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Abstract 

Sympathetic neurons and adrenal chromaffin cells originate from a common 

precursor, the neural crest-derived sympathoadrenal (SA) progenitor cell. 

Specification of trunk neural crest cells into SA progenitor cells is under the influence 

of bone morphogenetic proteins (BMPs) produced from the wall of the dorsal aorta. 

SA progenitor cells then further	differentiate into either sympathetic neurons of the 

sympathetic ganglia or chromaffin cells in the adrenal medulla. However, the 

mechanism underlying the segregation of chromaffin and neuronal cell fates remain 

unknown and the time course of SA segregation and regulation of cell fate is poorly 

understood. To discover novel regulators, and to have a broader view of the 

transcriptional networks involved in the segregation events, large scale gene screening 

is required. Isolation of sympathetic neuroblasts and adrenal chromaffin precursor 

cells for molecular studies, however, is challenging, as they are hard to discriminate 

during early development. Therefore, the aims of this study were to 1), identify 

effective marker(s) for early discrimination of neuroblasts and chromaffin precursor 

cells in order to 2), investigate their patterns of proliferation and differentiation and 3), 

develop an isolation method by fluorescence-activated cell sorting (FACS) for the two 

cell types, and finally 4), perform a comparative transcriptomic analysis by using RNA 

sequencing (RNA-seq) to identify candidate regulator genes that control fate 

determination of developing adrenal chromaffin cells and sympathetic neuroblasts. 

The temporal and spatial expression patterns of tyrosine hydroxylase (TH) and 

cocaine and amphetamine regulated transcript (CART) were first analysed by 

quadruple-label immunofluorescence. The proliferative behaviour of SA cells and 

their derivatives were also analysed. Our data showed that sympathetic neuroblasts 

and chromaffin precursor cells could be discriminated as early as E12.5 by differences 

in the intensity of TH immunostaining, expression of CART and by proliferative 

activity. Quantitative data showed higher TH immunostaining in chromaffin cells 

compared with most ganglion cells, while CART expression was widespread in 

embryonic sympathetic neuroblasts but absent from adrenal chromaffin cells. Thus 

CART expression and the levels of TH expression are identified as markers for 

distinguishing between sympathetic neurons and chromaffin cells as they differentiate. 
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The possibility of isolating sympathetic neuroblasts and adrenal chromaffin 

precursor cells by FACS was then examined. Isolation based on the differential levels 

of TH expression by FACS was first investigated in transgenic animals that express 

fluorescent marker proteins driven from the TH promoter. In cells from transgenic 

mice where TH-Cre drove enhanced yellow fluorescent protein (EYFP) expression, 

the intensity of EYFP expression was found to separate the two cell types for isolation. 

A FACS-based isolation strategy developed in this study permitted routine isolation of 

purified sympathetic neuroblasts and adrenal chromaffin cells in E12.5 mice. 

The cell type-specific transcription profiles of the isolated sympathetic 

neuroblasts and adrenal chromaffin precursor cells during the key segregation event at 

E12.5 mice were examined by RNA-seq. Comparative transcriptome analysis revealed 

more than 4,000 differentially expressed genes between adrenal chromaffin cells and 

sympathetic neuroblasts. Among these, 10 genes including Elf3, Elf4, Nrk, Msx2, 

Dlx1, Dlx2, Dll4, Dlk1, Foxq1 and Fzd10, were identified as potential regulators based 

on their differential expression level and potential relevancy to development. 

The temporal gene expression patterns of these 10 genes during SA development 

in E11.5 to E14.5 mice were further examined by droplet digital PCR (ddPCR) and all 

of 10 genes were shown to be expressed transiently at E12.5 and E13.5, suggesting a 

potential role during the key stage of lineages segregation. Among these, the 

differential protein expression patterns of DLK1 and FOXQ1 in the adrenal medulla 

and sympathetic ganglia, revealed by immunohistochemistry, were also found to be 

highly consistent with the gene expression patterns revealed by both RNA-seq and 

ddPCR. For Nrk, loss-of-function analysis in E18.75 mutant mice showed a defect in 

adrenergic phenotype acquisition in adrenal chromaffin cells and cell proliferation, 

suggesting a role in adrenergic chromaffin cell fate acquisition. The RNA-seq data also 

raised the possibility of epigenetic regulation in SA lineage cell fate acquisition 

through genomic imprinting and X-chromosome inactivation.  
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1.1 The Autonomic Nervous System 

