., 2007, Bergeron et al., 2015). Although all of these 

mouse models were described with a sex bias in enteric phenotype, the causes underlying these 

sex differences were not explored. Vohra et al. (2007) have shown reduced endothelin signalling 

in the small intestine and colon of males may, however, be responsible for the sex bias seen at 

least in the RetDN/+ model. RNA-seq on ENCCs isolated from TashT showed deregulation in key 
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Hirschsprung genes and sets of X-linked genes; however, this was not analysed in males and 

females but rather in mixed-sex ENCCs (Bergeron et al., 2015). 

Sox10LacZ/+ (see Table 4.1) was chosen to investigate potential sex effects of Sox10, which 

is an important regulator of Ret. A similar Sox10Dom/+ model containing a loss of function 

mutation of Sox10 found aganglionosis in the colon due to apoptosis of ENCCs (Herbarth et al., 

1998, Pingault et al., 1998, Southard-Smith et al., 1998), in contrast to proliferation and 

migration defects from Ret and Ednrb models. Therefore, studying a Sox10 mutant model 

examines whether a sex bias could originate from sex differences in apoptosis levels.  

In addition to this, one study found some evidence of a sex bias in a Sox10Dom/+ mouse 

model of Hirschsprung disease. This model arose through a spontaneous and dominant negative 

mutation of the Sox10 gene in the Jackson laboratory (Southard-Smith et al., 1998). The 

Sox10Dom/+ model has reduced numbers of ENCCs and delayed ENCC migration, resulting in 

aganglionosis in the colon (Southard-Smith et al., 1999, Bondurand and Southard-Smith, 2016). 

One study found Sox10Dom/+ males had increased gastric emptying at 6 weeks of age, but not 

other ages, which suggests some indication of a sex bias (Musser et al., 2015). Sox10 is also 

found within the SoxE family along with Sox8 and Sox9, which are important for sex 

determination (Wright et al., 1993, Chaboissier et al., 2004, Gonen et al., 2018) and this could 

be linked to the sex bias of Hirschsprung.  

In the RetS697A/S697A line (see Table 4.1), the alteration of a key phosphorylation site 

causes JNK activation by GDNF to be specifically impaired while other signalling pathways of Ret 

are functional (Asai et al., 2006). As a result, this causes ENCC migration defects in RetS697A/S697A 

mice (Asai et al., 2006). Since GDNF is the major Ret ligand secreted in the gut mesenchyme, this 

explores a possible sex bias originating from GDNF via this pathway.  

Ret9/- and Ret+/-; Ednrbs/s lines (see Table 4.1) were chosen due to previously published 

evidence of a male sex bias in these lines (McCallion et al., 2003b, Uesaka et al., 2008). The work 

here aimed to investigate the causes underlying these sex differences, that were previously not 

explored.  

Ret51/51 (see Table 4.1) expresses only the RET51 isoform of Ret and was studied to 

complement the study of the Ret9/- line that only expresses the RET9 isoform (de Graaff et al., 

2001). Therefore, this enables any isoform-specific phenotypes to be explored.  

Ednrbs/+, Ednrbs/s and Ret+/-; Ednrbs/+ mouse lines were screened as these genotypes were 

also generated in the parental cross used to generate Ret+/-; Ednrbs/s mice. Although Ednrbs/+, 

Ednrbs/s and Ret+/-; Ednrbs/+ genotypes had no enteric phenotypes in the McCallion et al. (2003) 
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study, they did here and this opportunity was taken to study the interactions between Ret and 

Ednrb further.  

Above all of this, Ret, Ednrb and Sox10 genes are found most commonly mutated in 

Hirschsprung disease patients and therefore the most relevant genes to study in the mouse. By 

examining mouse models with mutations in different genes, it is also possible to determine 

whether particular genes may be more vulnerable to sex-specific effects. 

The results showed that several mouse lines (Ret51/51, RetS697A/S697A, Ret9/-) had more 

severe phenotypes in males at Mill Hill, however this was not maintained at the Crick. Ednrbs/+ 

and Ednrbs/s lines were not 100% penetrant, but more females were affected in both. When a 

Ret+/- mutation was added to Ednrbs/+, only male phenotypes became more severe suggesting 

that Ret mutations may be able to induce a male sex bias on a sensitised background but this 

was gene dosage dependent. A significant underrepresentation of Ret51/51 females at birth also 

suggests an alternative hypothesis for the sex bias of Hirschsprung disease, due to a sex-specific 

lethality previously missed.
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Table 4.1. Summary of the mouse lines analysed with their mutation, genetic background and 
reference. Table representing the mouse lines used in this study, including a description of their 
mutation and under which genetic background they have been analysed. Note that Sox10LacZ/+ has been 
analysed on two different genetic backgrounds. 

 

Line Mutation Genetic 
background Reference 

Sox10LacZ/+ 
[Sox10tmWeg/+] 

Deletion of Sox10 coding 
sequences and LacZ fused in frame 

to Sox10 initiation codon 

Mixed C57BL/6J; C3He 
and C57BL/6J (N5). (Britsch et al., 2001) 

RetS697A/S697A 
[Rettm3Cos/tm3Cos] 

Serine residue 697 (protein kinase 
phosphorylation site) replaced 

with alanine, reducing JNK 
activation by GDNF at S697 

Mixed 129S1; 
C57BL/6J 

 
(Asai et al., 2006) 

 

Ret9/- 
[Rettm1(RET)Vpa/tm1Cos] 

Expresses only one copy of the Ret 
9 isoform (no Ret 51) as a human 

Ret 9 cDNA 

Mostly C57BL/6J (N4) 
 

(Schuchdart et al., 1994, 
de Graaff et al., 2001) 

Ret51/51 
[Rettm2(RET)Vpa/tm2(RET)Vpa] 

Expresses two copies of Ret 51 
isoform (no Ret 9) as human Ret 

51 cDNAs 
C57BL/6J (de Graaff et al., 2001) 

Ednrbs/+ 
Ednrb s = spontaneous point 
mutation, reducing transcript 

expression 
SSL/LeJ; C57BL/6J (Lane et al., 1966) 

Ednrbs/s Ednrb expression ~30% of wildtype SSL/LeJ; C57BL/6J (Lane et al., 1966) 

Ret+/-; Ednrbs/+ 

[Rettm1Cos/tm1Cos; Ednrbs/+] 

Deletion in the Ret allele that 
abolishes kinase activity, combined 

with Ednrbs/+ 
SSL/LeJ; C57BL/6J (Lane et al., 1966, 

Schuchardt et al., 1994) 

Ret+/-; Ednrbs/s 

[Rettm1Cos/tm1Cos; Ednrbs/s] 

Deletion in the Ret allele that 
abolishes kinase activity, combined 

with Ednrbs/s 
SSL/LeJ; C57BL/6J (Lane et al., 1966, 

Schuchardt et al., 1994) 
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4.2 Results 

4.2.1 Screening mouse models of Hirschsprung disease for the presence of a sex 
bias 

The details of the 8 Hirschsprung mouse lines screened for a sex bias are summarised in Table 

4.1 with their mutations and genetic backgrounds.  

 

Three measures were taken to detect any sex bias: 

1) Determine frequency of Hirschsprung phenotype (% males and females affected) 

2) Measure extent of ganglionosis (% colon length, caecum to anus), characterising 4 

regions of differential ganglionosis 

3) Observed numbers of male and female Hirschsprung mutants born 

 

The percentage of male and female mutants with any Hirschsprung-like phenotype was 

determined. In order to do this, wholemount immunostaining of mutant guts at P0 was 

performed using the pan-neuronal marker Tuj1 to visualise the enteric nervous system (ENS). 

The Tuj1 antibody recognises tubulin beta 3 class III (Tubb3) and labels both neuronal cell bodies 

and neuronal processes. A Fisher’s exact test was used to test for statistical significance. 

Statistical significance was defined as p<0.05. 

Secondly, the severity of Hirschsprung-like phenotypes was characterised. Similar to 

previous studies, the extent of normal ganglionosis in the colon was measured as a percentage 

of colon length. However, a more in-depth characterisation was carried out here by 

characterising four regions of ganglionosis within the gut: normal ganglionosis, mild 

hypoganglionosis, severe hypoganglionosis and aganglionosis. This was dependent on the 

organisation and density of the ENS network and characterisation of these is shown in Figure 

4.1. Measurements were taken from the start of the colon only, even if only part of the small 

intestine was colonised. The sizes of the normal ganglionic regions were considered the most in 

analysing data, since mild and severe hypoganglionic regions would have reduced function. A 

Wilcoxon rank sum test (hereafter, ‘Wilcoxon test’) was used to test for statistical significance. 

This is a non-parametric test that compares two unpaired groups. Statistical significance was 

defined as p<0.05. 
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Thirdly, Mendelian ratios were checked to confirm whether observed numbers of male and 

female mutants at P0 were as expected. A chi-squared test was used to test for statistical 

significance. Statistical significance was defined as p<0.05. 

Across all the mouse lines examined, with exception for the Ret+/-; Ednrbs/+ x Ednrbs/s 

series, there were animals analysed both at Mill Hill and at the Crick. Given the changes in 

environmental factors, data are presented separately where appropriate.  
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Figure 4.1. Organisation and density of the ENS network. Whole mount immunostaining of a P0 
mouse colon (from the caecum to anus) using a Tuj1 antibody that recognises Tubb3. Quantification of 
gut phenotypes was carried out by characterising 4 regions of ganglionosis in the colon as a percentage 
of colon length: normal ganglionosis, mild hypoganglionosis, severe hypoganglionosis and aganglionosis. 
Regions of normal ganglionosis, mild and severe hypoganglionosis and aganglionosis were drawn as bar 
charts. Each region is represented by a different patterned density as in the bar chart key. Immunostaining 
of is still present in the aganglionic region as extrinsic nerve bundles are present here. These are 
recognised based upon their morphology and pattern. The colon was measured on Fiji by using the 
segmented line tool to draw a line from the start of the colon to the anus, following the shape of the gut 
(shown by the white arrow in the centre of the immunostained gut above). 
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4.2.2 Characterisation of sex differences in Sox10LacZ/+ mutant mice on two genetic 
backgrounds 

Sox10LacZ/+ mutant mice for analysis were generated through crossing Sox10LacZ/+ animals 

to a C57BL/6J mating partner. The parent carrying the mutant Sox10LacZ/+ allele is indicated on 

all graphs (M=male parent, father; F=female parent, mother).  

4.2.2.1 Mixed background 

Sox10LacZ/+ mutants analysed on a mixed background were taken from 6 litters at Mill 

Hill and 3 litters at the Crick. For Sox10LacZ/+ mutants on a mixed background at Mill Hill, 71.4% 

females (5/7) were affected with an enteric phenotype compared to only 53.8% (7/13) of males 

(Figure 4.2A). This difference was not statistically significant (p=0.64, Fisher’s exact test). For the 

same line at the Crick, both males (4/4) and females (10/10) had 100% penetrance of a 

phenotype (Figure 4.2).  

Enteric phenotypes were largely variable within each sex group and at both locations 

(see Figure 4.3 for examples). Affected male Sox10LacZ/+ mutants at Mill Hill had a mean extent 

of normal ganglionosis of 51.2% and a standard deviation (s.d.) of 28.6% (mean ± s.d., 51.2 ± 

28.6%) (n=7) compared to 58.3  ±  29.3% in females (n=5) (Figure 4.2C), but this difference was 

not significant (p=0.88, Wilcoxon test). Mild and severe hypoganglionic regions and aganglionic 

regions were, interestingly, almost identical between males and females. In contrast, mutants 

at the Crick had 39.2 ± 27.0% normal ganglionosis in males (n=4) and 41.4 ± 18.4% in females 

(n=10). This difference was not statistically significant (p=0.758, Wilcoxon test). The percentage 

length with any ganglionosis, however, was smaller in males (61.3 ± 47.7%) than females (73.3 

± 36.0%) (Figure 4.2D). Further analysis of more animals at the Crick would conclusively 

determine a lack of a sex bias. 

Mendelian ratios for males were as expected with approximately 50% of males being 

Sox10LacZ/+ mutants in both locations (Mill Hill, n=13/24; Crick, n=4/8). For females, fewer female 

mutants were found at Mill Hill than expected at 36% (n=8/22), but this was not significant 

(p=0.20, chi-squared test). Normal numbers of females were observed at the Crick (59%, 

n=10/17; p=0.467, chi-squared test) (Figure 4.4). 

Overall, the Sox10LacZ/+ line did not exhibit a significant sex bias.  
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Figure 4.2. Phenotypic analyses of the enteric nervous system of Sox10LacZ/+ (mixed 
background) mutants. Phenotypes for all guts analysed at (A) Mill Hill and (B) the Crick are shown and 
(C-D) means for males and females. Parent denotes parent carrying allele, M=male (father), F=female 
(mother). Blue denotes males and pink denotes females. 
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Figure 4.3. Wholemount immunostaining examples of Sox10LacZ/+ mutant guts at P0. 
Immunostaining using a Tuj1 antibody is shown. Each region of the four regions of ganglionosis is indicated 
if present. Asterisk indicates distal end of colon. ‘x’ marks the start of the colon from which measurements 
were made.   
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Figure 4.4. Bar chart showing expected and observed ratios of Sox10LacZ/+ (mixed background) 
mutants. Differences in the numbers of males and females from expected Mendelian ratios were not 
statistically significant (p=0.20, chi-squared test). The green dotted lines denote the expected percentage 
of males or females. 
 

4.2.2.2 C57BL/6J background 

Sox10LacZ/+ mutants analysed on a C57BL/6J background were taken from 4 litters at Mill 

Hill and 10 litters at the Crick. For Sox10LacZ/+ mutants on a C57BL/6J background at Mill Hill, 0% 

males (0/4) were affected with an enteric phenotype compared to 80% females (4/5) (Figure 

4.5A). This demonstrated a significant female sex bias (p=0.0476, Fisher’s exact test), although 

the numbers of animals were low. 2 male and 2 female Sox10LacZ/+ mutants were also found dead 

as well as 5 further animals, which showed no genotyping results due to degraded DNA. At the 

Crick, 100% of males (16/16) and 94% of females (16/17) were affected (Figure 4.5B). This was 

consistent with the Sox10LacZ/+ (mixed background) line where there was an increase in 

penetrance of phenotypes at the Crick to 100% (Figure 4.2A-B).  

Affected female mutants at Mill Hill had a mean of 48.4 ± 22.7% normal ganglionosis 

(n=4) (Figure 4.5C). At the Crick, there were no significant differences in enteric phenotypes 

between males and females. Males had 37.0 ± 16.1% normal ganglionosis (n=16) compared to 

35.1 ± 19.3% in females (n=16) (p=0.597, Wilcoxon test) (Figure 4.5D). In addition, Sox10LacZ/+ 

males had 18.0 ± 19.3% aganglionosis in the distal colon (n=16) compared to 27.1 ± 18.1% in 

females (n=16) (Figure 4.5D), but this was not significant (p=0.178, Wilcoxon test).  
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Parental carriers of the Sox10LacZ/+ allele seemed to have no obvious effect on phenotype 

severity. This can be seen in mutants at the Crick where paternal (M on graph) or maternal (F 

on graph) carriers are interspersed (Figure 4.5B).  

Mendelian ratios showed that fewer Sox10LacZ/+ males were found at the Crick but this 

was not significant (35%, n=16/45; p=0.053, chi-squared test), and expected numbers of females 

(44%, n=17/39) (Figure 4.6). A similar proportion of male mutants was found at Mill Hill (33%), 

but this was not significant (p=0.157, chi-squared test). Expected numbers of females were 

found at Mill Hill (50%, n=7/14) (Figure 4.6). 

Overall, Sox10LacZ/+ mice on a C57BL/6J background exhibited a significant female sex 

bias at Mill Hill where 80% of females were affected with a phenotype compared to 0% of males. 

This was not maintained at the Crick where penetrance of a phenotype was 100% in both sexes 

and phenotypic severity was highly similar between males and females. There were no obvious 

parent-of-origin effects.   
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Figure 4.5. Phenotypic analyses of the enteric nervous system of Sox10LacZ/+ (C57BL/6J 
background) mutants. Phenotypes for all guts analysed at (A) Mill Hill and (B) the Crick are shown and 
(C-D) means for males and females. Parent denotes parent carrying allele, M=male (father), F=female 
(mother). Blue denotes males and pink denotes females. 
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Figure 4.6. Bar chart showing expected and observed ratios of Sox10LacZ/+ (C57BL/6J 
background) mutants. Differences in numbers of males were not significantly different to expected 
Mendelian ratios at the Crick (p=0.053, Wilcoxon test). A similar proportion of male mutants were found 
at Mill Hill but, similarly, this was not significantly different to expected numbers (p=0.157). The green 
dotted line denotes the expected ratio of male and females.  
 

Enteric colonic phenotypes within all lines screened here generally showed a pattern of 

increasing hypoganglionosis to aganglionosis when a phenotype appeared. This was also found 

in some Sox10LacZ/+ mutants, as seen in a male mutant in Figure 4.7. The sizes of each region 

varied within each line as shown later in this chapter. However, uniquely in the Sox10LacZ/+ line 

some colonic phenotypes become severely hypoganglionic in the proximal or mid colon and 

then recovered distally after this (see female mutant in Figure 4.7). These regions were still 

termed severely hypoganglionic, however, from when this phenotype appeared. No sex-specific 

incidence of this was noticed (n=2, males; n=2, females), however this was not examined in 

depth. In addition, some Sox10LacZ/+ mutants exhibited severe hypoganglionosis proximal to the 

caecum in the small intestine but not distal immediately after. This was not examined in depth, 

however was only found in females (n=4).  
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Figure 4.7. A unique phenotype was found in the Sox10LacZ/+ line. Tuj1 wholemount 
immunostaining of P0 guts. In some Sox10LacZ/+ mutants, a severe hypoganglionic phenotype of the 
proximal or mid colon recovered in distal regions. Each region of ganglionosis is indicated and asterisk 
indicates anus. ‘x’ marks the start of the colon from which measurements were made.   
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4.2.3 Characterisation of sex differences in RetS697A/S697A mutant mice 

RetS697A/S697A mutants analysed were taken from 17 litters at Mill Hill and 3 litters at the 

Crick. RetS697A/S697A mutant mice for analysis were generated through crossing RetS697A/+ parents. 