The central role of the nervous system in living animals is to maintain the internal 

milieu by responding to changes in both the internal and external environments 

(Cannon, 1939). The mammalian nervous system can be categorized into two parts: 

the central nervous system (CNS) and the peripheral nervous system (PNS). The CNS 

comprises the brain and the spinal cord. The PNS consists of the nerve fibres and 

ganglia outside the brain and spinal cord. The PNS is further divided into the 

autonomic nervous system and the somatic nervous system (Jänig, 1989). The actions 

of the autonomic nervous system, as its name implies, are generally unconscious and 

involuntary, and are under the control most directly of centres in the brainstem and 

hypothalamus to regulate vital functions such as heart rate and force, thermoregulation 

and digestion (Jänig, 1989). There are three divisions of the autonomic nervous 

system, the sympathetic nervous system, the parasympathetic nervous system and the 

enteric nervous system (Langley, 1921). The sympathetic and parasympathetic 

nervous systems are both formed by two neuron efferent pathways that consist of a 

preganglionic neuron and a postganglionic neuron (Figure 1.1). The cell body of the 

preganglionic neuron lies in the spinal cord or brain stem and projects an axon to the 

periphery to synapse with postganglionic neurons (Langley, 1921). The postganglionic 

neuron then provides input to the target organs such as the lung, the heart, the 

gastrointestinal tract and the piloerector muscle (Schotzinger and Landis, 1990; Cane 

and Anderson, 2009). The enteric nervous system is formed by neurons located within 

the gastrointestinal wall. Enteric neurons play an essential role in the control of 

motility in the small and large intestines and also regulate secretion and local blood 

flow. Neurons in the brainstem control motility in the esophagus and stomach by 

providing inputs to enteric nervous system reflex circuitry within the wall of the 

gastrointestinal tract (Furness, 2006). Apart from neurons, the autonomic nervous 

system also includes glial and satellite cells that support the function of neurons 

(Hanani, 2010). During development, most of the neurons and glial cells of the 

autonomic nervous system are generated from a common progenitor cell, the neural 

crest cell (Le Douarin and Kalcheim, 1999). 
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Figure 1.1 Sympathetic and parasympathetic nervous systems in a human. 

The autonomic nervous system consists of three 3 divisions, the sympathetic nervous system, the 
parasympathetic nervous system and the enteric nervous system. Both of the sympathetic and 
parasympathetic nervous systems are two-neuron efferent pathways with a preganglionic neuron in the 
spinal cord or brainstem, whose axons (dotted lines) synapse onto a postganglionic neuron in the 
periphery. Postganglionic neurons project axons (solid lines) to target organs. Sympathetic preganglionic 
neurons are located in the thoracic and lumbar levels of the spinal cord (T1–L2/3) and provide inputs to 
postganglionic neurons in paravertebral ganglia and prevertebral ganglia. Preganglionic neurons of the 
parasympathetic nervous system are located in the brainstem and exit via cranial nerves III, VII, IX, and 
X, or in the sacral spinal cord. Parasympathetic postganglionic neurons are located in or close to the 
organs that they innervate. This figure is reproduced from my book chapter (Chan et al., 2016).  
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1.2 The Sympathetic Nervous System 

The sympathetic nervous system and the parasympathetic nervous system are 

defined by their anatomy and functions (Langley, 1921; Janig, 2014). Sympathetic 

preganglionic neurons are located in the thoracic and lumbar spinal cord and synapse 

onto postganglionic neurons in sympathetic chain and prevertebral ganglia (Gabella, 

2001). Parasympathetic preganglionic neurons are located in the brain stem and the 

sacral spinal cord and synapse onto postganglionic neurons lying close to the 

innervated organ (Jänig, 1989). The sympathetic nervous system can operate in an 

antagonistic manner to the parasympathetic nervous system (Gabella, 2001). For 

example, activation of the sympathetic neurons results in an elevated heart rate, the 

constriction of blood vessels to the gastrointestinal tract, dilation of blood vessels to 

the heart and dilation of the pupil. Conversely, activation of parasympathetic neurons 

results in a decreased heart rate, dilation of blood vessels to the gastrointestinal tract, 

constriction of blood vessels to the heart and constriction of the pupil (Gibbins, 2013). 

However, some tissues such as the liver and the adrenal medulla receive only a 

sympathetic innervation whereas the lacrimal gland is only innervated by 

parasympathetic neurons (Rossi et al., 2000; Young et al., 2004). In addition, the 

sympathetic nervous system can be constantly activated to maintain adequate basal 

physiological conditions (Bellinger and Lorton, 2014). Therefore, it is too simplistic 

to describe the sympathetic and parasympathetic nervous systems as having 

antagonistic, all-or-none, actions (Gibbins, 2013).   

The sympathetic nervous system also operates closely with the adrenal gland, 

particularly with the chromaffin cells of the medulla where catecholamines are 

synthesized in response to stress threatening homeostasis (Landsberg, 1978; Goldstein, 

2010). This cooperative action unifies the sympathetic nervous system and the adrenal 

gland into the sympathoadrenal system (Cannon, 1929; Goldstein, 2010). Sympathetic 

postganglionic neurons and adrenal chromaffin cells are not only functionally related, 

but they also share the same developmental origin from neural crest-derived 

sympathoadrenal progenitor cells (Shtukmaster et al., 2013). The development of these 

two cell types is the main focus of this thesis. 
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1.2.1 Anatomy of the Sympathetic Nervous System 

Sympathetic preganglionic neurons are mainly located in the intermediate lateral 

zone of the spinal cord between the thoracic and lumbar (T1−L2/3) levels (Gabella, 

2001) (Figure 1.2). However, some sympathetic preganglionic neurons are located in 

the lateral white matter and across the grey matter towards the midline of the spinal 

cord (Anderson et al., 2008). The efferent pathway is formed by axons projecting via 

the ventral roots to synapse with the postganglionic neuron, mostly in sympathetic 

paravertebral chain ganglia (Gabella, 2001). Some preganglionic axons pass through 

paravertebral ganglia and innervate postganglionic neurons in prevertebral ganglia 

(Figure 1.2). Each sympathetic ganglion is an aggregation of cell bodies of 

postganglionic neurons where synapses from preganglionic axon terminals are found 

(Gabella, 2001). Apart from neurons, sympathetic ganglia also include satellite glial 

cells and small intensely-fluorescent (SIF) cells (Eränkö, 1978). Satellite glial cells 

form a thin sheath around the cell body of each sympathetic postganglionic neuron and 

they are believed to support the function of neurons by controlling the 

microenvironment and influencing synaptic transmission (Hanani, 2010). SIF cells are 

suggested to play a role as interneurons between sympathetic postganglionic neurons 

(Takaki et al., 2015). Paravertebral sympathetic chain ganglia lie bilaterally alongside 

the vertebral column and dorsolateral to the dorsal aorta. Sympathetic ganglia found 

outside the paravertebral chains are called prevertebral ganglia, and are associated with 

major blood vessels in the abdomen (Miolan and Niel, 1996). Some preganglionic 

neurons also directly synapse onto chromaffin cells in the adrenal medulla. 

Sympathetic paravertebral and prevertebral postganglionic neurons project axons to 

various target tissues, including smooth muscles and glands of the eye and orbit, the 

heart, the lungs, the liver, the pancreas, blood vessels, skin and the gonads (Gabella, 

2001).  

A recent study has argued that the separation of sacral parasympathetic spinal 

outflow from the sympathetic spinal outflow is incorrect and all spinal outflows and 

their target ganglia are properly “sympathetic” (Espinosa-Medina et al., 2016). 

Evidence in support of this argument is the similarity of a wide range of phenotypic 

and developmental markers shared by sacral parasympathetic and sympathetic 
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neurons. Espinosa-medina et al. (2016) argue that the sympathetic/parasympathetic 

divide is simply between spinal and cranial outflows respectively. 

 
Figure 1.2 Anatomy of sympathetic nervous system. 