The RetS697A/S697A line had a very high penetrance of a phenotype with 95.0% of males (19/20) 

and 100% of females (12/12) affected at Mill Hill (Figure 4.8A) and 100% of males (5/5) and 

females (6/6) affected at the Crick (Figure 4.8B).  

Phenotypes in male RetS697A/S697A mutants at Mill Hill were more consistent than females 

and males had a mean of 45.9 ± 12.8% normal ganglionosis (n=20) compared to 51.9 ± 22.5% 

(n=12) in females (Figure 4.8C). Therefore, there was no significant difference in phenotype 

severity at Mill Hill (p=0.675, Wilcoxon test). At the Crick, the mean length of normal 

ganglionosis in females was 33.5 ± 8.6% (n=6) compared to 41.9 ± 12.4% in males (n=5), but this 

difference was not significant (p=0.247, Wilcoxon test). The mean length of aganglionosis in 

females was 10.0 ± 10.8% (n=6) compared to 19.5 ± 9.6% in males (n=5), but this difference was 

not significant (p=0.167, Wilcoxon test) (Figure 4.8D). Therefore, there were no significant 

differences in the lengths of normal ganglionosis and aganglionosis between males and females 

at the Crick. Examples of RetS697A/S697A colonic phenotypes (and their respective gut numbers 

from Figure 4.8) are shown in Figure 8.10. 

Approximately half the number of RetS697A/S697A female mutants (n=12) were found at 

Mill Hill compared to males (n=20). Although only 18.8% (n=12/64) of females from RetS697A 

litters were homozygous mutants, numbers of females and also males were not significantly 

different from expected numbers (29.0% males, n=20/69, p=0.273; 18.8% females, n=12/64, 

p=0.368, chi-squared tests). The number of RetS697A/S697A mutant females was also not 

significantly different to the number of male mutants (p=0.386, chi-squared test). At the Crick, 

RetS697A/S697A mutants from both sexes were also found in expected numbers according to a chi-

squared test (38.5% males, n=5/13, p=0.253; 40.0% females, n=6/15, p=0.333) (Figure 4.9). 

Overall, the RetS697A/S697A line exhibited no sex bias. There were no significant differences 

in phenotype severity between males and females at both Mill Hill and the Crick.  
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Figure 4.8. Phenotypic analyses of the enteric nervous system of RetS697A/S697A mutants. 
Phenotypes for all guts analysed at (A) Mill Hill and (B) the Crick are shown and (C-D) means for males 
and females. Blue denotes males and pink denotes females.
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Figure 4.9. Bar chart showing expected and observed ratios of RetS697A/S697A mutants. Numbers 
of RetS697A/S697A male and female mutants at Mill Hill and the Crick were not significantly different to 
numbers expected from Mendelian ratios. The green dotted line denotes the expected ratio of male and 
females.   
 

4.2.4 Characterisation of sex differences in Ret51/51 mutant mice 

Ret51/51 mutants analysed were taken from 14 litters at Mill Hill and 7 litters at the Crick. 

Ret51/51 mutant mice for analysis were generated through crossing Ret51/+ parents. The Ret51/51 

line, in contrast to previously discussed lines, showed 100% penetrance of a phenotype in all 

animals examined including males (n=15/15, Mill Hill; n=7/7, Crick) and females (n=5/5, Mill Hill; 

n=3/3, Crick) at both locations (Figure 4.10).  

At Mill Hill, Ret51/51 mutants showed great variability in their enteric phenotypes (Figure 

4.10A). Males had 22.8 ± 14.7% normal ganglionosis in the colon (n=15) compared to 30.0 ± 

10.4% in females (n=5), but these differences were not statistically significant (p=0.297, 

Wilcoxon test). It is worth noting, however, that there were relatively few females for analysis 

(n=5). In terms of aganglionosis in the colon, females (n=5) had 41.3 ± 19.4% aganglionosis 

compared to 49.1 ± 23.6% in males (n=15), but this was not significantly different (p=0.445, 

Wilcoxon test) (Figure 4.10C). Therefore, the Ret51/51 line presented no difference in enteric 

phenotype severity between males and females at Mill Hill. At the Crick, male phenotypes were 

much more consistent than at Mill Hill and also compared to females (Figure 4.10B). Females 

had a mean of 9.7 ± 16.8% normal ganglionosis (n=3) compared to 26.4 ± 3.0% in males (n=7) 

(Figure 4.10D), but this was not a significant sex difference (p=0.350, Wilcoxon test). Females 

also only had 25.1 ± 43.6% of normal to severe hypoganglionosis in the colon compared to 46.6 
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± 16.9% in males (Figure 4.10D), but similarly this was not significant (p=0.350, Wilcoxon test). 

Examples of Ret51/51 colonic phenotypes (and their respective gut numbers from Figure 4.10) are 

shown in Figure 8.11. Therefore, the Ret51/51 line presented no sex difference in enteric 

phenotype severity at the Crick.  

Strikingly, distinctly fewer females than males were available for analysis at both Mill 

Hill and the Crick (Figure 4.10A-B). A comparison to expected (Mendelian) ratios identified that 

there were significantly fewer female Ret51/51 mutants (10%, n=5/48) than male mutants (29%, 

n=17/58) at Mill Hill (p=0.0403, chi-squared test). This was maintained at the Crick where there 

were also significantly fewer female Ret51/51 mutants (14%, n=3/22) than male mutants (21%, 

n=7/33) (p=0.0131, chi-squared test) (Figure 4.11). 

Overall, the Ret51/51 line exhibited a strong and robust male sex bias at both Mill Hill and 

the Crick. Surprisingly, this was due to the significant underrepresentation of female Ret51/51 

mutants at birth.   
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Figure 4.10. Phenotypic analyses of the enteric nervous system of Ret51/51 mutants. Phenotypes 
for all guts analysed at (A) Mill Hill and (B) the Crick are shown and (C-D) means for males and females. 
Blue denotes males and pink denotes females.
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Figure 4.11. Bar chart showing expected and observed ratios of Ret51/51 mutants. Female Ret51/51 
mutants were significantly underrepresented at Mill Hill (p=0.0403, chi-squared test) and the Crick 
(p=0.0131, chi-squared test). The green dotted line denotes the expected ratio of male and females.   
 

4.2.5 Characterisation of sex differences in Ret9/- mutant mice 

Ret9/-mutants analysed were taken from 5 litters at Mill Hill and 6 litters at the Crick. 

Ret9/- mutant mice for analysis were generated by crossing Ret9/+ males with Ret+/- females. Ret9/- 

mice showed incomplete penetrance of a phenotype at Mill Hill and the Crick. At Mill Hill, 33.3% 

of males (2/6) were affected with an enteric phenotype compared to 0% of females (0/1), 

however only 1 female mutant was found (Figure 4.12A). These differences could not be 

significant due to low numbers (p=1.0, Fisher’s exact test). At the Crick, 70% of males (7/10) and 

100% of females (6/6) were affected with an enteric phenotype (Figure 4.12B). This difference 

was not statistically significant (p=0.25, Fisher’s exact test). 

At Mill Hill males had a very weak phenotype, indeed the weakest of all lines, with a 

mean of 82.4 ± 11.9% normal ganglionosis in the colon in affected Ret9/- male mutants (n=2) 

(Figure 4.12A, C). Aganglionosis in these Ret9/- mutants was only 7.9 ± 11.1% (n=2). There were 

not enough numbers to conclude a sex bias for these mice. At the Crick, males had a mean of 

74.1 ± 20.7% normal ganglionosis (n=7) compared to 44.5 ± 31.7% in females (n=6) (Figure 4.12B, 

D). This was not statistically significant (p=0.138, Wilcoxon test), although the numbers were 

relatively small (n=7, males; n=6, females), and therefore there was no difference in the lengths 

of normal ganglionosis in male and female Ret9/- mutants. However, these female mutants 

generally only had a short aganglionic region comprising 10.1 ± 14.3% of the distal colon and 

long regions of mild hypoganglionosis (Figure 4.12D, pink bar). Female Ret9/- phenotypes at the 
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Crick also showed two distinct sets of phenotypes, and were either quite mild (as with gut 

numbers 5 and 6) or very severe (gut numbers 1-4) (Figure 4.12B). Examples of Ret9/- colonic 

phenotypes (and their respective gut numbers from Figure 4.12) are shown in Figure 8.12. 

Only 10% of females (n=1/10) at Mill Hill were Ret9/- mutants at P0 instead of 25% (Figure 

4.13), but this was not significantly different to expected numbers (p=0.308, chi-squared test) 

or significantly different to male numbers observed (p=0.193, chi-squared test). Male Ret9/- 

mutants comprised 43% (n=6/14) of males at Mill Hill, although this was not significant 

compared to the numbers of other male genotypes (p=0.114, chi-squared test). Expected 

proportions of male and female Ret9/- mutants were found at the Crick (29% males, n=10/34; 

26% females, n=6/23). These numbers were not significantly different to each other (p=0.835, 

chi-squared test), although the number of male Ret9/- guts analysed was greater (Figure 4.12).  

Overall, the Ret9/- line did not exhibit a sex bias. The line had a very low penetrance at 

Mill Hill (33%, males; 0%, females) with increased penetrance at the Crick (70%, males; 100%, 

females). The Ret9/- line exhibited a weak enteric phenotype compared to several other lines 

examined.  
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Figure 4.12. Phenotypic analyses of the enteric nervous system of Ret9/- mutants. Phenotypes 
for all guts analysed at (A) Mill Hill and (B) the Crick are shown and (C-D) means for males and females. 
Blue denotes males and pink denotes females. 
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Figure 4.13. Bar chart showing expected and observed ratios of Ret9/- mutants. Although only 
10% of females were Ret9/- mutants at Mill Hill (n=1/10), this was not significantly different to the number 
of male mutants (p=0.193, chi-squared test), perhaps due to low numbers. The green dotted line denotes 
the expected ratio of males and females.   
 

4.2.6 Characterisation of sex differences in a series of Ret+/-; Ednrbs/+ x Edrnbs/s 
mutant mice 

Mutants analysed from series of Ret+/-; Ednrbs/+ x Ednrbs/s mice were taken from 11 litters 

at the Crick. Mutant mice for analysis were generated by crossing Ret+/-; Ednrbs/+ males to 

Ednrbs/s females. This cross generated four genotypes including Ednrbs/+, Ednrbs/s, Ret+/-; Ednrbs/+ 

and Ret+/-; Ednrbs/s. The enteric phenotypes of the colon in all of these genotypes were analysed.  

From this series, all genotypes showed some enteric phenotypes with variable penetrance in 

each. Ednrbs/+ mice had the weakest enteric phenotypes and only 11.1% of males (1/9) were 

affected and 42.9% of females (6/14). These differences were not statistically significant 

(p=0.176, Fisher’s exact test) (Figure 4.14A). Affected females had a mean of 66.9 ± 25.4% 

normal ganglionosis (n=6) compared to 88.6% in the single affected male (n=1) (Figure 4.14A). 

More numbers are needed for statistical comparison. Examples of Ednrbs/+ colonic phenotypes 

(and their respective gut numbers from Figure 4.14) are shown in Figure 8.13. 

When a heterozygous mutation of Ret was added to the Ednrbs/+ background, the 

penetrance and severities of enteric phenotypes increased. 50% of Ret+/-; Ednrbs/+ males (4/8) 

were affected with a phenotype and 80% of females (8/10) (Figure 4.14B). These differences 

were not statistically significant (p=0.323, Fisher’s exact test). In terms of phenotype severity, 

however, affected males had 48.9 ± 22.8% normal ganglionosis compared to 62.4 ± 25.8% in 

females although this was not statistically significant (p=0.461, Wilcoxon test) (Figure 4.14B). 



Chapter 4 – Screening mouse models of Hirschsprung disease for a sex bias 

 175 

Therefore, the addition of a Ret mutation to Ednrbs/+ caused an increase in the percentage of 

animals affected from 11.1% (n=1) to 50% (n=4) in males and from 42.9% (n=6) to 80% (n=8) in 

females. These increases are highly comparable between sexes. When enteric phenotypes were 

compared between the two genotypes, the severity increased in both sexes, but it was 

particularly marked in males. In males there was a distinct reduction in the percentage of normal 

ganglionosis from 88.6% in Ednrbs/+ mutants (n=1) to 48.9 ± 22.8% in Ret+/-; Ednrbs/+ (n=4)  (Figure 

4.14C and D). In females, however, there was 66.9 ± 25.4% normal ganglionosis in Ednrbs/+ (n=6) 

compared to 62.4 ± 25.8% with the addition of a Ret+/- mutation (n=8) (Figure 4.14C and D). 

Therefore, the addition of a Ret+/- mutation on an Ednrbs/+ background caused more severe 

phenotypes in males to emerge. Although, Ret+/-; Ednrbs/+ females were still more frequently 

affected. Examples of Ednrbs/+ colonic phenotypes (and their respective gut numbers from Figure 

4.14) are shown in Figure 8.14. 

Ednrbs/s mice were 100% affected in both males and females (Figure 4.15A). Males had 

a mean of 43.1 ± 15.8% normal ganglionosis in the colon compared to 45.6 ± 16.4% in females 

(p=0.863, Wilcoxon test) (Figure 4.15C). The sizes of regions of mild and severe hypoganglionosis 

and aganglionosis were also highly comparable between sexes and therefore no sex bias was 

present. It is interesting to note that females were more frequently affected in Ednrbs/+ mice but 

the lack of sex differences seen in the phenotypes of Ednrbs/s mice, where phenotypic 

penetrance was 100% in both sexes. Examples of Ednrbs/s colonic phenotypes (and their 

respective gut numbers from Figure 4.15) are shown in Figure 8.15. 

Ret+/-; Ednrbs/s mice were also 100% affected in males and females (Figure 4.15A). 

Enteric phenotypes were very severe, and the mean normal ganglionosis in males was 19.7 ± 

11.8% (n=11) and 16.1 ± 13.7% in females (n=20) (Figure 4.15C) and not significantly different 

between sexes (p=0.569, Wilcoxon test). All regions of ganglionosis were highly comparable 

between males and females with insignificant differences. A number of male (n=1) and female 

(n=5) guts had some levels of aganglionosis or hypoganglionosis proximal to the caecum, 

proximal from where measurements were taken. Therefore, it is not for certain that a sex bias 

was absent from this line. Phenotypes, however, were more representative of a long-segment 

form of Hirschsprung disease rather than the short-segment form. Examples of Ret+/-; Ednrbs/s 

colonic phenotypes (and their respective gut numbers from Figure 4.15) are shown in Figure 

8.16. 

Overall, from the Ret+/-; Ednrbs/+ x Ednrbs/s series, no line exhibited a significant sex bias. 

Females were more affected in lines that had incomplete penetrance, including in Ednrbs/+ and 
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Ret+/-; Ednrbs/+ lines. Ret also showed a sex-specific effect on Ednrbs/+ upon deletion of one of its 

functional alleles. Although there was no significant sex difference in Ednrbs/+ phenotype 

severity, the additional loss of one copy of Ret caused a noticeable increase in phenotype 

severity of males only. 
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Figure 4.14. Phenotypic analyses of the enteric nervous system of Ednrbs/+ and Ret+/-; Ednrbs/+ 
mutants. Phenotypes for all guts analysed in (A) Ednrbs/s and (B) Ret+/-; Ednrbs/s male and female mutants 
are shown as well as means for (C) Ednrbs/s and (D) Ret+/-; Ednrbs/s mutants. Blue denotes males and pink 
denotes females.



Chapter 4 – Screening mouse models of Hirschsprung disease for a sex bias 

 178 

 
Figure 4.15. Phenotypic analyses of the enteric nervous system of Ednrbs/s and Ret+/-; Ednrbs/s 
mutants. Phenotypes for all guts analysed in (A) Ednrbs/s and (B) Ret+/-; Ednrbs/s male and female mutants 
are shown as well as means for (C) Ednrbs/s and (D) Ret+/-; Ednrbs/s mutants. Blue denotes males and pink 
denotes females. One Ednrbs/s female was excluded from this analysis because the immunostaining failed.
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When Mendelian ratios of each of the genotypes from the parental cross were 

examined, Ret+/-; Ednrbs/+ males and females were found in lower numbers than expected (21% 

males, n=8/39; 18% females, n=10/55). This was not statistically significant, however (p=0.405 

for males; p=0.220 for females, chi-squared test). Ret+/-; Ednrbs/s females, however, were found 

in higher than expected numbers (36% females, n=20/55), but this was not significant (p=0.220, 

chi-squared test) (Figure 4.16).  

 

 
Figure 4.16. Bar chart showing expected and observed ratios of mutants generated from a 
Ret+/-; Ednrbs/+ x Ednrbs/s parental cross. Male and female mutants across the Ret+/-; Ednrbs/+ x Ednrbs/s 
series were found in expected numbers according to chi-squared tests. The green dotted line denotes the 
expected ratio of male and females.   
 

Some Ret+/-; Ednrbs/s-l animals were also analysed at P0 and contained a hypomorphic 

Ednrbs allele and deletion of the other Ednrb allele (Ednrbs-l). This line was not pursued further 

due to very severe phenotypes, with frequent aganglionosis in the whole colon and often small 

intestine (data not shown).  
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4.2.7 Summary of ENS phenotype analyses 

4.2.7.1 Percentage of animals affected with a Hirschsprung phenotype 

Several lines displayed 100% penetrance of colonic enteric hypoganglionic or 

aganglionic phenotypes in both sexes, including Ret51/51, Ednrbs/s and Ret+/-; Ednrbs/s mice (Figure 

4.17). The RetS697A/S697A line displayed 100% penetrance of phenotypes in females and 96% 

penetrance in males. All other lines including Sox10LacZ/+ mixed background, Sox10LacZ/+ BL6 

background, Ret9/-, Ednrbs/+ and Ret+/-; Ednrbs/+ displayed incomplete and variable levels of 

penetrance. In all these lines, however, females were consistently more affected than males. 

Therefore, no male sex bias was present across any of these lines.  

4.2.7.2 Phenotypic analysis of the enteric nervous system in the colon 

At Mill Hill, no sex differences were found in phenotype severities across all lines 

examined including Sox10LacZ/+ on mixed and C57BL/6J backgrounds, RetS697A/S697A, Ret51/51 and 

Ret9/- (Figure 4.18). For Ret9/-, the one female mutant analysed was not affected and so only 

males showed an enteric phenotype. For Sox10LacZ/+ mixed background, RetS697A/S697A and Ret51/51, 

males had less normal ganglionosis compared to females.  

At the Crick, all enteric phenotypes across all lines and both sexes, except for male 

Ret51/51 mutants, became more severe.  