In the sympathetic nervous system, the preganglionic neurons originate in the intermediolateral zone of 
the spinal cord. The efferent pathway is formed by axons (dotted lines) projecting via the ventral roots to 
synapse with the postganglionic neuron 1) mostly in the sympathetic chains where the sympathetic 
paravertebral ganglion form. 2) Some preganglionic axons pass through the paravertebral ganglion and 
innervate postganglionic neurons in the prevertebral ganglia in the abdomen. Postganglionic neurons 
then send postganglionic fibres (solid lines) to various effector organs. Preganglionic neurons 3) also 
directly synapse onto chromaffin cells in the adrenal medulla. 

1.2.2 Neurotransmitters in the Sympathetic Nervous System  

All sympathetic preganglionic neurons are cholinergic in that they release 

acetylcholine as their primary neurotransmitter (Barber et al., 1991). As a 

consequence, they also express the enzyme choline acetyltransferase (ChAT). 

Acetylcholine released into the synapse binds to nicotinic receptors on postganglionic 

neurons to activate ligand-gated ion channels in target postganglionic neurons or 

adrenal chromaffin cells (Flatmark, 2000; Cane and Anderson, 2009; Gibbins, 2013). 

Sympathetic postganglionic neurons are mostly noradrenergic in that noradrenaline is 

used as their neurotransmitter (Ernsberger and Rohrer, 1996). Tyrosine hydroxylase 

(TH) and dopamine β hydroxylase (DBH), which are essential for noradrenaline 

synthesis, are therefore expressed in noradrenergic postganglionic neurons. SIF cells 

also express TH and DBH (Takaki et al., 2015). A small subpopulation of sympathetic 

postganglionic neurons is cholinergic (Schotzinger et al., 1994). These include 
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sympathetic neurons that innervate the sweat gland (Landis, 1990) and periosteum 

(Asmus et al., 2000). Adrenal chromaffin cells release adrenaline and/or noradrenaline 

into the bloodstream as a hormone.  

1.2.3 Developmental Origin of the Sympathetic Nervous System 

Sympathetic preganglionic and postganglionic neurons are derived from different 

origins. Preganglionic neurons are generated from progenitor cells of the 

neuroepithelium at the ventricular zone of the neural tube (Phelps et al., 1991), while 

postganglionic neurons are generated from neural crest-derived progenitor cells that 

arise from the dorsal part of the neural tube (Le Douarin and Kalcheim, 1999). In mice, 

sympathetic preganglionic neurons are first generated at embryonic day (E) 9 (Yip et 

al., 2004). The cell then undergo proliferation, peaking at E9.5 to E10.5 and ceasing 

by E11 (Yip et al., 2004). At this stage, preganglionic neurons project their axons 

towards the newly formed paravertebral ganglia primordia and synapses with the 

postganglionic neurons form from as early as E11 (Yip et al., 2003). From E12.5, 

postmitotic preganglionic neurons migrate ventrolaterally to the ventral horn followed 

by dorsal migration to the lateral intermediate zone of the primitive grey matter and 

by E15.5 form the intermediolateral cell column (Yip et al., 2003).  

The development of sympathetic postganglionic neurons has been extensively 

studied. Sympathetic postganglionic neurons are derived from the trunk neural crest 

(Le Douarin and Kalcheim, 1999). Trunk level postganglionic neurons in the mouse 

first appear at E10.5, when neural crest-derived progenitors begin to express neuronal 

markers such as DBH and TH, and form paravertebral ganglia primordia (Tiveron et 

al., 1996). Neurons appear at the location of the prevertebral ganglia a day later, at 

E11.5. Satellite glial cells, SIF cells and chromaffin cells are also neural crest-derived 

but appear later than paravertebral neurons (Le Douarin and Kalcheim, 1999; Hanani, 

2010). The extra-adrenal chromaffin cells of the paraganglia appear at E12.5 (Tiveron 

et al., 1996). 
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1.3 The Sympathoadrenal Cells 

Sympathetic postganglionic neurons and the neuroendocrine chromaffin cells are 

both derived from the trunk neural crest. These cells share a common progenitor called 

the sympathoadrenal (SA) cell, which constitutes one of the major lineages of the trunk 

neural crest (Huber, 2006). Other trunk neural crest derivatives include sensory neuron 

of the dorsal root ganglion (DRG), peripheral glial cells and melanocytes (Anderson, 

1997). Sympathoadrenal cells are believed to be a fate-restricted bipotent progenitor 

that gives rise to two major cell types, sympathetic postganglionic neuron in both the 

paravertebral ganglion and prevertebral ganglion, and chromaffin cells (both intra- and 

extra-adrenal), as well as a minor cell type, small intensely fluorescent (SIF) cells 

(Landis and Patterson, 1981; Anderson, 1993a; Schober et al., 2000). The development 

of these SA cell lineages from neural crest cells requires a highly regulated signalling 

pathway with a network of both intrinsic and extrinsic factors (Le Douarin and Dupin, 

2003). Based on distinct temporal changes in the molecular phenotype and spatial 

distribution of the SA cell lineages, the development of these SA cell lineages can be 

separated into four main phases; delamination and migration of the neural crest cells, 

specification into a SA progenitor, segregation into the two lineage cells from the SA 

cell and formation of sympathetic ganglia and adrenal medullae (Figure 1.3). 
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Figure 1.3 Four stages of SA cells development. 

Based on the distinct temporal changes in the molecular phenotype and spatial distribution of the SA cell 
lineages, the development of these SA cell lineages can be separated into of four main phases; 
delamination and migration of the neural crest cells, specification into a sympathoadrenal progenitor, 
segregation into the two lineage cells from the SA cells and formation of sympathetic ganglia and adrenal 
medullae. 

1.3.1 Origin from Neural Crest Cells 

The neural crest is a transient structure composed of multipotent precursor cells 

that arises from the ectoderm of the vertebrate embryo (Bronner-Fraser, 1994; 

Anderson, 1997). During neurulation, the midline of the ectoderm is thickened to form 

the neural plate. The neural plate then separates from the ectoderm by folding in on 

itself to form the neural tube and then separating from the ectoderm (Knecht and 

Bronner-Fraser, 2002; Stottmann and Klingensmith, 2011). The cells originally at the 

borders between the epidermal and neural portion become the neural crest and are now 

located at the dorsal edge of neural tube (Knecht and Bronner-Fraser, 2002). The 

induction of the neural crest has been extensively studied and, in addition to 

interactions between the presumptive epidermis and the neural plate, Wnt (Wingless-

type integration site) proteins, fibroblast growth factor, and the bone morphogenetic 
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protein family all play a role (Dorsky et al., 1998; LaBonne and Bronner-Fraser, 1999; 

Christiansen et al., 2000). Expression of several neural crest specifiers including the 

FOXD3 (Forkhead box protein D3) and SOXE (SRY-Box E) family transcription 

factors, SOX8, SOX9 and SOX10, induce the formation of neural crest and define 

premigratory neural crest cells (Milet and Monsoro-Burq, 2012).  

Neural crest cells delaminate from the neural tube around the time that the dorsal 

lips fuse and then migrate to different target sites to develop into various lineages 

(Knecht and Bronner-Fraser, 2002). The multipotent neural crest cells are the common 

origin of many cell types including sensory neurons, autonomic neurons, peripheral 

glia, endocrine cells, melanocytes, and muscle and connective tissue cells (Anderson, 

1997). These cell lineages contribute most of the elements of the peripheral nervous 

system including all of the neurons and glial cells of the peripheral autonomic nervous 

system (Bronner-Fraser, 1994). For the sympathetic nervous system, lineages derived 

from the neural crest include paravertebral neurons, prevertebral neurons, satellite glial 

cells and SIF cells (Table 1.1). Along the rostrocaudal extent of the neural axis, the 

neural crest can be divided into the cranial, vagal, trunk and sacral neural crest 

(Anderson, 1997). The SA system is one of the major lineages derived from the trunk 

neural crest (Anderson, 1997).  

The timing of neural crest migration is subject to a rostrocaudal developmental 

gradient along the neural axis so that events in the caudal regions lag behind that of 

rostral regions (Theveneau and Mayor, 2012). Within the same axial region, the timing 

of migration and local environmental influences are also crucial for neural crest cell 

fate acquisition (Takahashi et al., 2013). For example, trunk neural crest cells 

migrating earlier through the ventral pathways give rise to neurons and glial cells, 

whereas the later-emigrating cells migrate dorsolaterally and become the melanocytes 

of skin (Henion and Weston, 1997). Thus, migration pathways and the differentiation 

of neural crest cells are closely associated. 