 In terms of normal ganglionosis, phenotypes at the Crick were comparable between 

males and females for all lines examined including Sox10LacZ/+ on mixed and C57BL/6J 

backgrounds, RetS697A/S697A, Ret51/51, Ret9/-, Ednrbs/+, Ednrbs/s, Ret+/-; Ednrbs/+ and Ret+/-; Ednrbs/s 

(Figure 4.18). Therefore, there was no sex bias in phenotype severity in these lines at the Crick. 

For the Ret+/-; Ednrbs/+ x Ednrbs/s series of mice, Ednrbs/s and Ret+/-; Ednrbs/s mice had very 

similar phenotypes between males and females across all regions of the gut. For Ednrbs/+ and 

Ret+/-; Ednrbs/+ lines, any differences were not significant. Interestingly, however, the addition of 

a Ret+/- mutation on an Ednrbs/+ background caused male phenotypes to become more severe 

but not female phenotypes. However, there were no aganglionic regions of the colon in either 

Ret+/-; Ednrbs/+ males or females (Figure 4.18). Lines that had the most severe phenotypes, 

including Ret51/51 and Ret+/-; Ednrbs/s, exhibited a more abrupt transition from normal 

ganglionosis to aganglionosis and had short hypoganglionic lengths. In contrast, lines such as 

Ednrbs/s and Ret+/-; Ednrbs/+ had large hypoganglionic regions. 
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Figure 4.17. Percentage of animals affected with a Hirschsprung phenotype. (A) Graph 
representing the percentage of Hirschsprung-affected mutants in each line analysed at Mill Hill and at (B) 
the Crick. Blue denotes males and pink denotes females. * denotes p<0.05. 
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Figure 4.18. Phenotypic analysis of the enteric nervous system in the colon. A comparison of the 
mean male and female enteric phenotypes in the colon across all lines analysed at Mill Hill (left panels), 
the Crick (middle panels) and overall (right panels). Blue denotes males and pink denotes females. 
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4.2.7.3 Expected and observed numbers of mutants born 

Overall, Ret51/51 mutants had significantly fewer females at P0 compared to expected 

numbers at only 10% at Mill Hill (n=5/48, p=0.0403, chi-squared test) and only 14% at the Crick 

(n=3/22, p=0.0131, chi-squared test) instead of 25% (Figure 4.19). Males, however, were found 

in expected numbers. For Ret+/-; Ednrbs/s mice, females were found in high numbers (36%, 

n=20/55) although this was not significant (p=0.220, chi-squared test).  

4.2.7.4 Overview of major sex differences found from the screen  

Overall, from the screen of 8 mouse lines, there were no significant differences in 

phenotype severity in any lines at Mill Hill or the Crick. Increases in phenotype severities were 

found in many lines in the transition to the Crick, however. This demonstrated the importance 

of environmental effects on the developing ENS and there may be potential sex-specific effects.  

Overall, one mouse model Ret51/51 was identified to have a strong and robust male sex bias. 

Female Ret51/51 mutants were significantly underrepresented at P0 compared to their male 

counterparts, and there were less than half the number of expected female mutants at both 

locations.  

 



Chapter 4 – Screening mouse models of Hirschsprung disease for a sex bias 

 184 

 
 

Figure 4.19. Expected and observed numbers of mutants born. (A) Graph representing the 
observed number of mutants born for each line analysed at Mill Hill, and (B) Graph representing the 
observed number of mutants for each line analysed at the Crick. Green dotted lines indicate the expected 
percentages of mutants for corresponding mouse lines. Blue denotes males and pink denotes females. * 
denotes p<0.05. 
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4.3 Discussion 

In the previous chapter, it was established that sex differences in gene expression exist 

between male and female ENCCs in the developing enteric nervous system as ENCCs are 

undergoing active migration. One gene Hlx, known to be involved in ENS development, was 

found to be female-biased in ENCCs at E13.5 as well as several ENS or Hirschsprung-related 

genes at this stage. In addition to this, females were enriched in many key pathways relevant 

for ENS development and were enriched in neural crest differentiation and migration processes 

across all timepoints examined (E11.5, E13.5, E15.5). Therefore, one might expect that males 

should have more severe phenotypes in Hirschsprung disease mouse models. In this chapter, 

implications for these differences were explored by screening 8 mouse models of Hirschsprung 

disease for a sex bias. ENS colonic phenotypes were characterised in mutant mice at birth 

through wholemount immunostaining of gut samples. Through this, three measures of sex bias 

were assessed: 1) the percentage of males and female affected with a phenotype, 2) sex 

differences in severities of ENS phenotypes in the colon and 3) whether observed numbers of 

mutants were different to expected.  

4.3.1 The Ret9/- line did not exhibit a male sex bias as previously published 

Some of the lines examined here have previously been described to show a male sex 

bias. These include the Ret9/- line and Ret+/-; Ednrbs/s line. These other studies did not explore 

the underlying cause of the sex bias; it was therefore an intention to do so here. In Ueseka et al. 

(2008), a Ret9/- model was described to have a sex bias with more males having ‘moderate’ 

phenotypes in the colon compared to females, although females were more frequently affected 

with ‘severe’ phenotypes (Uesaka et al., 2008). If this data is characterised in the same way, it is 

possible to see that males are slightly more affected with a ‘moderate’ phenotype than females, 

at least at the Crick (Figure 4.12). These sex differences, however, are small and do not offer a 

robust means to study the sex bias of Hirschsprung disease. Indeed, a ‘sex bias’ measured in this 

way is highly ambiguous. In addition, in Ueseka et al. (2008), males were more affected (58.6%) 

than females (34.4%). In the current study, however, Ret9/- females had 100% penetrance of 

phenotypes (at least at the Crick) which males did not (70% penetrance at the Crick). Therefore, 

the Ret9/- results described here did not reflect those in Ueseka et al. (2008) and they do not 

replicate the sex bias of human Hirschsprung disease.  
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It is important to note that the Ret9/- model exploited in this paper contained a Ret 9 

human cDNA inserted into intron 1 of the mouse Ret gene, whereas the model exploited here 

had the Ret 9 human cDNA inserted into intron 11 (de Graaff et al., 2001). In addition to this, 

the Ret null allele in Ueseka et al. (2008) was generated through a CFP knock-in into intron 1 of 

the Ret gene, in contrast to a 0.8kb deletion abolishing Ret kinase activity in the null allele of 

Ret9/- mice used here. It is possible that the changes seen in penetrance, phenotypes and sex 

differences are due to disruption of Ret signalling processes in different ways.  

4.3.2 A Ret+/-; Ednrbs/s line did not exhibit a male sex bias as previously published but 
Ednrbs/+, Ednrbs/s and Ret+/-; Ednrbs/+ lines all exhibited enteric phenotypes 

Previous studies by McCallion et al. (2003) carried out a two-locus non-

complementation approach to examine the interaction between Ret and Ednrb genes in the 

mouse ENS. Ret+/-; Ednrbs/+ and Ednrbs/s parents were crossed to generate Ednrbs/+, Ednrbs/s, 

Ret+/-; Ednrbs/+ and Ret+/-; Ednrbs/s offspring. From all these genotypes at 4-6 weeks of age they 

only found Ret+/-; Ednrbs/s were affected with an enteric phenotype in the colon, and males had 

significantly greater extents of aganglionosis. Their measure of ‘aganglionosis’ was measured in 

a distal to proximal direction from the anus (0%) to the caecum (100%) as a percentage of colon 

length. Their ‘aganglionic’ regions also included hypoganglionic regions, and therefore their 

measure of ‘aganglionosis’ was up to the region of the ENS that was normal. This meant their 

measure of ‘aganglionosis’ was ultimately equivalent to 100 minus normal ganglionosis in this 

study. My study utilised the same two-locus non-complementation approach, however, here it 

was found that all four genotypes generated had enteric phenotypes with variable penetrance 

(Figure 4.14, Figure 4.15). In previous studies, Ednrbs/s mice have shown delays in ENCC 

migration in E13.5-E14.5 embryonic guts where ENCCs only reached the caecum, but 

phenotypes at early postnatal stages have not been characterised (Stanchina et al., 2006).  

Ednrbs/+ mice showed incomplete penetrance of an enteric phenotype in males and 

females, with no significant differences, while Ednrbs/s animals were 100% affected in both sexes 

where Ednrb transcript levels were reduced to ~30%. In Ednrbs/+ mice, females had a mean of 

66.9% ± 25.4% normal ganglionosis (n=6) compared to 88.6% in the single male analysed (n=1). 

Although more males are needed for a statistical comparison, the large s.d. for females suggests 

there may not be a significant sex difference. Even when Ednrb expression was further reduced 

in Ednrbs/s mutants, mean male and female enteric phenotypes were comparable. However, if 

future statistical analysis shows there is a significant sex difference in Ednrbs/+ mice, this may 

suggest that female ENCCs in Ednrbs/+ mice, but not Ednrbs/s, have a reduced proliferation 
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capacity and therefore reduced migration. These results may be somewhat surprising given the 

findings in the previous chapter that endothelin signalling is upregulated in females, as well its 

pathway components Edn3 and Ece1 as in previous studies (Vohra et al., 2007). When the RNA-

seq data was scrutinised for the enrichment of the endothelin pathway gene set at E13.5, Ednrb 

was actually found more expressed in males although not at a significant level. The endothelin 

pathway was significantly enriched in females as a whole, however. Within the endothelin 

pathway in E13.5 RNA-seq data, Edn3 was the third most enriched gene in females (out of 62), 

which is expressed in the gut mesenchyme of the caecum and hindgut (Leibl et al., 1999, Kruger 

et al., 2002, Lee et al., 2003a). Since Ednrb regulates the proliferation of ENCCs, a reduced 

proliferation capacity would in turn result in reduced migration of female ENCCs as fewer cells 

are available. This would mean that Edn3 is only accessible to females later as ENCCs reach more 

distal regions of the colon. Further to this, lower levels of Ednrb expression in females could 

result in reduced levels of Edn3-Ednrb signalling. In Ednrbs/s, where phenotypes are more 

penetrant, any sex difference due to these effects could be lost. It is unclear why Ednrbs/+ mice 

and Ednrbs/s (at birth) are unaffected in other studies, however environmental factors or genetic 

background modifiers may be important in causing the emergence of phenotypes that were 

otherwise not apparent, as I noticed for some of the lines analysed.  

4.3.3 The addition of a Ret mutation on a sensitised background may have a sex-
specific effect on ENS phenotype severity at the right dosage 

The addition of a Ret+/- mutation to Ednrbs/+ caused phenotypes to become 

approximately 40% more penetrant in males and females for Ret+/-; Ednrbs/+ mice. Therefore 

50% of male and 80% of female Ret+/-; Ednrbs/+ mutants were affected. This confirms previous 

studies demonstrating the interaction between Ret and Ednrb genes (Carrasquillo et al., 2002, 

McCallion et al., 2003b). For Ret+/-; Ednrbs/s mice, phenotypes were 100% penetrant in both 

males and females as with Ednrbs/s. Interestingly, the addition of a Ret mutation to Ednrbs/+ mice 

caused Ret+/-; Ednrbs/+ phenotypes to become more severe in males only. Males had increased 

extents of hypoganglionosis and aganglionosis in Ret+/-; Ednrbs/+ mutants compared to Ednrbs/+ 

whereas an additional loss of one copy of Ret in females showed very little change in their 

phenotypes (Figure 4.14). Therefore, this demonstrated a sex-specific effect in the loss of 50% 

of Ret expression that affected only male phenotypes.  

Ret+/-; Ednrbs/s mice showed no sex differences in the severities of enteric phenotypes. 

This is in contrast to the published male sex bias of Ret+/-; Ednrbs/s mice in (McCallion et al., 

2003b). In this paper, both sexes were reported to demonstrate 100% penetrance of enteric 
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phenotypes and a male sex bias was found in phenotype severity. Male Ret+/-; Ednrbs/s mice in 

the McCallion et al. study had the equivalent of 59.0% normal ganglionosis compared to 71.8% 

in females (termed as 41.0% aganglionosis in males and 28.2% in females in their paper). The 

phenotypes obtained in the present study were much more severe at 15.8% and 14.7% normal 

ganglionosis in males and females, respectively. It is also noteworthy that some Ret+/-; Ednrbs/s 

mice lacked ganglia proximal to the caecum, however these measurements were still recorded 

as 0. Small differences in phenotype severities in these mice would be expected since mice here 

were analysed at P0 in contrast to 4-6 weeks in McCallion et al. (2003). Other studies suggest, 

however, that the difference should not be more than 5% between these timepoints (Bergeron 

et al., 2015).  

These differences in phenotype severities between the lines and the different sets of 

experiments could also be at least partially accounted for by genetic background differences. 

While the line analysed by McCallion et al. had a 129S1; LP/J genetic background, the mice 

analysed here were on an SSL/LeJ; C57BL/6J background; it is therefore possible to allude some 

phenotypic differences due to additional gene interactions present in the different backgrounds. 

Perhaps more likely, however, is that the sex bias they identified may have been due neither to 

mutations in Ret nor Ednrb genes, because a number of other segregating genes are also present 

in the LP/J background of Ednrbs/s mice (crossed with Ret+/-) including Ahrd, Cdh23ahl
 and Disc1del 

(see JAX strain 000676, https://www.jax.org/strain/000676). These genes encode an aryl-

hydrocarbon receptor, cadherin 23 and disrupted in schizophrenia 1. This, however, was 

unknown at the time of their study and so these genes were not selected for or against in 

breeding schemes. More recently, roles for the Ahr gene have been suggested in the ENS in 

potentially regulating the proliferation and neurogenesis of ENCCs (Memic et al., 2018). 

Overall, my data for these non-complementation studies between Ret and Ednrb genes 

do not match those previously. An intriguing sex-specific effect of Ret was found only in males 

going from an Ednrbs/+ to Ret+/-; Ednrbs/+ line, however. The phenotypic severities of the Ret+/-; 

Ednrbs/+ mice here are similar to those in the published Ret+/-; Ednrbs/s model with 48.9% and 

62.4% normal ganglionosis in males and females, respectively (Figure 4.14), compared to 59.0% 

and 71.8%, respectively in the McCallion et al. Ret+/-; Ednrbs/s mice. These data together, suggest 

that the effect of sex on colonic hypoganglionosis or ganglionosis may be revealed or masked 

depending on the magnitude of effects at the mutant loci. The results suggest that the 

emergence of a sex bias or sex difference is gene-dosage dependent and expression changes of 

ENS genes may need to meet a particular window or thresholds of expression in order to see 
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this. Indeed, this may be only where phenotypes are milder and only when the mid and distal 

colon are affected. However, it is unclear whether Ret and Ednrb interact in a sex-specific 

manner or whether this may be due to Ret acting on a sensitised background. This is supported 

by the loss of a significant male sex bias in the McCallion et al., 2003 studies between Ret+/-; 

Ednrbs/s and Ret+/-; Ednrbs/s-l mutants when expression of Ednrb is further reduced. This is also 

supported by the reduction of a sex bias in human Hirschsprung disease whereby the long-

segment form of Hirschsprung disease has a 2:1 male to female bias compared to the 4:1 male 

to female bias seen in short-segment patients (Badner et al., 1990, Amiel et al., 2008).  

Our results also reveal the Ret gene or its modifiers act in a sex-specific manner, since 

only males showed an increase in phenotype severity from Ednrbs/+ to Ret+/-; Ednrbs/+ mice. Since 

the Ret pathway was significantly enriched in females, at least at E13.5, from the GSEA RNA-seq 

data, one might anticipate a greater influence on male phenotypes with the loss of Ret 

expressivity. It is possible these results reflect sex-specific differences in gene expression in ENS 

development during embryogenesis and colonisation of the gut. Human studies of Hirschsprung 

patients harbouring mutations of both Ret and Ednrb identified no X-chromosome genes in 

GWAS analyses. Therefore, it can be predicted that any observable phenotypic differences 

between males and females may arise due to sequence variation at other loci or hormonal 

differences that affect the biochemical pathways mediated by Ret and Ednrb. This could be 

tested using the four core genotype model.  

4.3.4 RetS697A/S697A, Ret51/51 and Sox10LacZ/+ lines did not exhibit a sex bias in the ENS 

The remaining Ret lines examined, including RetS697A/S697A and Ret51/51, had 96-100% and 

100% penetrance of phenotypes, respectively at both Mill Hill and the Crick. Both these lines 

showed no significant differences in phenotype severities between males and females at either 

location. For Sox10LacZ/+ mice on a mixed background, there was no sex difference in phenotype 

severity at Mill Hill. Since all parental carriers of the mutant allele here were mothers, parent-

of-origin effects were not examined. At the Crick, Sox10LacZ/+ mixed background phenotypes 

became 100% penetrant and male and female phenotypes became more severe particularly in 

females. Sox10LacZ/+ mixed background phenotypes, however, were comparable at the Crick with 

no significant differences between males and females. For Sox10LacZ/+ males on a C57BL/6J 

background at Mill Hill, these were unaffected although there were only low numbers (n=4) and 

therefore between-sex comparison on phenotypes could not be made. This meant that 

significantly more Sox10LacZ/+ females were affected than males at Mill Hill. At the Crick, 
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however, Sox10LacZ/+ BL6 males and females had similar phenotype severities with no significant 

sex differences. No remarkable phenotypic differences were seen between the Sox10LacZ/+ lines 

at the Crick and therefore modifiers in genetic backgrounds here did not have strong effects.  

4.3.5 There were no parent-of-origin effects seen from Sox10LacZ/+ mutants but some 
distinct phenotypes were found 

There were no obvious parent-of-origin effects on the phenotypes of P0 mice here; guts 

from mice inheriting the mutant allele from mothers and fathers were evenly distributed. This 

is consistent with previous studies in a Sox10Dom/+ model, which similarly identified no parent-

of-origin effects (Owens et al., 2005). In human Hirschsprung patients, parent-of-origin effects 

have been seen in sibling pairs in the Ret gene where 78% of Ret mutant alleles are maternally 

derived (Amiel et al., 2008) as well as in patients harbouring mutants of both Ret and Ednrb 

mutations (Carrasquillo et al., 2002). Future studies would be necessary to confirm if parent-of-

origin effects are conditional on Ret and Ednrb loci and their modifiers.  