  



Chapter 1 Literature Reviews 

 11 

Table 1.1 Neural crest-derived neuronal cells and endocrine cells.  

 
Neural crest cell lineages contribute most of the elements of the sympathetic nervous system including 
all of the neurons and glial cells. The intra- and extra-adrenal chromaffin cells and glomus cells are 
endocrine cells developmentally closely related with the sympathetic postganglionic neurons and have 
a common origin. 

1.3.2 Migratory Pathways 

Neural crest cells are remarkable for their long-range migration ability throughout 

the embryo (Takahashi et al., 2013). The migration of neural crest cells is highly 

regulated with a range of molecular controls, both intrinsic and extrinsic, such as 

expression of transcription factors and stimulation from components of the 

extracellular matrix respectively. Bone morphogenetic proteins (BMPs) are extrinsic 

factors suggested to be involved in initiating the migration (Sela-Donenfeld and 

Kalcheim, 1999). Intrinsic factors like Snail transcription factor also regulate neural 

crest migration (LaBonne and Bronner-Fraser, 2000). In the trunk neural crest, the 

migration of neural crest cells occurs via two pathways, the dorsal and ventral routes. 

Cells that migrate through the dorsal pathway develop into the pigment cells while 

those cells that migrate along the ventral route form sensory and sympathetic neurons 

as well as the adrenal medullary cells (Bronner-Fraser, 1994). In the ventral pathway 

of the trunk neural crest, two waves of migration are suggested to take place which 

define the neural crest cells’ fate (Serbedzija et al., 1990). Around E8.5−9.5 in mouse, 

the earliest emigrating trunk neural crest cells migrate ventrolaterally though only the 

anterior parts of the somites. The migration bias to the anterior half of somites is driven 

by the repulsive cues, semaphorin 3A (SEMA3A) and ephrin-B1, which are solely 

expressed in the posterior parts of somites. Sema3A and ephrin-B1 bind to the 

receptors, neuropilin 1 (NRP1) and Ephrin type-A receptor 3 (EPHA3) respectively 

Cell types
Locations

Catecholaminergic 
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Sympathetic
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Carotid 
bodies
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Kannan, 1986; Jänig, 1989

Extra-adrenal chromaffin cells + NA McNicol, 2004;
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on trunk neural crest cells to repel the cells from the posterior parts of somites (Krull, 

2001; Halloran and Berndt, 2003). A subset of trunk neural crest cells that are believed 

to emigrate later ceases migration in the sclerotome to form the sensory neurons of the 

dorsal root ganglia (Serbedzija et al., 1990). The restricted migration and subsequent 

acquisition of a sensory cell fate are under the influence of SEMA3F/NRP2 signalling 

(Schwarz et al., 2009b; Schwarz et al., 2009a). Neural crest cells with NRP2 

expression adopt a sensory cell fate whereas neural crest cells expressing NRP1 only 

ultimately acquire a sympathetic neuron fate (Lumb et al., 2014). The transcription 

factor, neurogenin 2 (NGN2), also plays a role in cell fate determination in that higher 

expression of NGN2 in neural crest cells bias them towards a sensory fate (Zirlinger 

et al., 2001). 

Ventrally migrating trunk neural crest cells reach the vicinity of the dorsal aorta 

at around E9.5 to E10.5 in mice. The molecular mechanisms guiding this migration 

involve a combination of repulsive guidance cues (SEMA3A), attractive guidance cues 

(stromal cell-derived factor 1, SDF1), and signalling pathways that promote migration 

(neuregulin-1/ERBB). Neuregulin signalling through the ERBB receptors plays a 

critical role for the migration of trunk neural crest during sympathetic neuron 

development. Neuregulin-1 (NRG1) contains an epidermal growth factor (EGF)-like 

motif and is expressed in the somites and in the mesenchyme around the dorsal aorta. 