Sox10LacZ/+ mice also showed a unique ENS pattern in some mutants. Severe 

hypoganglionic regions were found in the proximal or mid colon, which then recovered distal to 

this being only mildly hypoganglionic. Such a pattern of ENS networks in the colon would suggest 

that Sox10 mutations may cause defects in the colonisation of the transmesenteric vagal ENCCs 

where these cells normally colonise (Nishiyama et al., 2012, Obermayr et al., 2013). The vagal 

and sacral ENCCs may behave normally. Further investigation would be needed to clarify this 

but could point to an important and cell population-specific role of Sox10 in ENS colonisation. 

Transmesenteric vagal ENCCs have been suggested to play a role in proper ENCC colonisation of 

the distal small intestine, caecum and proximal colon (Nishiyama et al., 2012, Obermayr et al., 

2013, Takahashi et al., 2013). Defects in these transmesenteric vagal ENCCs have been proposed 

to explain Hirschsprung patients who have ‘skip segment’ Hirschsprung disease whereby these 

regions are only partially innervated (Takahashi et al., 2013). The study of this population of 

ENCCs and their roles in mouse, however, has been limited (Nishiyama et al., 2012) and a mouse 

model of ‘skip segment’ Hirschsprung has not been described.  

4.3.6 Phenotype analysis of mutants from two different environments demonstrates 
its importance on ENS development 

Overall, the increase in phenotype severity seen across all lines between Mill Hill and 

the Crick supports recent evidence of the importance of environmental effects on the 

development of the ENS (Hyland and Cryan, 2016, Obata and Pachnis, 2016, De Vadder et al., 
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2018). Although there were no significant differences between males and females in terms of 

phenotype severities, changes in the phenotypes of males and females were found in several 

lines the transition from Mill Hill to the Crick. This points to the potential role of the environment 

in influencing sex-specific development of the ENS for the first time.  

Indeed, differences in the transcriptomes of males and females were also found when 

carrying out RNA-seq of E15.5 ENCCs and mesenchymal cells at the two locations (see subsection 

3.3.1). What is interesting to note is that at Mill Hill there were not significant differences in the 

enrichment of crucial pathways to ENS development, including the Ret and endothelin 

pathways, however, these had greater normalised enrichment scores in males. At the Crick, in 

contrast, these pathways were more enriched in females. It is possible that this could relate to 

the changes in phenotypes of males and females seen in the mouse models here. Higher 

expression of genes in these pathways in males at Mill Hill and females at the Crick may 

contradict the results seen here. It is possible, however, that higher endogenous levels of these 

pathways and gene regulators at each location are required for normal ENCC proliferation, 

migration and differentiation in each sex. Therefore, in the presence of a mutation that sex 

might suffer more.  

A recent study found that germ-free mice develop an immature ENS, as microbiota are 

required for serotonin release that induces neurogenesis and neuron maturation in the gut (De 

Vadder et al., 2018). Microbiota have also shown roles for promoting the colonisation of glia 

and maintaining their homeostasis, at least in the mucosa (Kabouridis et al., 2015). Analysis of 

gut samples at Mill Hill and Crick found that Mill Hill mice had more than 1000 species of 

microbiota whereas Crick mice only have 250 species (data collected by Christophe Galichet, 

Francis Crick Institute). Therefore, these studies support a role for microbiota in causing, at least, 

the increase in severity of ENS phenotypes at the Crick.   

4.3.7 The mouse may not be suitable to model the sex bias of Hirschsprung disease 

In Hirschsprung patients, males are more frequently affected with the short-segment 

form of Hirschsprung disease (Amiel et al., 2008). With increasing length of aganglionosis in the 

bowel, however, the sex bias of Hirschsprung disease in humans diminishes from a 4:1 male to 

female sex bias in the short-segment form to 2:1 in the long-segment form (Badner et al., 1990, 

Amiel et al., 2008). Some analyses of the length of the affected or hypo- or aganglionic regions 

of Hirschsprung patients have been carried out through taking measurements of non-

functioning gut sections removed in surgery. These measurements show that males are more 
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frequently affected with a phenotype, rather than having longer lengths of aganglionosis 

compared to females (Badner et al., 1990). Therefore, an argument for a sex-biased mouse 

model based upon males having less normal ganglionosis in the colon is somewhat contradictory 

to what is seen in humans.  

In human patients, it has also been found that males show greater risk to particular 

haplotypes at Ret enhancers compared to females (Attie et al., 1995, Emison et al., 2005, Amiel 

et al., 2008, Chatterjee et al., 2016). While the effects of these three separate polymorphisms 

were investigated in the mouse, no sex effects were mentioned (Chatterjee et al., 2016). 

Whether there are similar sex-specific effects of particular Ret enhancers in the mouse is 

unknown. When trying to model Hirschsprung disease in the mouse, it is important to remember 

that gene dosage differences exist between mouse and human and mutations causing 

Hirschsprung in humans are often not sufficient to cause Hirschsprung-like phenotypes in the 

mouse (Schuchardt et al., 1994, Heanue and Pachnis, 2007). The dependency of this gene dosage 

on sex-related phenotypes may be different between mouse and humans. Therefore, it is 

possible that the mouse may not be suitable to model the sex bias of Hirschsprung disease in 

this way.  

4.3.8 Sex differences in gastrointestinal motility or neuronal subtype composition 
were not measured but can be considered 

Gastrointestinal motility was not compared between males and females in this study 

and only one study of sex differences in this has been carried out to date in the mouse, which 

showed faster gastric emptying in male Sox10Dom/+ adult mice (6 weeks, (Musser et al., 2015). 

Since colonic aganglionic phenotypes in the screen here were generally severe, it is likely that 

many lines would not survive past a few days and therefore such studies would not be possible. 

An ex vivo experiment examining gastrointestinal motility would be possible, however.  

It may also be interesting to examine whether male and females have different 

proportions or numbers of each neuronal subtype. No known studies have investigated sex 

differences in subtype makeup in Hirschsprung mouse models or in human biopsies to date. 

However, studies by Musser et al. (2015) have shown in a Sox10Dom/+ model, there are 

significantly higher numbers of calretinin-positive neurons in the duodenum, ileum and colon 

compared to wildtype controls (Musser et al., 2015). These are predominantly excitatory muscle 

motor neurons that help regulate gastrointestinal motility and therefore relevant to 

Hirschsprung disease.  
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4.3.9 The Ret51/51 model may provide an alternative explanation for the sex bias of 
Hirschsprung disease 

What is striking in this screen of mouse models, is the significant underrepresentation of 

Ret51/51 females that is seen both at Mill Hill and at the Crick. This evidence demonstrates that 

these females must be lost due to effects outside the ENS, since even total intestinal 

aganglionosis in the gut would not cause lethality by P0. Here, I propose an alternative 

hypothesis that the sex bias of Hirschsprung disease exists due to a female-specific lethality 

outside of the enteric nervous system that has previously been missed. The lethality of female 

Ret51/51 mutants is explored in more detail in Chapter 6.  
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Chapter 5. Exploring ENS development in a mouse model of 
Down syndrome 

5.1 Introduction 

Hirschsprung disease most often occurs as an isolated disease, but in 12% of cases 

Hirschsprung patients also have chromosomal abnormalities with Down syndrome (also known 

as Trisomy 21) accounting for more than 90% of these cases (Heanue and Pachnis, 2007, Amiel 

et al., 2008). This makes the frequency of Hirschsprung in Down patients over 100 times that of 

the general population, with 2.6% of Down patients having Hirschsprung (Korbel et al., 2009, 

Friedmacher and Puri, 2013). Interestingly, Hirschsprung-Down patients have an increased sex 

bias of up to 10:1 (male to female) (Amiel et al., 2008). Therefore, chromosome 21 genes must 

be involved in the sex bias of Hirschsprung. In addition to Hirschsprung disease, Down syndrome 

patients have symptoms of gastrointestinal disorders, including 10% of patients having 

structural abnormalities of the GI system including small bowel obstruction or imperforated 

anus (Buchin et al., 1986, Holmes, 2014). This demonstrates a spectrum of bowel disorders 

regulated by chromosome 21 genes.  

Rare variant association studies, recently carried out by my collaborators (Merce Garcia-

Barcelo and Clara Tang, both at the University of Hong Kong), identified App encoding amyloid 

beta precursor protein and Bace2 encoding Beta-site APP-cleaving enzyme as potential 

Hirschsprung candidates, both chromosome 21 genes (Tang et al., 2018). However, the function 

of these genes in the enteric nervous system is not known. Previous publications have identified 

chromosome 21 gene Dscam (Down syndrome adhesion molecule) as a predisposing locus in 

Hirschsprung disease through chromosome scans of Hirschsprung and Down syndrome patients 

(Puffenberger et al., 1994, Yamakawa et al., 1998, Jannot et al., 2013). Similarly, however, the 

role of Dscam in ENS development has not been tested experimentally. Additional genes 

including Col6α1 and Col6α2 encoding collagen type VI alpha 1 and alpha 2 chain, respectively, 

have been linked to Down syndrome due to their overexpression in the Hirschsprung mouse 

model Holstein containing a transgene that upregulates the collagen 6 family of proteins (Soret 

et al., 2015). Analysis of partial trisomy 21 phenotypes identified a region from 33.5 to 46.25Mb 

on chromosome 21 increasing risk for Hirschsprung disease (Korbel et al., 2009). This interval 

contains 122 known genes including aforementioned genes Dscam, App, Bace2, Col18α1 and 

Col6α1. Finally, one study has shown an interaction between a common variant of the Ret gene 

and chromosome 21 gene dosage (Arnold et al., 2009).  
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Genes on human chromosome 21 correspond to genes on mouse chromosomes 16, 17 

and 10, and, accordingly, a number of Down syndrome mouse models have been generated. 

The first two characterized mouse models, however, contained additional aneuploidy since they 

included many genes that do not map to human chromosome 21 (Davisson et al., 1990, Sago et 

al., 1998). More recently, transchromosomic mouse models containing most of human 

chromosome 21 have also been generated (O'Doherty et al., 2005, Dunlevy et al., 2010). This, 

however, tends to be lost from cells leading to animals that are mosaic thereby causing effects 

to be diluted and complicating analysis (Duchon et al., 2011). With the advance of chromosome 

engineering, more strains have been generated with duplication regions orthologous to human 

chromosome 21 (Olson et al., 2004, Li et al., 2007, Pereira et al., 2009, Yu et al., 2010, Liu et al., 

2011, Liu et al., 2014, Brault et al., 2015). Annular pancreas and malrotation of the intestine was 

identified in one of these mouse models, but the ENS was not examined (Li et al., 2007). To more 

faithfully represent Down syndrome in the mouse, the Tybulewicz and Fisher labs took a genetic 

approach to generate a panel of mouse lines, each containing different sizes of duplications of 

the mouse chromosome 16 region in conserved synteny with human chromosome 21 (Figure 

5.1) (Lana-Elola et al., 2016). One of these lines is called Dp1Tyb, containing the largest number 

of corresponding duplications and is trisomic for 148 protein-coding genes. This corresponds to 

64% of the orthologous protein-coding genes on human chromosome 21, and the region 

includes the genes of interest App, Bace2 and Dscam. This model has already been shown to 

exhibit a number of classic Down syndrome phenotypes including congenital heart defects 

(Lana-Elola et al., 2016).  

In the work described in this chapter, the potential of the Down syndrome model Dp1Tyb 

for investigating Hirschsprung disease and its sex bias was explored. The aim was to identify 

whether ENS defects were present in the model and whether ENS development was normal. 

Considering that several genes in the Dp1Tyb region have been implicated in Hirschsprung 

disease, one might expect to see abnormal ENS phenotypes in the Dp1Tyb model. App, Bace2 

and Dscam, however, have never been explored in the mouse ENS and the effects of Col6α1 and 

Col6α2 have never been directly examined here. Therefore, this study may inform whether the 

roles of these genes in Hirschsprung disease can be studied in the mouse. 

The results show that ENCCs in Dp1Tyb mice exhibit a reduced migration capacity causing 

delayed colonisation of the gut. This is evidenced by the lack of ENCCs in the distal colon and 

mid colon of some mice at E14.5, but no clear abnormal ENS phenotypes were found at E18.5. 

In addition, no sex differences were found in the percentage of males and females affected at 



Chapter 5 – Exploring ENS development in a mouse model of Down syndrome 
 

 196 

E14.5, nor in the extent of ENCC colonisation in the gut. These results provide the first in vivo 

evidence for the roles of chromosome 21 genes and the importance of their gene dosage for 

normal ENS development, but they do not yet provide a clear route to understanding the sex 

bias seen in humans.    

 

 
 

Figure 5.1. Diagrammatic representation of a mouse mapping panel generated for partial 
trisomy 21 phenotypes. Human chromosome 21 and their regions of conserved synteny with 
orthologous regions of mouse chromosomes 10, 17 and 16 (grey lines) are shown. The coordinates for 
each mouse region are indicated in parenthesis. Human chromosome 21 and its main cytogenic bands 
(rectangles) and centromere (oval) are shown. Black lines show the duplications present in different lines 
generated in the mapping panel. The number of genes and extent (Mb) of each duplicated region is 
indicated. Diagram is taken from Lana-Elola et al. (2016).  
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5.2 Results 

5.2.1 A Down Syndrome mouse model, Dp1Tyb, shows incomplete colonisation of 
the gut by ENCCs at E14.5 

In order to characterise whether Dp1Tyb mice exhibited any ENS phenotypes, the ENS 

of E14.5 male and female mutants was examined. At E14.5, colonisation of the gut by ENCCs is 

normally complete and therefore if a phenotype was present it would be evident at this stage. 

Wholemount immunohistochemistry of E14.5 Dp1Tyb guts (stomach to anus, inclusive) was 

carried out using a Tuj1 antibody to label neurons and their processes. 

A total of 8 male and 11 female E14.5 Dp1Tyb guts from 4 litters were examined, and 

sex was identified through gonadal phenotype. Dp1Tyb guts at E14.5 lacked full ENCC 

colonisation in the distal colon, compared to their wildtype counterparts, with incomplete 

penetrance (Figure 5.2). 62.5% of male Dp1Tyb guts (5/8) and 63.6% of female Dp1Tyb guts 

(7/11) exhibited abnormal ENS phenotypes, and therefore males and females were equally 

affected (p=1.0, Fisher’s exact test). In terms of the extent of ENCC colonisation, males had a 

mean ± s.d. of 82.5 ± 5.9% (n=5) colonisation in the colon, compared to 78.1 ± 11.9% (n=7) in 

females. These figures were not significantly different from each other (p=0.343, Wilcoxon test) 

and so there was no disparity in phenotype presentation between each sex.   

One Dp1Tyb male (1/8) and one female (1/11) lacked a full ENS network in the middle 

of the colon (Figure 5.3B). The distal colon of these mice also had reduced ENCC colonisation.  

Dp1Tyb animals were produced in roughly expected Mendelian ratios for males (50%, 

n=8/16, p=1.0, chi-squared test) and females (58%, n=11/19, p=0.49, chi-squared test).  
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Figure 5.2. Dp1Tyb mutants at E14.5 lacked full ENCC colonisation in the distal colon with 
incomplete penetrance in males and females. (A) Wholemount immunohistochemistry of wildtype 
and Dp1Tyb mutant guts at E14.5 using the pan-neuronal marker Tuj1. Dp1Tyb guts lacked full ENCC 
colonisation within distal regions of the colon. (B) Male and female Dp1Tyb mutants were equally affected 
with an ENS phenotype in 62.5% and 63.6%, respectively. (C) There was no significant difference in the 
extents of ENCC colonisation in the colon between affected males (82.5% colonisation) and females 
(72.1%). White arrow denotes beginning of abnormal region. Asterisks denote distal end (anus) of the 
colon. ns=not significant. Scale bar shows 500μm.  
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Figure 5.3. An absence of ENCCs was observed in the mid colon of a male Dp1Tyb mutant. (A) 
ENS phenotype in the colon of an E14.5 wildtype male and (B) Dp1Tyb male. Black, white outlined arrow 
in denotes the beginning of an uncolonised gap in the middle of the colon. White arrows denote start of 
the region in distal colon lacking normal ENCC colonisation. Asterisks denote distal end (anus) of colon. 
Scale bar shows 500μm. 
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5.2.2 Normal ENS phenotypes at E18.5 demonstrate delayed ENCC migration in the 
Dp1Tyb model 

At E18.5, the ENS phenotypes of Dp1Tyb guts were analysed as described earlier for 

E14.5 embryos. E18.5 was chosen as a prenatal stage to identify whether colonisation of ENCCs 

had caught up. Moreover, as some mortality had been described in the line after birth (Lana-

Elola et al., 2016), this stage choice avoided any potentially more severe ENS phenotypes from 

being missed in these analyses. 2 male and 9 female Dp1Tyb embryos were obtained and 

examined from 3 litters. No abnormal enteric phenotypes were observed in any mutant and 

therefore 100% of male and female Dp1Tyb mutants had a normal ENS at E18.5 (Figure 5.4). 1/2 

Dp1Tyb males examined was found dead in utero. 1/9 female Dp1Tyb females examined 

exhibited high levels of total body swelling and spots of blood. Males in general, wildtype and 

Dp1Tyb included, were found in lower numbers than females from Dp1Tyb crosses at E18.5. 29% 

(2/7) of total males were Dp1Tyb mutants and 53% (9/17) females were Dp1Tyb mutants. 

Therefore, male Dp1Tyb mutants only were found in lower than normal expected numbers but 

this was not significant (males, p=0.257; females, p=0.808, chi-squared tests). Male Dp1Tyb 

mutants were not found in significantly different numbers to females either (p=0.523, chi-

squared test).  
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Figure 5.4. The ENS of Dp1Tyb guts at E18.5 were normal. Tuj1 whole mount immunostaining of 
wildtype and Dp1Tyb guts. Scale bar shows 500 microns. Asterisk denotes distal colon. 
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5.3 Discussion 

The results showed that Dp1Tyb guts lacked ENCCs in the distal colon at E14.5, indicating 

that ENCCs in Dp1Tyb mice have a reduced migratory capacity and fail to reach the distal colon 

by this stage. 1/8 males and 1/11 females also lacked ENCCs in the mid colon at E14.5. This 

would suggest that populations of vagal and sacral ENCCs, in a small proportion of Dp1Tyb 

animals, have failed to colonise and meet in the mid colon by this timepoint. In addition, it is 

possible that any defects in migratory capacity may be more prominent in the sacral neural crest 

cells that colonise the distal regions. However, by E18.5, Dp1Tyb guts in both males and females 

were all normal. Therefore, there is a recovery of any ENS phenotypes by birth.  

It is also possible that the reduced migration of ENCCs in Dp1Tyb guts may be due to the 

reduced proliferation of ENCCs and therefore also fewer cells. It would be possible to distinguish 

between a direct effect of reduced migration capacity or a secondary effect of this due to 

reduced proliferation. The migration rate of ENCCs in wildtype and Dp1Tyb guts could be 

measured through carrying immunostainings of fixed gut tissues at different stages of ENCC 

migration in the gut, using a neuronal marker such as Tuj1. The extent of ENCC colonisation 

could then be measured as a percentage of gut total or regional length, and a rate of migration 

calculated. Proliferation capacity of ENCCs could be measured by carrying out immunostaining 

of ENCCs using the proliferation marker Ki67, with an ENCC marker such as Sox10 and DAPI. The 

numbers of proliferative cells in wildtype and Dp1Tyb guts could then be measured and also 

calculated as a percentage of total ENCC number and total cell number. Differences in migration 

and proliferation in wildtype and Dp1Tyb mutants could then be compared.  

Previous studies have shown that mice and humans have very different gene dosages, 

including in the development of Hirschsprung disease. For example, a heterozygous mutation in 

the Ret gene in humans is sufficient to cause Hirschsprung disease (Brooks et al., 2005). Mice 

with Ret+/- mutations, however, have normal development of the ENS (Schuchardt et al., 1994). 

So, although the Dp1Tyb mouse model did not show any phenotype by E18.5, it is feasible that 

in human Down syndrome patients that hypoganglionic or aganglionic phenotypes may still be 

present at birth. It is possible to consider this, especially given the inbred genetic background 

the Dp1Tyb mice were examined on as well as just one set of environmental conditions. In 

addition to this, the Dp1Tyb mice did not contain all orthologous human chromosome 21 genes 

on mouse chromosomes 10 and 17. Duplication of these additional genes may be necessary to 

see a stronger phenotype. Nevertheless, the abnormal migration observed early on in 
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development demonstrates that one or more genes in the Dp1Tyb region are both required for 

normal ENS development and in a dosage-dependent manner in the mouse. The lack of male 

and female differences, both in terms of the percentage of each sex affected and of the severity 

of the phenotypes, may suggest that chromosome 21 genes duplicated in the Dp1Tyb region are 

not sufficient to cause the sex bias of Hirschsprung disease. This is supported by the RNA-seq 

data described in the first results chapter. No orthologous human chromosome 21 genes that 

are duplicated in the Dp1Tyb mouse model were found to have sexually dimorphic gene 

expression at any of the timepoints examined (E11.5, E13.5, E15.5). 

Previous studies have shown evidence that human chromosome 21 genes, including 

Dscam, App, Bace2, Col6α1 and Col6α2, have roles in ENS development (Jannot et al., 2013, 

Soret et al., 2015, Tang et al., 2018, Wang et al., 2018). The results shown here support this since 

these genes are found duplicated in the Dp1Tyb region.  Further work will explore the interaction 

of Dp1Tyb genes with Ret by crossing the Dp1Tyb model to a Ret+/- mouse model and examining 

whether phenotype severity is increased. Indeed, previous studies have suggested that a Ret 

common variant interacts with chromosome 21 genes in patients with both Hirschsprung 

disease and Down syndrome (Arnold et al., 2009). Given gene dosage differences between 

human and mouse, it may be necessary to further reduce Ret expression in the mouse for any 

potential sex bias to appear. This is assuming that sex differences in phenotype severity or 

colonisation of the gut are the cause of the sex bias of Hirschsprung disease. Results in the 

previous chapter, however, showed that the sex bias of Hirschsprung disease may be due to the 

lethality of females from effects outside the ENS. Therefore, it will be important to also cross 

the Dp1Tyb model to the Ret51/51 model. If increased levels of female lethality occurred in 

Dp1Tyb; Ret51/51 mutants, this would support this theory.  



Chapter 6 – Female-specific lethality of Ret51/51 mutants 
 

 204 

Chapter 6. Female-specific lethality of Ret51/51 mutants 

6.1 Introduction 

In Chapter 4, it was established that Ret51/51 females were underrepresented at postnatal 

stage 0 (P0). This was assumed to be due to a female-specific lethality before or at birth. It is 

unlikely that the presence of any severe or aganglionic ENS phenotype in Ret51/51 female guts 

would cause lethality by P0, but rather after some days. Therefore, it is possible to consider 

effects outside the ENS.  

Previous studies have shown that Ret-/- mice are lethal 16-24 hours after birth (Schuchardt 

et al., 1994). The cause of this has not been directly investigated, however respiratory failure 

has been suggested (Burton et al., 1997, Aizenfisz et al., 2002). Other studies have found that 

Ret-/- newborn mice show reduced ventilatory responses in hypercapnic (high carbon dioxide) 

conditions (Schuchardt et al., 1994, Burton et al., 1997). Ret-/- mice also have absent or 

rudimentary kidneys at birth in males and females (Schuchardt et al., 1994). Ret51/51 mice, 

similarly, display kidney hypodysplasia and histology sections have previously shown that 

Ret51/51 kidneys contain many cysts and a reduced number of nephrons in neonates (de Graaff 

et al., 2001). Since sex was not determined in previous studies, it is not known whether this was 

only in male Ret51/51 mutants or both males and females. This also caused the female-specific 

lethality of Ret51/51 mutants at birth to be missed previously.  

Outside of the gut and kidney, Ret is known to have widespread expression across many 

tissues. These include in the brainstem, adipose tissue, adrenal gland, brain, breast, heart, liver, 

lung, lymph node, ovary, prostate, skeletal muscle, testes, thymus, thyroid and white blood cells 

(Illumina bodyMap2 transcriptome, Human Protein Atlas, (Dauger et al., 2001, Viemari et al., 

2005)). Hirschsprung disease, as mentioned previously, occurs as an isolated trait in 70% of 

patients and is associated with chromosomal abnormalities in 12% (Heanue and Pachnis, 2007, 

Amiel et al., 2008). Up to 30% of Hirschsprung patients have additional congenital abnormalities 

from more than 34 different syndromes (see Amiel et al. 2008 for review, (Parisi, 2015, Sergi et 

al., 2017)). These syndromes, however, collectively do not suggest any sufficiently early tissue-

specific lethal effects due to Ret deficiency.  

In the experiments described in this chapter, the timepoint of Ret51/51 female lethality was 

first identified to be between E18.5 and P0, since numbers of male and female Ret51/51 mutants 

were normal at E14.5 and E18.5. Given this late embryonic or early neonatal lethality, it is 

possible to deduce that the cause is either birth trauma or respiratory failure (see review by 



Chapter 6 – Female-specific lethality of Ret51/51 mutants 
 

 205 

(Turgeon and Meloche, 2009)) (see Figure 6.1). Ex utero observation of E18.5 Ret51 litters found 

that Ret51/51 females, only, exhibited abnormal respiratory phenotypes. The experiments 

described in this chapter begin to explore the possible sex-specific action of Ret in the brainstem 

where regulation of respiratory rhythm is governed. The rest of this introduction presents a 

summary of the regulation of respiratory control in the brainstem and some existing studies that 

have demonstrated roles for the Ret gene in regulating respiratory rhythm.  

 
 

 
 
Figure 6.1. Timing of neonatal lethality provides an indication for the essential physiological 
process causing death, and prediction of neonatal defects and consequences. (A) Predicted 
survival curves over the first 24 hours after birth when essential physiological processes are impaired 
(assumes a fully penetrant phenotype). (B) Complex biological networks can interact to affect 
physiological processes that are critical for survival of neonates. Taken from Turgeon and Meloche (2009).  
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The central control of breathing is regulated by neuronal circuits found within the 

brainstem. The brainstem comprises the midbrain, pons and medulla and here three main 

groups of neurons exist to control respiratory function: 1) Rhythmogenic neurons, 2) 

neuromodulatory neurons and 3) motoneurons (Blanchi and Sieweke, 2005). All these groups 

are indicated in Figure 6.2. 

The rhythmogenic neurons comprise the preBötzinger complex (preBötc) and parafacial 

respiratory group/retrotrapezoid nucleus (pFRG/RTN). These groups are the central control 

centres for breathing, receiving and transmitting necessary inputs and outputs to modulate 

respiratory rhythm (Smith et al., 1991, Gray et al., 1999, Blanchi et al., 2003, Gray et al., 2010). 

The preBötc regulates inspiration and the pFRG/RTN regulates active expiration. These two 

rhythmogenic groups coordinate with the neuromodulatory and motoneuron groups to relay 

information from peripheral and sensory systems and coordinate respiration with autonomic 

functions (Blanchi and Sieweke, 2005, Feldman et al., 2013). Neuromodulatory neurons consist 

of the noradrenergic neuron groups A1/C1, A2/C2, A5, the sub-locus coeruleus (A7) and locus 

coeruleus (LC or A6). The nucleus tractus solitarius (NTS) and area postrema (AP) also contain 

neurons with modulatory effects as well as the serotonergic neurons found in the Raphe nuclei. 

The motoneurons are located in the area postrema (AP), superior olive (SO) and III (not 

visualised in Figure 6.2), V, VII, X and XII regions (Blanchi and Sieweke, 2005).  

 



Chapter 6 – Female-specific lethality of Ret51/51 mutants 
 

 207 

 
Figure 6.2. Schematic representation of respiratory groups in a parasagittal view of a neonatal 
brainstem. (Forebrain, top left; spinal cord, right) Rhythmogenic groups of neurons are indicated in red 
(preBötzinger complex, preBötc, parafacial respiratory group/retrotrapezoid nucleus pFRG/RTN). 
Noradrenergic groups of neurons are indicated in blue (A1/A2; A2/C2; A5; sub locus coeruleus (sLC/A7) 
and locus coeruleus (A6/LC)). Nucleus tractus solitarius (NTS) is indicated in light orange; Raphe nuclei in 
yellow hatching. Motoneurons (V, VII, X, XII) are indicated in black circles. Superior olive (SO) and area 
postrema (AP) are indicated. Transcription factors required for the development of each group of neurons 
are indicated. Pink circled regions indicate groups that express Ret mRNA. Adapted from Blanchi et al. 
(2005).  
 

The role of Ret in regulating respiratory rhythm has not been studied extensively, 

however it has been found to have roles in carbon dioxide chemosensitivity (Burton et al., 1997, 

Aizenfisz et al., 2002). The first studies investigating the role of Ret in regulating respiratory 

rhythm examined ventilatory responses to normoxic, hypoxic (low oxygen), hypercapnic (high 

inhaled carbon dioxide) and isocapnic conditions (high blood carbon dioxide) in wildtype, Ret+/- 

and Ret-/- mice at P0 (Burton et al., 1997). These studies found that Ret-/- mice, only, had a 

reduced ventilatory response to hypocapnia and therefore deduced that Ret is important in 

carbon dioxide chemosensitivity (Burton et al., 1997). More recent studies found that Ret+/- had 

more and longer durations of apnoeas and breathing episodes during and after hypoxia. 

Although male and female differences were not studied extensively, males had significantly 
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longer durations of periodic breathing than females in wildtype and Ret+/- mutants (Aizenfisz et 

al., 2002). Reduced respiratory rhythm has also been found in Ret mutants (unspecified 

mutants) that were delivered by caesarean section (Hilaire et al., 2004). 

Ret mRNA expression was first identified in the brainstem by Dauger et al. (2001) 

through in situ hybridisation experiments (Dauger et al., 2001). Here, Ret mRNA was detected 

in noradrenergic groups A2, A5, A6 and A7, motoneurons III, V, VII, X, XII, NTS, rostral 

ventrolateral medulla (rVLM), and also dopaminergic nuclei A9 and A10 (Table 6.1). In Ascl1-/- 

mice at P0, they found Ret expression was absent in A2, A5, A6 and A7 noradrenergic groups 

(and rVLM) and these animals had short breaths. Therefore, Ascl1 acts upstream of Ret here, 

where Ret modulates respiratory frequency (Dauger et al., 2001).   

 
 

 
 
Table 6.1. Distribution of c-Ret mRNA in the brainstem of wildtype P0 mice. in situ hybridisation 
results from Dauger et al. (2001) show Ret expression in several neuronal populations of the brainstem. 
Hybridisation signal intensity shown was evaluated as weak (+), moderate (++) or strong (+++). NTS, 
nucleus tractus solitarius, rVLM, rostral ventrolateral medulla.  
 

Further to these studies, Viemari et al. (2005) carried out quantitative in situ hybridisation 

of Ret and found that mRNA levels were not significantly different in respiratory groups of 

noradrenergic neurons in A2/C2, A5, A6 regions and of motoneuron groups III, V, VII, X and XII 

(Viemari et al., 2005). In Ret-/- mutants at E18.5, however, they found significantly reduced 

numbers of tyrosine hydroxylase-positive neurons in A5 and A6 regions. Therefore, Ret is 

important for the maturation of these A5 and A6 noradrenergic groups during embryogenesis, 

which are known to be required for mediating inhibitory and excitatory responses in respiration, 

respectively (Viemari et al., 2005, Hilaire, 2006). 
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6.2 Results 

6.2.1 Identification of the timepoint of Ret51/51 lethality 

In order to identify when Ret51/51 females were lost, Ret51 litters were first collected at 

E14.5 and embryos were observed and genotyped. All Ret51 litters at 14.5dpc contained live 

embryos that appeared normal. ENS total gut phenotypes were also analysed in Ret51/51 mutants 

at E14.5. Males had a mean ± s.d. of -5.4 ± 24.7% normal ganglionosis in the colon compared to 

females at -15.2 ± 40.3% (Figure 6.3A, males/females, n=6), and this difference was not 

statistically significant (p=0.818, Wilcoxon test). These values were negative as normal ENCC 

colonisation had not yet reached the caecum yet (from which the 0 measurement was made, 

distally). Male and female mutants, were confirmed to have expected numbers and therefore 

females were not lost by E14.5 (Table 6.2). 

Next, E18.5 litters were collected and embryos were again observed and genotyped. At 

E18.5, many key organs and tissues were observed for gross morphological abnormalities 

including the brain, thymus, heart, lungs, liver, adrenal glands, kidney, stomach, gut, ovaries and 

testes. No key organs or tissues showed abnormalities in male (n=3) or female Ret51/51 mutants 

(n=6) except the kidneys. The kidneys showed kidney hypodysplasia, as previously published (de 

Graaff et al., 2001), however there were no morphological or size differences between male and 

female kidneys upon further investigation (data not shown). ENS colonic phenotypes were also 

characterised between Ret51/51 males and females. Males had a mean of 31.8 ± 4.2% normal 

ganglionosis in the colon compared to females at 12.7 ± 41.6% (Figure 6.3B, males, n=5; females, 

n=7), and this difference was not statistically significant (p=0.432, Wilcoxon test). Importantly, 

however, Ret51/51 males and females were found in approximately equal numbers (n=5 and n=7, 

respectively, Table 6.2) and therefore females were lost between E18.5 and P0. This was 

presumably due to cannibalisation by the mothers, because lost Ret51/51 female mutants were 

not found dead in the cage. 
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Figure 6.3. Extent of normal ENCC colonisation in the guts of Ret51/51 males and females at 
E14.5 and E18.5. Normal ENCC colonisation was measured as a percentage of colon length from caecum 
to anus. The dotted line represents the position of the caecum and therefore negative values represent 
where normal ENCC colonisation was found proximal to the caecum. (A) At E14.5, there was no significant 
difference in the extent of ENCC colonisation between males (n=6) and females (n=6). (B) At E18.5, there 
was no significant difference in the extent of ENCC colonisation between males (n=5) and females (n=7). 
 
 

 
 
Table 6.2. Table summarising the number of expected and observed male and female Ret51/51 
mutants at P0, E14.5 and E18.5. At postnatal stage 0 (P0) female Ret51/51 mutants were 
underrepresented causing a male to female sex ratio of 3:1. At E14.5 and E18.5, there were approximately 
equal and expected numbers of Ret51/51 males and females. 

Mouse  High breathing 
rate 

Breathing 
difficulty 

Cyanotic 

Male 1 - - - 
Male 2 - - - 
Male 3 - - - 
Male 4 - - - 
Male 5 - - - 
Female 1 + - - 
Female 2 + - - 
Female 3 - + + 
Female 4 - + + 
Female 5 - + + 

 
 

Stage Number of 
animals 

Expected number 
of mutants 

Observed number 
of mutants 

Sex 
ratio 

P0 32 16M + 16F 24M + 8F 3:1 

E14.5 12 6M + 6F 6M + 6F 1:1 

E18.5 12 6M + 6F 5M + 7F ~1:1 
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6.2.2 Histological analyses of E18.5 Ret51/51 embryos 

Parasagittal sections of whole male and female wildtype and Ret51/51 mutant embryos 

at E18.5 were stained with haemotoxylin and eosin (H&E) to observe the size, morphology and 

organisation of tissues and cell structures. Overall, no abnormalities could be observed between 

wildtype and Ret51/51 mutants in males (n=2) and females (n=2) and all major tissue groups 

appeared normal, including the brain and in particular the brainstem (Figure 6.4). Kidney 

deformities could not be seen clearly through parasagittal sections (due to the orientation), and 

were examined separately. 

 
 
Figure 6.4. Histological H&E sections of wildtype and Ret51/51 female heads at E18.5. No obvious 
abnormalities were found in the brain of Ret51/51 females. Part of the scalp was removed for penetration 
of fixative. Scale bar represents 1000µm. These specific images were chosen because the sections were 
directly comparable in the region of the brainstem. Looking at other sections showed no obvious 
differences in facial structures or the rest of the brain. Brainstem regions of the midbrain, pons and 
medulla are labelled as well as the cerebellum (outside brainstem).  
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Since no differences were found between wildtype female and Ret51/51 mutants in whole 

embryo histological sections, kidneys were examined in coronal sections separately. In 

parasagittal sections, it was also not possible to clearly see the structures of the kidneys. Coronal 

sections revealed impaired central glomerular development and deficiency of the stroma in all 

Ret51/51 male (n=4) and female mutants (n=5) examined. Wildtype (n=1, male; n=1, female) and 

heterozygous Ret51/+ mutant (n=1, male; n=1, female) kidney sections, however, were normal. 

Similar defects were described previously (de Graaff et al., 2001). However, no differences were 

found in the extent of these defects between males and females (Figure 6.5).  

 

 
Figure 6.5. Histological H&E sections of wildtype and Ret51/51 kidneys at E18.5. Ret51/51 mutants 
displayed kidney hypodysplasia, central glomerular development and deficiency of the stroma.  
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6.2.3 Ex utero examination of E18.5 Ret51 litters 

In order to identify which defective physiological process or processes were causing the 

Ret51/51 female lethality, caesarean sections were carried out on 18.5dpc pregnant females 

harbouring Ret51 litters (see subsection 2.2.6 for details). Behaviour and adaptation to extra-

uterine life were assessed and characteristics including the colour of embryos, breathing 

patterns and apparent motor activity were examined. Overall, female Ret51/51 mutants exhibited 

abnormal respiratory phenotypes including high breathing rates (2/5) or breathing difficulties 

that often consisted of large, irregular gasps (3/5). Animals with breathing difficulties were also 

cyanotic in their skin colouration (Table 6.3). Some reduced motor activity was observed across 

all genotypes and was assumed to be due to adaptation to extra-uterine life, as this often 

recovered later. Ret is expressed in the lung and the brainstem, organs essential for proper 

respiration (Illumina bodyMap2 transcriptome, Human Protein Atlas (Dauger et al., 2001, 

Viemari et al., 2005)). However, previous studies have shown brainstem defects in Ret mutants 

(Viemari et al., 2005). Therefore, I analysed the brainstem of Ret51/51 mutants.  

 
 

 
 
Table 6.3. Table summarising phenotypes observed from ex utero observation of E18.5 male 
and female Ret51/51 mutants. Males showed no unusual phenotypes. All females examined (n=5) 
showed either high breathing rates or exhibited breathing difficulties and were cyanotic.  

Mouse  High breathing 
rate 

Breathing 
difficulty 

Cyanotic 

Male 1 - - - 
Male 2 - - - 
Male 3 - - - 
Male 4 - - - 
Male 5 - - - 
Female 1 + - - 
Female 2 + - - 
Female 3 - + + 
Female 4 - + + 
Female 5 - + + 
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6.2.4 Preliminary analysis of RET expression in the brainstem 

Although in situ hybridisation of Ret mRNA has been carried out in the brainstem, no 

known studies have characterised Ret protein expression here. Previous in situ studies of Ret 

mRNA have identified its expression in respiratory neuron groups including the noradrenergic 

groups (A2, A5, A6, A7), motoneuron groups (III, V, VII, X, XII), the NTS and rVLM (Table 6.1), as 

well as in some dopaminergic groups.  

Here, immunohistochemistry was carried on parasagittal sections of wildtype E18.5 

brainstems (the right side was used only, for consistency) using a Ret antibody that recognises 

the extracellular domain of Ret. Therefore, in wildtype animals, the Ret antibody detected both 

Ret9 and Ret51 isoforms. To identify motoneuron groups, the motoneuronal marker Islet1,2 was 

used (Bouvier et al., 2010, Caubit et al., 2010, Chevalier et al., 2017). To identify noradrenergic 

neuron groups, the marker Phox2b was used (Pattyn et al., 2000, Blanchi and Sieweke, 2005) 

with the noradrenergic neuron marker tyrosine hydroxylase (TH) (Viemari et al., 2005). Phox2b 

expression was quite ubiquitous and disparate outside of noradrenergic neuron groups, 

however, marked the NTS region strongly. TH was also very disparate in these regions (including 

wildtypes) except in A6, making it difficult to demarcate the exact location of each respiratory 

neuron group.  

Each respiratory group is located in a different position of the brainstem in both two-

dimensional and three-dimensional space, with many respiratory groups spanning 2-4 sections 

on a slide of up to 12 brainstem sections. To fairly compare immunohistochemistry of 

respiratory groups across different genotypes, the depth or plane of a section was assessed in 

the first instance by using the outline of the brainstem section. Examples of 3 parasagittal planes 

of the brainstem are shown in Figure 6.6 and are indicated by planes A, B and C. Further to 

comparing the approximate plane of the section, the presence of the different respiratory 

neuron groups was defined by both anatomical location and expression of specific markers. The 

morphology and density of each particular respiratory neuron group on a section were also 

considered, for fair and consistent comparisons.  

Neurokinin-1 receptor (NK1R), was used as a marker for the preBötc and pFRG/RTN 

(Caubit et al., 2010, Chevalier et al., 2017). A subset of neurons found in the dorsal region of the 

VII group were also NK1R+ and was used for orientation purposes of the plane of the VII group. 

These dorsal neurons of the VII region were only NK1R+ in one section of up to 4 sections on 

each slide where the VII region was Islet1,2+. 
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Figure 6.6. Schematic representation of respiratory groups of neurons in the E18.5 brainstem 
at three parasagittal planes. All respiratory groups known to express Ret mRNA are shown at planes 
A, B and/or C. Noradrenergic neuron groups (blue), motoneuron groups (white) and NTS (yellow) are 
indicated. Created using information from personal observation, Dauger et al. (2001), Blanchi and Sieweke 
(2005), Viemari et al. (2005) and (Robertson et al., 2013). 
 

Ret protein expression was commonly found in all respiratory groups expressing Ret 

mRNA that were analysed. Ret was found clearly in A6 and A7 (Figure 6.7), V, VII (Figure 6.8), X 

and XII regions (all apart from VII, n=1; VII, n=2) (Table 6.4). In the NTS, RET protein expression 

was unclear in some animals and will need to be confirmed. The A2 and A5 regions have not 

been analysed yet. These regions were examined due to their roles in regulating respiratory 

rhythm, and the dopaminergic groups A9 and A10 were omitted. Similarly, the rVLM was not 

examined due to its little-known roles in respiration.
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6.2.5 Preliminary analysis of respiratory groups of neurons in the Ret51/51 brainstem  

Immunohistochemistry for Ret was also carried out in E18.5 Ret51/51 mutant brainstems. 

Since only the Ret51 isoform is expressed in Ret51/51 mutants, expression of Ret51 only was 

identified here. For all the respiratory neuronal groups examined, except one, Ret51 was also 

found expressed in Ret51/51 mutants with no obvious differences between wildtypes and mutants 

or males and females, although this will warrant further detailed examination on greater 

numbers of animals (Table 6.4). Interestingly, no Ret51 protein (or little) was found in the VII 

motoneuron group in females (n=1, little; n=1, none) and only low amounts of Ret51 were 

detected in males (n=2) (Figure 6.8). In males, Ret51 expression was localised to the top of the 

VII region where neurokinin-1 receptor (NK1R) was colocalised. NK1R is a marker of neurons 

within the preBötc and pFRG/RTN respiratory groups (not shown on this plane of sections) 

(Bouvier et al., 2010, Caubit et al., 2010, Gray et al., 2010, Yackle et al., 2017). Therefore, this 

result showed that the Ret9 isoform is predominantly expressed in the VII motoneuron group 

and sex differences in Ret51 expression may be present here.  

 
Respiratory group of 

neurons 
Ret mRNA 
expression 

Ret9/Ret51 in wildtype Ret51 in Ret51/51 mutant 

Noradrenergic neurons    
A2 ++ Not examined Not examined 
A5 ++ Not examined Not examined 

A6/LC ++ Some scattered (M+F) Some scattered (M+F) 
A7/sLC ++ Some (M+F) Some (M+F) 

Motoneurons    
V +++ Yes (M+F) Yes (M+F) 

VII +++ Yes (M+F) Little (M),  
no or little (F) 

X ++ Yes (M+F) Yes (M+F) 
XII ++ Yes (M+F) Yes (M+F) 

NTS ++ Some/unclear (M+F) Yes (M), some (F) 
 

Table 6.4. Distribution of Ret mRNA expression (as published) and Ret9/Ret51 protein 
expression in wildtype and Ret51/51 mutant E18.5 brainstems, respectively. +++ and ++ represent 
strong and moderate intensity of Ret mRNA expression in the different respiratory regions of the 
brainstem, identified by Dauger et al. (2001). Ret protein was analysed in this study and its presence was 
noted on the table. M=male, F=female. LC=locus coeruleus. sLC=sub locus coeruleus. NTS=nucleus tractus 
solitarius. 
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Figure 6.7. Immunohistochemistry of the noradrenergic groups A6 and A7 of the brainstem. 
Immunostaining of E18.5 wildtype female, Ret51/51 male and female brainstems was performed using 
antibodies against TH (green) and Phox2b (red) to identify the A6 and A7 groups, and Ret (cyan). D=dorsal, 
R=rostral. Section shown is from plane B. Scale bar shows 100μm. 
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Figure 6.8. Immunohistochemistry of the motoneuron group VII of the brainstem. Immunostaining of E18.5 wildtype female, Ret51/51 male and female 
brainstems was performed using antibodies against Islet1,2 (green) to identify the VII group, Ret (cyan) and NK1R (red).  On the merge panel, pan nuclear staining DAPI 
is added (blue). D=dorsal, R=rostral. Arrowhead indicates Ret51 expression. Section shown is from plane B. Scale bar shows 100μm.
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6.3 Discussion 

The role of Ret in respiratory rhythm was first identified in physiological studies, but not 

much progress has been made since then in understanding its role in the brainstem (Burton et 

al., 1997, Dauger et al., 2001, Aizenfisz et al., 2002, Viemari et al., 2005). Ret has been shown to 

have important functions in A5 and A6 noradrenergic neuron groups, however, as evidenced by 

fewer TH-positive neurons in these regions in Ret-/- mutants (Viemari et al., 2005). The current 

study is the first to begin to examine the roles of Ret isoforms in the brainstem. In this chapter, 

I find that in Ret51/51 mutants, more than half of female mutants were lost between E18.5 and 

P0. This was presumably due to cannibalisation by the mother, which is a common problem 

when the newborn is inactive. No gross morphological abnormalities were found in either male 

or female Ret51/51 mutants at E18.5 except kidney hypodysplasia as previously described (de 

Graaff et al., 2001). Further to this, histological analyses only identified defects in the kidneys 

where no clear sex differences were found. It is unlikely that the Ret51/51 female-specific lethality 

at P0 is due to kidney defects. Known mutations that cause lethality through renal failure 

generally cause death after at least 10 hours and normally more than 24 hours after birth, even 

if all genitourinary structures are missing (Hatini et al., 1996, Kreidberg et al., 1996, Muller et al., 

1997, Nakai et al., 2003).  

6.3.1 Ret51/51 females die at birth likely due to respiratory defects that originate from 
the brainstem 

Ex utero studies of Ret51 litters at E18.5 here found that Ret51/51 mutants experienced 

respiratory defects, but only in females. These included high breathing rates, breathing 

difficulties including irregular gasps and the presence of some cyanosis. Ret is also expressed in 

the lung (Illumina bodyMap2 transcriptome, Human Protein Atlas) and therefore I cannot 

exclude any lung defect. This study has focused on analysis of the brainstem as previous studies 

showed brainstem defects in a Ret mutant (Viemari et al., 2005). It is possible the Ret9 isoform 

is regulated in a sex-specific manner, or has sex-specific effects, in the brainstem and be 

responsible for the disparate respiratory phenotypes that emerge in female Ret51/51 mutants. 

Ret mRNA is known to be expressed in many regions of the brainstem including in several 

noradrenergic neuron groups and motoneuron groups (Dauger et al., 2001, Hilaire et al., 2004, 

Viemari et al., 2005).  
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6.3.2 RET51 protein is lowly expressed in males and absent in females uniquely in 
motoneuronal group VII of the brainstem  

Immunohistochemistry of Ret here found protein expression was localised to the same 

groups. When immunohistochemistry of Ret was carried out in Ret51/51 mutants, Ret51 was found 

expressed in all of these groups except in the motoneuron group VII. Here, there was little Ret51 

expression in males and no Ret51 expression in females. Therefore, this is a critical region to 

explore further that may explain the respiratory phenotypes and lethality observed in female 

mutants.  

This VII group corresponds to the facial motor nucleus and is the main nucleus of the facial 

nerve. Neurons here are primarily known to supply and modulate activity of the muscles arising 

from the second embryological branchial arch (Watson et al., 2012, Dulak and Naqvi, 2018). In 

mammals, this includes superficial muscles of the face and two strap muscles connected to the 

hyoid bone of the neck located above the larynx (Watson et al., 2012). Superficial muscles 

supplied by the facial motor nucleus include muscles of the ear, muscles encircling the mouth 

(orbicularis oculi), muscles of the cheek (buccinator) and muscles between the corners of the 

nose and mouth (nasolabialis muscle group) (Watson et al., 2012). The two strap muscles include 

the stylohyoid located in the upper neck that controls movement of the hyoid bone and tongue, 

and the posterior belly of digastric that is a small muscle located under the jaw and is involved 

with complex movements of the jaw along with additional muscles (Watson et al., 2012, Dulak 

and Naqvi, 2018).  

Interneurons of the VII region have been reported to modulate respiratory activity (Li et 

al., 2004a), but little is known about this region. The A2 and A5 regions still need to be examined, 

and the A6 region also warrants further investigation given the known roles of Ret in this region 

as well as in the A5 region (Viemari et al., 2005). Further to this, recent studies have identified 

sex-specific transcriptomic differences in adult noradrenergic neurons in the brainstem, but not 

whole hindbrain or serotonergic neurons, that may be relevant here (Mulvey et al., 2018). My 

preliminary immunohistochemistry experiments found Ret51 in A6 regions in Ret51/51 mutants, 

but particular markers of cell types in these regions were not examined in detail. It will be 

important, for example, to examine the presence and numbers of tyrosine hydroxylase-positive 

neurons that is a key marker of the noradrenergic groups. Indeed, these different neuronal 

groups are not homogenous but instead comprise different neuronal subpopulations. It will also 

be important to consider the expression of Ret and other markers in three-dimensional space 

of these respiratory neuron groups.  
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6.3.3 Further experiments will investigate any potential sex-specific roles of the RET 
isoforms 

Carrying out in situ hybridisation for Ret9 and Ret51 in wildtype brainstems will be 

important to distinguish the spatial and temporal expression patterns of these isoforms. This 

will also enable particular neuronal groups to be focused on, based on where Ret9 is expressed 

and therefore is lacking in Ret51/51 mutants. Since antibodies are not available for the specific 

Ret9 and Ret51 isoforms, but only for Ret, it is possible to make use of Ret9/9 mice (expressing 

only the Ret9 isoform) to check for Ret9 protein expression in the brainstem too. However, this 

may not reflect endogenous Ret9 expression in normal wildtypes. Further to this, investigating 

Ret9 and Ret51 mRNA expression levels in the brainstem and different groups of neurons will be 

necessary to ascertain whether the expression level of Ret51 is increased in Ret51/51 mutants. This 

may be possible since Ret9 is not transcribed in Ret51/51 mutants, which may increase the 

availability of regulatory complexes involved in the transcription of Ret that is normally 

alternatively spliced into multiple isoforms. It is unknown whether there are feedback 

mechanisms regulating the concentrations of Ret isoforms produced. Identifying the stage at 

which Ret9 is expressed in the different neuronal groups in the brainstem may be important to 

understand from when the defective phenotypes emerge in Ret51/51 females. Furthermore, it will 

be interesting to determine whether sex differential expression of Ret9 and Ret51 exists.  

It is interesting that Ret51/51 ENS phenotypes were more severe in females at E14.5 and 

E18.5. Due to the lethality of many females after birth, sex differences examined in the ENS at 

P0 were not faithfully represented. Since Ret51/51 females at earlier stages had more severe ENS 

phenotypes, this may suggest that Ret51 expression was lower in females overall. This may 

contribute to sex-specific respiratory defects identified in Ret51/51 mutants. The current study 

suggests a sexually dimorphic function of particular isoforms in males and females. It is possible 

that different redundancy mechanisms exist in males and females in the Ret pathway that 

regulate respiration, enabling males to survive with the loss of Ret9 isoform in these mutants. In 

addition, different minimal thresholds of Ret51 expression may be required in each sex for 

normal respiration. In Burton et al. (1997), they found variable ventilatory responses of Ret+/- 

mutants to hypercapnia. Since males and females were not distinguished in this study, a sex 

effect could have been missed here. Sex could be an important modifier for respiratory 

phenotypes, however.  

Once an understanding is grasped of how this female-specific lethality in Ret51/51 mutants 

occurs, it will be important to cross the Ret51/51 mutants onto the four core genotype model (De 
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Vries et al., 2002) (see Introduction subsection 1.1.6). This will enable the investigation of sex 

chromosome and gonadal hormone effects on this sexually dimorphic phenotype. At P0, this 

could be due to X- or Y-linked genes or male or female hormones. At E18.5, levels of testosterone 

in males are at their peak before declining after birth (O'Shaughnessy et al., 1998, 

O'Shaughnessy et al., 2006, Griswold and Behringer, 2009). In females, in contrast, oestrogens 

start to be produced after birth during the process of folliculogenesis in the ovary (Drummond, 

2006, Francois et al., 2017). Several studies have demonstrated that Ret is able to stimulate 

oestrogen-responsive genes, and Ret is also upregulated in oestrogen receptor-positive breast 

cancers (Plaza-Menacho et al., 2010, Gattelli et al., 2013, Morandi et al., 2013, Mulligan, 2014). 

It is possible that the production of oestrogen in females around birth could contribute to the 

lethality of Ret51/51 females by upregulating particular pathways that lead to deregulation of 

respiration in females. However, this may need to act rapidly to cause lethality. Alternatively, 

testosterone or other male gonadal hormones could be protective against the loss of Ret9.  

6.3.4 Implications for female-specific causes of congenital central hypoventilation 
syndrome, sudden infant death syndrome and perinatal asphyxia  

As described in the introduction, Hirschsprung disease can be associated with more than 

34 different congenital abnormalities. These abnormalities do not fall into one or few organ 

systems, however, and are very variable. One of the most commonly associated syndromes with 

Hirschsprung disease is congenital central hypoventilation syndrome (CCHS). Patients with CCHS 

have defects in normal autonomic breathing and hypoventilate, particularly during sleep and 

often suffer with sleep apnoeas (Weese-Mayer et al., 1993, Berry-Kravis et al., 2006). CCHS 

patients, as a result, have increased carbon dioxide levels during sleep and present with cyanosis 

at birth (Weese-Mayer et al., 1993, Huang et al., 2012). Approximately 1.5% of Hirschsprung 

patients have CCHS and 20% of CCHS patients have co-existing Hirschsprung disease (Croaker et 

al., 1998, Sandoval et al., 2016). CCHS is a rare disorder that occurs in 1 in 200,000 births (Weese-

Mayer et al., 2003) and is caused by mutations of the Phox2b gene in more than 90% of cases 

(Weese-Mayer et al., 2004, Trochet et al., 2005, Berry-Kravis et al., 2006). In rarer cases, CCHS 

can also be caused by mutations in genes including Ret, Gdnf, Edn3 and Ascl1 that are all central 

to ENS development with Ret being found most commonly mutated in Hirschsprung disease, as 

well as Edn3 and Ascl1 in rare cases (Bolk et al., 1996, Amiel et al., 1998, Sakai et al., 1998, Sakai 

et al., 2001, Kanai et al., 2002, Sasaki et al., 2003).  

In relation to CCHS is “sudden infant death syndrome (SIDS)”. SIDS occurs in 

approximately 1 in 2000 births and is largely heterogenous with many unknown causes and 
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various genes associated with the syndrome (Weese-Mayer et al., 2007). No sex bias is known 

in CCHS (Croaker et al., 1998), but a 2:1 male sex bias exists in SIDS (Kinney and Thach, 2009). 

SIDS is also known to peak at 2-4 months of age (Hunt and Hauck, 2006, Kinney and Thach, 

2009).  

There is also a third, more common respiratory disorder known as ‘perinatal asphyxia’. 

This accounts for a significant portion (23%) of unexplained neonatal deaths and perinatal 

asphyxia occurs with an incidence of 1 in 1000 (Lawn et al., 2006, McGuire, 2007). It is caused 

by an insufficient oxygen supply that causes severe hypoxic-ischaemic injury to vital organs 

including the brain, that can lead to fatality (Golubnitschaja et al., 2011, Morales et al., 2011, 

Ahearne et al., 2016). Up to 28% of survivors can be left with severe neurological damage due 

to cell death and neuronal injury of the brain (Golubnitschaja et al., 2011, Gazzolo et al., 2015). 

One study comparing incidence of asphyxia between sexes found a very weak male-biased ratio 

of less than 1.2:1 when sex was compared within race only (Mohamed and Aly, 2014). Although 

problems in pregnancy can cause perinatal asphyxia, there are many unexplained cases 

(McGuire, 2007, Nair and Kumar, 2018).   

It is possible that the sex bias of Hirschsprung disease arises due to a loss of females around 

birth generating a male sex bias as ENS defects in these females are missed. It is possible that 

respiratory defects could cause lethality specifically in females, however some survivors may 

then present with both CCHS and Hirschsprung disease. There are a variety of reasons that SIDS 

or perinatal asphyxia might arise and therefore any male sex bias in these does not argue against 

this hypothesis. In addition, it is possible that respiratory defects in female Hirschsprung patients 

might be so severe that these babies are stillborn or miscarried. Genetic tests are generally not 

carried out on infants that die at birth and it would be too soon to see signs of megacolon or 

Hirschsprung disease and Ret mutations could be a possible cause. Since humans are more 

sensitive to mutations in Ret in the ENS (Heanue and Pachnis, 2007) and mutations of different 

genes in other cases (Taranova et al., 2006, Gonen et al., 2018), this could be possible. Further 

work will investigate whether Hirschsprung families have higher incidence of miscarriages, 

stillbirths or SIDS compared to the general population. Any information from post-mortem 

examinations will also be investigated. 
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Chapter 7. Final discussion and conclusions 

The main aim of this thesis was to establish whether the mouse could provide a means to 

understand the very significant sex bias seen in Hirschsprung disease. The risk of Hirschsprung 

disease in males versus females increases to two-fold in the long-segment form, four-fold in the 

short-segment form and up to ten-fold if it is associated with Down syndrome (Badner et al., 

1990, Amiel et al., 2008, Heuckeroth, 2018). Since being male or female is genetically 

determined in humans, this makes sex one of the most important genetic risk factors associated 

with Hirschsprung disease.  

Two approaches were adopted here. The first was to look for sex differences in gene 

expression during relevant stages of ENS development in mice. The second was to explore 

genetic models of Hirschsprung disease in the mouse to identify if any exhibited a significant sex 

bias. A third aim had been to apply methods to explore the underlying reasons for a sex bias, if 

one was found. These methods have been well established in the lab and applying these to 

either look at gene expression in wildtype mice, or to look at the genetic models, would be 

straightforward. Now some clear sex biases have been identified in both of the first two aims, it 

is possible to embark on this.  

 

7.1 Enteric neural crest cells exhibit sex-specific transcriptional 
signatures at E11.5 and E13.5  

In order to characterise sex-differences in the transcriptomes of ENCCs and mesenchymal 

cells, RNA-seq was carried out. I found that sex differences were primarily found in ENCCs rather 

than mesenchymal cells, perhaps due to the heterogenous nature of the mesenchymal cell 

population here. In ENCCs, sex differences were almost exclusively found at E11.5 and E13.5, 

the period when ENCCs colonise the gut but not after. At E11.5, 65.7% (23/35) of differentially 

expressed genes (DEGs) were male-biased. Many of these genes, however, were pseudogenes 

or uncharacterised genes. It is unclear what roles many of these DEGs may have in ENS 

development and they did not show preferences for particular functional categories.  

Strikingly, a sex-specific transition in the transcriptional profile of female ENCCs at E13.5 

was identified. DEGs that were previously sex-biased in males at E11.5 became switched on in 

females. Further to this, additional gene sets were switched-on or upregulated specifically in 

females at E13.5. 80% (24/30) of DEGs identified at E13.5 were female-biased and exhibited 

significant sex differences in gene expression. Moreover, a large number of genes were also 
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found upregulated in females although these differences were not significant. The level of 

expression of these genes will warrant further investigation, as the mean of normalised counts 

considered expression of these genes across all samples but a log2FC specific to each sample. 

The overall effects of these may be important, as pathway analyses using GSEA demonstrated 

that these small changes may have additive effects in causing the enrichment of particular 

pathways in one sex compared to the other. GSEA analysis at E13.5 exposed a distinct reversal 

between sexes in the enrichment of many key pathways relevant to ENS development and ENCC 

migration, compared to E11.5 and E15.5 timepoints. These included endothelin signalling, 

extracellular matrix, collagen and GPCR signalling pathways. These findings would support the 

notion that female ENCCs are more advanced than their male counterparts from E13.5. This was 

reinforced by enrichment of neural crest migration and differentiation processes in female 

ENCCs. If female ENCCs are more advanced in their development, this may explain why a sex 

bias in Hirschsprung disease exists, as females could be more protected against Hirschsprung 

disease in the presence of a predisposing risk allele or mutation. None of the sex-biased genes 

identified are known to be involved in ENS development or Hirschsprung disease, except one, 

and therefore all present as novel gene candidates for Hirschsprung disease. The ENS 

development gene identified in my studies as differentially expressed in ENCCs is Hlx. Although 

found to be expressed at higher levels in mesenchymal cells, where Hlx has previously been 

published to have a role (Bates et al., 2006), no sex differences were found there. Hlx-/- mice 

have severe hypoganglionosis in the colon (Bates et al., 2006), but the mechanism of action of 

Hlx in the ENS is completely unknown. Both Hlx and other novel genes identified here, such as 

Fgfr2, Rdh10 and Hand1, could be important sex-specific modifiers. This may explain why they 

have not been identified for roles in ENS development or Hirschsprung disease previously as the 

role of sex has been overlooked in animal studies and has been difficult to investigate in humans.  

Cross-comparison of the RNA-seq data described here to additional available ENCC RNA-

seq datasets identified an overlap of many female-biased DEGs at E13.5. These DEGs are part of 

the transcriptional signature of ‘mesenchymal-like cells’ and ‘ENCC mesothelial fibroblasts’ 

identified in unpublished data from the Kathy Cheah lab (University of Hong Kong) and Zeisel et 

al. (2018), respectively. There was also an overlap of many of these female-biased genes with 

DEGs deregulated in TashT ENCCs (Bergeron et al., 2015). These findings support a prediction 

for important but unknown functions of these genes in ENS development. ‘Mesenchymal-like 

cell’ and ‘ENCC mesothelial fibroblast’ populations from the scRNA-seq data were enriched in 

female cells compared to the total population. Therefore, it is possible that this novel cell type 
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(thought to be largely equivalent) may be enriched in females and have sex-specific roles in the 

ENS.  

7.2 The sex bias of Hirschsprung disease is not reproducible across 
several mouse models 

Since my findings from the RNA-seq analyses suggest that female ENCCs are more 

advanced, I could expect to see the emergence of a male sex bias in mouse models of 

Hirschsprung disease. A screen of eight mouse models of Hirschsprung disease was carried out, 

with each of these harbouring single or compound mutations of Ret, Sox10 or Ednrb genes. Each 

line was assessed for a sex bias in the percentage of males and females affected with an enteric 

phenotype at P0 and for sex differences in the severity of enteric phenotypes. Although small 

differences were found in phenotype severity between males and females at Mill Hill, including 

in included Ret51/51, RetS697A/S697A, Ret9/- and Sox10LacZ/+ lines, these were not statistically 

significant. Similarly, at the Crick there were no significant differences in phenotype severity 

between males and females. Any indication of lines that might have shown a sex difference at 

Mill Hill with more numbers was lost at the Crick, presumably due to environmental differences 

between the two institutes. At the Crick phenotype severity increased across all lines with 

greater changes in females. Therefore, a sex bias previously reported in a Ret9/- line (Uesaka et 

al., 2008) was not reproducible here. This may be due to differences in the transgenics of the 

Ret9/- line used here and the Ret9/- line published.   

A two-locus non-complementation approach was carried out to examine the interaction 

between Ret and Ednrb genes in the mouse ENS. A Ret+/-; Ednrbs/s line had previously been 

published with a male sex bias in enteric phenotype severity (McCallion et al., 2003) and the 

present study intended to explore the cause of this. Ret+/-; Ednrbs/+ and Ednrbs/s parents were 

crossed to generate Ednrbs/+, Ednrbs/s, Ret+/-; Ednrbs/+ and Ret+/-; Ednrbs/s mice. Surprisingly, all 

genotypes exhibited a phenotype, in contrast to published studies (McCallion et al., 2003). 

Furthermore, for lines that did not have 100% penetrance of a phenotype, including Ednrbs/+ and 

Ret+/-; Ednrbs/+, there were no significant differences in the numbers of males and females 

affected. The numbers of each sex affected were perhaps unexpected given that the RNA-seq 

data found endothelin pathways upregulated in the female at all timepoints examined and 

significantly at E13.5. The genes comprising the core enrichment of the endothelin pathway in 

females, however, did not include the gene Ednrb. It is possible that small gene expression 

differences in Ednrb and other genes may have small additive effects in either males or females. 
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In addition, there were no sex differences in phenotype severities in Ednrbs/+ mice or Ednrbs/s 

mice. When a heterozygous mutation of Ret+/- was added to Ednrbs/+, however, males showed 

an obvious increase in phenotype severity and normal ganglionosis was reduced by 40% in the 

colon compared to Ednrbs/+. In females, however, enteric phenotypes were comparable 

between these two genotypes. This demonstrates that Ret may have an important sex-specific 

effect in males causing a male sex bias to appear in the presence of a sensitised background. 

The same effect, however, was not seen between Ednrbs/s and Ret+/-; Ednrbs/s mice and enteric 

phenotypes were comparable between sexes in both lines. Overall, this demonstrates that the 

sex bias of Hirschsprung disease could be gene-dosage dependent and expression changes of 

ENS genes may need to meet a particular window of expression level thresholds in order to see 

it. This is supported by the reduced sex bias seen in the long-segment form of Hirschsprung 

disease (2:1) compared to the short-segment form (4:1).  

The effects of different environments, between Mill Hill and the Crick sites, on enteric 

phenotype severity and potentially on sex, is interesting and may warrant further investigation. 

Given the large number of environmental changes associated with the animal colonies between 

Mill Hill and Crick, it is difficult to speculate which variables may be contributing the most effects. 

Changes in microbiota, however, have been identified as a main factor in causing many 

phenotype changes at the Crick, including onset of cancer pathogenesis, changes in growth 

hormone levels and loss of some gut-immune system interactions.  

 

7.3 In vivo evidence for the importance of chromosome 21 gene dosage 
in ENS development 

Many genome-wide studies of human Hirschsprung patients have implicated roles for 

chromosome 21 genes (Arnold et al., 2009, Korbel et al., 2009, Jannot et al., 2013, Wang et al., 

2018). The sex bias of Hirschsprung-Down patients is elevated with up to 10 times more males 

affected than females. Indeed 10% of Down patients have gastrointestinal defects. Despite this, 

no studies have directly examined ENS function in a Down syndrome model before. In my study, 

I found delayed migration of ENCCs in a Dp1Tyb mouse model of Down syndrome. No sex 

difference was found in the number of affected males and females or the extent of ENCC 

colonisation in the colon. Despite the lack of sex differences found, the results highlight the 

importance of chromosome 21 gene dosage in ENS development. Further to this, it is important 

to remember that the Dp1Tyb model is a partial model of Down syndrome since it does not 

contain duplications of all orthologous human chromosome 21 genes. It also might be necessary 
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to analyse an additional mutation of a Hirschsprung gene in the context of the Down syndrome 

model, for a sex bias to emerge. Indeed, studies of Hirschsprung patients have implicated 

chromosome 21 genes as predisposing loci rather than causative mutations themselves.  

 

7.4 A Ret51/51 model poses an alternative explanation for the sex bias of 
Hirschsprung disease 

In the screen of mouse models, a striking underrepresentation of Ret51/51 females was 

found at both Mill Hill and the Crick. Although female mutants from other lines such as 

RetS697A/S697A and Ret9/- were also found in lower numbers than males at Mill Hill at P0, there was 

no significant deviation from expected numbers. The underrepresentation of Ret51/51 females 

indicated that females were lost due to effects outside the ENS, since even total colonic 

aganglionosis would not cause lethality by birth. Importantly, this resulted in a 3:1 male to 

female sex bias at birth which is similar to the sex bias found in humans.  

The sex-specific Ret51/51 lethality of females presents an important result that provides an 

alternative hypothesis to explain the sex bias of Hirschsprung disease. I first set out to 

investigate the timepoint at which Ret51/51 lethality occurred and found this was between E18.5 

and P0. Ex utero analyses of Ret51 litters at E18.5 found that Ret51/51 females exhibited variable 

respiratory defects, including breathing difficulties, irregular respiratory rhythms and/or were 

cyanotic. This was not observed in males and in the other genotypes. My hypothesis was that 

the respiratory centre of the brainstem was deregulated in Ret51/51 females in a sex-specific 

manner. Previous studies have shown roles for Ret in respiratory groups of neurons in the 

brainstem (Dauger et al., 2001, Viemari et al., 2005) but not in other tissues involved in 

respiration such as the lung, despite its expression there. Therefore, I decided to examine the 

respiratory centres of the brainstem first.  

Ret9 and/or Ret51 protein was found expressed in all respiratory groups examined, in 

agreement with the published Ret mRNA expression data (Dauger et al., 2001), of wildtype 

animals at E18.5. In Ret51/51 mutants, however, Ret51 expression was found reduced or lost in 

both males and females in the VII motoneuron group. From the preliminary analyses all other 

motoneuron groups (V, X, XII) appeared to express Ret51 protein in Ret51/51 mutants. 

Noradrenergic groups including A6 and A7 did not show any obvious differences in Ret and Ret51 

protein expression, respectively, between wildtypes and Ret51/51 mutants. Further analysis will 

be necessary to confirm this, as well as using additional markers to discriminate the boundaries 

of these regions. All remaining Ret-expressing respiratory neuron groups will also need to be 
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examined. Further, the balance of Ret51 expression may be important for normal regulation of 

respiratory groups that may be changed in Ret51/51 mutants when Ret9 is lost and will need to be 

explored. The four core genotype model will also be exploited to decipher the mechanisms 

giving rise to the female-specific lethality of Ret51/51 females.  

 

7.5 Summary of findings 

Altogether, this thesis makes valuable and interesting findings that are important for 

understanding the sex bias of Hirschsprung disease. Transcriptomic studies of the ENS found sex 

differences between male and female ENCCs, and suggested females are more advanced in ENS 

development. Mouse models of Hirschsprung disease did not reproducibly replicate this notion, 

and males and females generally had comparable ENS phenotypes. Only the Sox10LacZ/+ C57BL/6J 

background line at Mill Hill showed significant differences in the number of males and females 

affected, and more females were affected in this line. The addition of a Ret+/- mutation in 

Ednrbs/+ mice, however, induced a male-specific increase in phenotype severity suggesting that 

a Ret mutation, or a risk allele, may need a sensitised background for such a sex bias to emerge. 

It may also be that particular gene dosage changes are required to see a sex bias and this would 

make sense in terms of Hirschsprung disease. One conclusion might be that the mouse is a weak 

model for the human situation in this case. However, this thesis provides an alternative 

hypothesis for the sex bias of Hirschsprung disease whereby a male sex bias exists as females 

are lost at or by birth due to respiratory defects. If this is true, the effect of this would have been 

missed in the context of Hirschsprung disease. Overall, it is possible to conclude that the mouse 

provides a powerful means to understand the sex bias of Hirschsprung disease in ways that 

would not be possible in humans.  

 

7.6 Future perspectives 

It will be important to validate the findings of the RNA-seq data through qRT-PCR and 

immunohistochemistry. Genes of particular interest for validation include Hlx, Rdh10, Hand1, 

and Fgfr2, identified as female-biased genes at E13.5, based upon their functions and overlap 

with genes identified in other RNA-seq datasets. After carrying out validation experiments of 

these genes on normal male (XY) and female (XX) mouse guts, it will be interesting to study these 

genes in the four core genotype model. This will enable the expression of these female-biased 
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genes to be compared in XY-Sry males, XXSry males, XY- and XX females. By doing this, it will be 

possible to distinguish whether these genes are upregulated in females at E13.5 due to sex 

chromosome complement or gonadal hormones.  

Immunohistochemistry for Hlx, Rdh10, Hand1 and Fgfr2 proteins and co-labelling with 

particular cell markers will enable us to identify which neuronal or glial subtypes are expressing 

these genes and therefore in which cells this sex bias exists. This will help elucidate the 

functional roles of these sexually dimorphic genes and their molecular mechanisms. It will also 

confirm whether the ‘mesenchymal-like cells’ identified in scRNA-seq analyses are expressing 

these genes and whether females are enriched for this cell type compared to males. NPY and 

VIP inhibitory motor neurons are also of additional interest due to their high numbers at E13.5 

and peak at E15 (Hao and Young, 2009, Furness, 2012, Hao et al., 2016), as well as cholinergic 

neurons that appear in large numbers at E12 (Hao and Young, 2009, Hao et al., 2016). Further 

to this, sex-specific differences in the sacral ENCCs will be explored since the sacral ENCCs 

migrate into the colon at E13.5.  

Since RNA-seq was carried out at E11.5 and E13.5, it is not known whether these female-

specific changes arise at E12.5 or E13.5. Therefore qRT-PCR analyses, and potentially RNA-seq, 

will also be carried out at E12.5. Performing an additional fourth replicate of RNA-seq 

experiments at E13.5 may also be informative by increasing the number of sex-biased genes 

reaching significance. This would identify further genes that may interact with the female-biased 

genes already identified, but were below the threshold to be recognised with three biological 

replicates. It will also be important to test these gene candidates for their expression in human 

foetal guts to explore their relevance in ENS development and Hirschsprung disease in humans. 

Genomic data from Hirschsprung patients will also be compared to the RNA-seq data here, 

available through collaborators in Hong Kong (Merce Garcia-Barcelo and Clara Tang, University 

of Hong Kong). 

Since the Ret51/51 mouse model was the only mouse model to produce a strong and 

reproducible male sex bias, this will be the focus of future studies. The spatial and temporal 

localisation of both Ret9 and Ret51 mRNA will need to be explored in the brainstem in wildtype 

E18.5 embryos. This will establish which particular respiratory groups of neurons in the 

brainstem to focus on. The sizes, cell numbers and connections of groups of neurons within the 

respiratory centres will also need to be examined as well as the expression of particular 

molecular markers within those groups. The initial studies have already revealed that the 
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motoneuron group VII showed a lack of Ret51 expression in Ret51/51 mutants, so this will also be 

a focus for future investigation.  

qRT-PCR analyses will enable the identification of changes in Ret51 expression level in 

the brainstem and potentially in these respiratory groups of neurons, if these cells can be 

isolated. Again, the four core genotype model will be integrated into this study to explore 

whether sex chromosome complement or gonadal hormones are causing the deregulation of 

respiratory function in females. Mining the human patient data sets for sex-differences in 

incidence, or severity of respiratory disorders, such as CCHS as well as SIDS syndromes, will 

provide valuable insights for this study, as well as investigating whether Hirschsprung families 

may have experienced increased levels of miscarriages or stillbirths.  

The Dp1Tyb mutant showed delayed ENCC migration, however, the Dp1Tyb region contains 

148 protein-coding genes. Further mouse models of Down syndrome will be explored containing 

smaller duplicated regions to refine the loci involved. In addition, crossing the Dp1Tyb model 

with a Ret+/- mouse model will be important to identify whether human chromosome 21 

orthologous genes and Ret interact as suggested by human patient studies (Arnold et al., 2009, 

Jannot et al., 2013, Alexandrov et al., 2017, Wang et al., 2018). Crossing the Dp1Tyb mutant 

model with the Ret51/51 model will also be interesting to examine whether an increased female 

lethality would arise in Dp1Tyb; Ret51/51 females, since Hirschsprung-Down patients have a male 

sex bias of 10:1. This would support the hypothesis that the sex bias of Hirschsprung disease is 

due to females being lost by birth and their ENS defects being missed.  
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Chapter 8. Appendix 

8.1 Quality control analyses of RNA-seq samples 

8.1.1 Mean quality scores 

For each base position in a read, a boxplot is drawn to measure the quality of the calling 

of each base. The quality of the base call is represented by the phred score. The mean quality 

scores across all 36 RNA-seq samples were high (Figure 8.1).  

 

 
 

Figure 8.1. Mean quality scores across all 36 RNA-seq samples at the Crick. The green lines show 
there were high mean quality scores across all 36 RNA-seq samples. Green=high quality calls (phred 
score>28), amber=medium quality calls (20<phred score<28), red= low quality (phred score<20).  
 

8.1.2 Per sequence quality scores  

The per sequence quality score report enables the identification of the number of reads 

with average quality scores. Therefore, it is possible to identify whether a subset of reads is of 

poor quality. All per sequence quality scores for all 36 RNA-seq samples were high (Figure 8.2).  
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Figure 8.2. Per sequence quality scores across all 36 RNA-seq samples at the Crick. The green 
lines show there were high per sequence quality scores across all 36 RNA-seq samples. Green=high quality 
calls (phred score>28), amber=medium quality calls (20<phred score<28, a 0.2% error rate), red= low 
quality (phred score<20, 1% error rate).  
 
 
 

8.1.3 Per base sequence content  

This module considers the proportion of each base position for which each of the four 

normal DNA bases (A, T, C and G) has been called. The 36 RNA-seq samples did not pass this 

module as a difference between A and T, or C and G was greater than 20% in one or more 

positions. Nearly all RNA-seq libraries fail this module, normally due to a bias in fragmentation, 

but is fixed through processing the data and does not affect the measuring and analysis of gene 

expression.  
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8.1.4 Per sequence GC content  

This module measures the GC content across the length of all sequencing reads. An 

approximate 50% GC content is expected from the genome and the observed data is used to 

build a reference distribution of this. In a normal random library, a normal distribution of GC 

content is expected. All 36 RNA-seq samples showed a normal distribution of GC content (Figure 

8.3).  

 

 
 

Figure 8.3. Per sequence GC content across all 36 RNA-seq samples at the Crick. The green and 
amber lines show there was a normal distribution of GC content across all 36 RNA-seq samples. Amber 
lines indicate samples where the sum of the deviations from the normal distribution represents more 
than 15% of the reads (23 samples).  
 
 

8.1.5 Per base N content 

This module plots the percentage of base calls at each position for which the base N was 

called. The base N is called when a conventional base could not be called by the sequencer with 

sufficient confidence, and therefore is substituted with N. Per base N content across all 36 RNA-

seq samples was low as intended (Figure 8.4).  
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Figure 8.4. Per base N across all 36 RNA-seq samples at the Crick. The green lines show there were 
very low per base N contents across all 36 RNA-seq samples, and therefore base calling was high. Green 
area=low N content (percentage N content<5%), amber area=medium N content (percentage N 
content=5-20%).  
 

8.1.6 Sequence length distribution 

All sample reads had a single sequence length of 76bp.  
 

8.1.7 Sequence duplication levels  

This module indicates the relative level of duplication found for every sequence in the 

library. A low level of duplication may indicate a high level of coverage of a particular target 

sequence. If duplication levels are too high, this may indicate an enrichment bias such as PCR 

over-amplification. Although 35/36 samples did not pass this module, it is possible to see that 

duplication levels were generally low (Figure 8.5). RNA-seq libraries in the starting population 

contain transcripts at very different levels and therefore to detect lowly expressed transcripts, 

it is common to over-sequence those transcripts that are more highly expressed. This in turn 

creates sets of duplicates, which can be seen as a peak at the >10 duplication bin in Figure 8.5. 
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Figure 8.5. Sequence duplication levels for all 36 RNA-seq samples at the Crick. Red and amber 
lines indicate the sequence duplication levels as a percentage of the library across the 36 RNA-seq 
samples. Although 35/36 samples did not pass the threshold for sequence duplication levels (red lines), 
sequence duplication levels were still low. Amber=non-unique sequences are more than 20% of total 
sequences. Red=non-unique sequences are more than 40% of total sequences.  
 
 

8.1.8 Overrepresented sequences 

All 36 RNA-seq samples contained less than 1% of overrepresented sequences out of 

the total number of reads. Therefore, the library contained a diverse set of sequences as 

expected. All samples passed the module as no sequence represented more than 1% of the total.  

 

8.1.9 Adapter content  

Adapter content is measured as a cumulative percentage count of the proportion of the 

library that has encountered each of the adapter sequences at each base pair position. When 

an adapter sequence has been encountered in a read, it is counted as being present to the end 

of the read and therefore the percentage of sequences increases with increasing read length. 

Measuring adapter content discerns whether adapter trimming of the library is necessary. All 36 

RNA-seq samples had a very low adapter content as intended (Figure 8.6).  
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Figure 8.6. Adapter content for all 36 RNA-seq samples at the Crick. Each coloured line represents 
the adapter content for each of the 36 RNA-seq samples at each base pair position. Adapter content is 
shown as a cumulative percentage of total sequences and was very low in all samples. Green=<5% of all 
reads. Amber=5-10% of all reads.  
 
 

8.1.10 Contaminant screen by organism fraction  

A contaminant screen was carried out to identify the fraction of sampled reads that 

aligned to reference genomes of different organisms. A mean of 90% of reads aligned to the 

mouse genome across all samples (green), 0.7% aligned to the rat genome (dark grey) and 9.8% 

was unaligned to any genome (red) (Figure 8.7). The remainder of reads aligned to different 

genomes and accounted for a negligible portion of reads. The sample E15.5 male YFP+ rep 2 had 

some contamination of human material, but this was eliminated from analysis as only reads 

aligned to the mouse genome were used.  
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Figure 8.7. A contaminant screen by organism-specific fraction for all 36 RNA-seq samples at 
the Crick. monDom5=Monodelphis domestica (gray short-tailed opossum), S_enterica_typhi=Salmonella 
enterica (bacterium), spombe=Schizosaccharomyces pombe (fission yeast), dm6=Drosophila 
melanogaster (fruitfly), mm10=Mus musculus (house mouse), galGal5=Gallus gallus (chicken), 
ce10=Caenorhabditis elegans (roundworm), xenTro9=Xenopus tropicalis (tropical clawed frog), 
xenLae2=Xenopus laevis (African clawed frog), hg38=Homo sapiens (human), danRer11=Danio rerio 
(zebrafish), rn6=Rattus norvegicus (Norway rat), ecoli_k12=Escherichia coli K-12 strain (bacterium), 
sacCer3=Saccharomyces cerevisiae S288C (baker's yeast), H_polygyrus=Heligmosomoides polygyrus 
(nematode), P_acnes=Cutibacterium acnes (bacterium), unaligned=reads not aligned to any of these 
genomes. 
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8.1.11 RNA-seq metrics assignment 

An RNA-seq metrics assignment was carried out to identify the number of bases in 

primary alignments that align to different regions of the reference genome (Figure 8.8). No 

ribosomal alignments were identified as expected. Sample E15.5 male YFP+ rep 2 had a greater 

percentage of unaligned regions due to contamination of some human RNA (see Figure 8.7 

previously).  

 
 

 
 

Figure 8.8. RNA-seq metrics assignment of all 36 RNA-seq samples at the Crick. The breakdown 
of primary alignments is shown per sample by coding regions, UTR (untranslated region), intronic regions, 
intergenic regions, ribosomal RNA and PF (pass filter) not aligned.  
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8.1.12 STAR alignment scores  

Spliced Transcripts Alignment to a Reference (STAR) alignments (Dobin et al., 2013) 

were used to identify the numbers of reads that were mapped to individual or multiple loci or 

unmapped for different reasons. Numbers of reads for each category were calculated as a 

percentage of the total number of reads and plotted in  

Figure 8.9. This shows that reads across the RNA-seq samples comprised mainly of 

uniquely mapped reads (mean=84.5%) and reads mapped to multiple loci (13.2%). One sample 

E15.5 male YFP+ rep 2 contained a higher percentage of unmapped reads that were too short 

(13.4%), likely due to some contamination of human material.  
 

 
 

Figure 8.9. STAR alignment scores of all 36 RNA-seq samples. The percentage of reads aligning to 
different loci are shown according to the key.
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8.2 Enriched biological processes in ENCCs from GSEA analyses at the 
Crick 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 8.1. Top 12 most significantly enriched biological processes in male ENCCs at E11.5. 
NES=normalised enrichment score. All FDR q-values for biological processes tabulated were 0.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 8.2. Top 12 most significantly enriched biological processes in female ENCCs at E11.5. 
NES=normalised enrichment score. All FDR q-values for biological processes tabulated were 0.  
 
 
 
 
 
 

 Gene set NES 
1 Lipid biosynthetic process 4.47 
2 Lytic vacuole 4.47 
3 Vesicle organisation 4.30 
4 Vesicle membrane 4.29 
5 Plasma membrane protein complex 4.05 
6 Small molecule biosynthetic process 3.98 
7 Intrinsic component of organelle membrane 3.97 
8 Membrane lipid metabolic process 3.93 
9 Divalent inorganic cation homeostasis 3.81 

10 Organelle localisation 3.80 
11 Sphingolipid metabolic process 3.76 
12 Organic anion transport 3.64 

 Gene set NES 
1 Ribonucleoprotein complex biogenesis -6.44 
2 Ribosome biogenesis -6.02 
3 ncRNA processing -5.70 
4 ncRNA metabolic process -5.41 
5 rRNA metabolic process -5.40 
6 Cytosolic ribosome -5.20 
7 Translation initiation  -4.95 
8 Nuclear transcribed mRNA catabolic process 

nonsense mediated decay 
-4.90 

9 Multi-organism metabolic process -4.87 
10 Ribosomal subunit -4.69 
11 Cytosolic part -4.57 
12 Ribosome -4.46 
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Table 8.3. Top 12 most significantly enriched biological processes in male ENCCs at E13.5. 
NES=normalised enrichment score. All FDR q-values for biological processes tabulated were 0.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 8.4. Top 12 most significantly enriched biological processes in female ENCCs at E13.5. 
NES=normalised enrichment score. All FDR q-values for biological processes tabulated were 0.  
 
 
 
 

 Gene set NES 
1 Ribonucleoprotein complex biogenesis 6.32 
2 ncRNA processing 5.76 
3 ncRNA metabolic process 5.39 
4 Translational initiation 5.32 
5 Ribosome biogenesis 5.29 
6 Establishment of protein localisation to 

organelle 
5.16 

7 Protein targeting 5.07 
8 rRNA metabolic process 5.01 
9 Cytosolic part 5.00 

10 mRNA processing 4.95 
11 Multi-organism metabolic process 4.90 
12 Establishment of protein localisation to 

endoplasmic reticulum 
4.82 

 Gene set NES 
1 Extracellular matrix -6.49 
2 Proteinaceous extracellular matrix -6.05 
3 Vasculature development -5.92 
4 Positive regulation of locomotion -5.85 
5 Leukocyte migration -5.75 
6 Extracellular structure organisation -5.54 
7 Blood vessel morphogenesis -5.39 
8 Taxis -5.39 
9 Regulation of cytokine production -5.15 

10 Regulation of vasculature development -5.10 
11 Heart development -4.97 
12 Wound healing -4.95 
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Table 8.5. Top 12 most significantly enriched biological processes in male ENCCs at E15.5. 
NES=normalised enrichment score. All FDR q-values for biological processes tabulated were 0.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 8.6. Top 12 most significantly enriched biological processes in female ENCCs at E15.5. 
NES=normalised enrichment score. All FDR q-values for biological processes tabulated were 0.  
 

 Gene set NES 
1 Lytic vacuole 4.84 
2 Axon 4.63 
3 Regulation of neuron projection development 4.21 
4 Secretion by cell 4.14 
5 Synaptic signalling 4.12 
6 Vacuole membrane 4.02 
7 Exocytosis 4.01 
8 Actin cytoskeleton 4.00 
9 Dendrite 3.98 

10 Regulation of anatomical structure size 3.92 
11 Vesicle localisation 3.91 
12 Endocytosis 3.90 

 Gene set NES 
1 Ribonucleoprotein complex biogenesis -6.07 
2 Cell division -5.72 
3 Ribosome biogenesis -5.71 
4 Ribosomal subunit -5.60 
5 Nuclear chromosome -5.43 
6 rRNA metabolic process -5.37 
7 ncRNA processing -5.37 
8 Mitotic nuclear division -5.29 
9 Cytosolic ribosome -5.26 

10 ncRNA metabolic process -5.26 
11 RNA catabolic process -5.25 
12 Organelle fission -5.23 
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8.3 Wholemount Immunohistochemistry examples of mutant guts from 
mouse lines screened at P0  

The figures in this section show wholemount immunohistochemistry examples of guts 

examined and characterised for their phenotypes from RetS697A/S697A, Ret51/51, Ret9/-, Ednrbs/+, 

Ret+/-; Ednrbs/+, Ednrbs/s and Ret+/-; Ednrbs/s lines. Their corresponding gut numbers and locations 

are given according to the plots representing their phenotypes in Chapter 4. 

 
 

 
 

Figure 8.10. Wholemount immunostaining examples of RetS697A/S697A mutant guts at P0. 
Immunostaining using a Tuj1 antibody is shown. Each region of the four regions of ganglionosis is indicated 
if present. Asterisk indicates distal end of colon. ‘x’ marks the start of the colon from which measurements 
were made.  
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Figure 8.11. Wholemount immunostaining examples of Ret51/51 mutant guts at P0. 
Immunostaining using a Tuj1 antibody is shown. Each region of the four regions of ganglionosis is indicated 
if present. Asterisk indicates distal end of colon. ‘x’ marks the start of the colon from which measurements 
were made.  
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Figure 8.12. Wholemount immunostaining examples of Ret9/- mutant guts at P0. 
Immunostaining using a Tuj1 antibody is shown. Each region of the four regions of ganglionosis is indicated 
if present. Asterisk indicates distal end of colon. ‘x’ marks the start of the colon from which measurements 
were made. 
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Figure 8.13. Wholemount immunostaining examples of Ednrbs/+ mutant guts at P0. 
Immunostaining using a Tuj1 antibody is shown. Each region of the four regions of ganglionosis is indicated 
if present. Asterisk indicates distal end of colon. ‘x’ marks the start of the colon from which measurements 
were made.
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Figure 8.14. Wholemount immunostaining examples of Ret+/-; Ednrbs/+ mutant guts at P0. 
Immunostaining using a Tuj1 antibody is shown. Each region of the four regions of ganglionosis is indicated 
if present. Asterisk indicates distal end of colon. ‘x’ marks the start of the colon from which measurements 
were made. 
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Figure 8.15. Wholemount immunostaining examples of Ednrbs/s mutant guts at P0. 
Immunostaining using a Tuj1 antibody is shown. Each region of the four regions of ganglionosis is indicated 
if present. Asterisk indicates distal end of colon. ‘x’ marks the start of the colon from which measurements 
were made.
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Figure 8.16. Wholemount immunostaining examples of Ret+/-; Ednrbs/s mutant guts at P0. 
Immunostaining using a Tuj1 antibody is shown. Each region of the four regions of ganglionosis is indicated 
if present. Asterisk indicates distal end of colon. ‘x’ marks the start of the colon from which measurements 
were made. 
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