While ERBB 2 and ERBB3 receptors are expressed by migrating trunk neural crest 

cells, binding of NRG1 to the EGF receptor ERBBs activates the membrane-associated 

tyrosine kinase in the trunk neural crest cells to promote cell motility (Britsch et al., 

1998; Falls, 2003; Young et al., 2004). In addition to the posterior parts of somites, the 

repulsive cue SEMA3A is also expressed in the dermamyotome and around the 

notochord to form a channel to guide the migration of neural crest cell to the site of 

the sympathetic ganglia (Kawasaki et al., 2002). At the location of the sympathetic 

ganglia, SDF1 is expressed to attract CXCR4 (C-X-C chemokine receptor type 4) 

expressing neural crest cells towards the dorsal aorta (Kasemeier-Kulesa et al., 2010). 

Trunk neural crest cells arrive at the region dorsolateral to the dorsal aorta at E10.5 

where they differentiate into SA cells and coalesce into two bilateral columns of cells, 

forming the sympathetic chains. At the abdominal level, a subset of these cells further 
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migrates ventrolaterally to the dorsal aorta at E11.5 (Huber and Ernsberger, 2006) to 

become the prevertebral sympathetic ganglia and the adrenal medullae (Figure 1.4). 

 

 
Figure 1.4 Migration pathways of trunk neural crest cells that give rise to dorsal root, 
paravertebral and prevertebral ganglia and to adrenal chromaffin cells. 

The trunk neural crest cells migrate ventrolaterally through the anterior parts of the somites, a subset of 
these cells remain in the sclerotomes to form the dorsal root ganglia and the rest migrate more ventrally 
reaching the dorsal aorta. The cells receive a signal from the wall of the dorsal aorta that triggers the 
specification into SA cells and forms the sympathetic chain. A subset of these SA cells located at the 
abdominal level further differentiate as either paravertebral and prevertebral sympathetic ganglion 
primordia and as the adrenal medullae and subsequently differentiate into sympathetic neurons or 
chromaffin cells respectively. This figure is reproduced from my book chapter (Chan et al., 2016).  

1.3.3 Specification of the Sympathoadrenal Cells 

After arrival at the vicinity of the dorsal aorta at E11.5, multipotent neural crest 

cells differentiate into bipotential SA cells by an interplay between intrinsic signals 

and extrinsic signals from the local environment (LaBonne and Bronner-Fraser, 1999; 

Huber, 2006; Schober et al., 2013; Unsicker et al., 2013). BMPs 2/4/7 secreted by cells 

of the wall of the dorsal aorta and surrounding mesenchyme are crucial for the 

acquisition of the neuronal and catecholaminergic phenotypes of SA cells (Huber, 

2006). At the para-aortic site, BMPs trigger the expression of a number of intrinsic 

transcription factors including Achaete-scute family BHLH transcription factor 1 

(ASCL1, also known as MASH1), Paired-like homeobox 2B (PHOX2B), Paired-like 
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Figure 3.  Migratory pathways of trunk neural crest cells that give rise to dorsal root, paravertebral and prevertebral 
ganglia and to adrenal chromaffin cells.
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homeobox 2A (PHOX2A), Insulinoma-associated 1 (INSM1), Heart and neural crest 

derivatives Expressed 2 (HAND2) and GATA binding protein 2 and 3 (GATA2/3) in 

SA cells that induce their differentiation. These factors interact in a complex 

transcriptional network (Figure 1.5) to activate the expression of several pan-neuronal 

genes including Tuj1 (also known as Tubulin Beta 3 Class III, Tubb3), Pgp9.5 (also 

known as Ubiquitin C-Terminal Hydrolase L1, Uchl1) and Hu (also known as ELAV 

Like RNA Binding Protein, Elavl) as well as the catecholaminergic genes Th and Dbh. 

Under the influence of BMPs and consequent expression of ASCL1 and PHOX2B, 

SOX10 expression in all neural crest cells is downregulated and they lose their multi-

potency (Kim et al., 2003a). ASCL1 and PHOX2B are the most upstream factors, 

expressed as early as E10.5. During the specification of SA progenitor cells, neural 

crest cells can transiently co-express SOX10 and PHOX2B at E10.5, but by E11.5 only 

express PHOX2B along with TH (Callahan et al., 2008; Rohrer, 2011). The 

downstream transcription factors (PHOX2A, INSM1, HAND2 and GATA2/3) further 

promote the maturation of the SA lineages and contribute to the generation and 

maintenance of a catecholaminergic phenotype, including the expression of DBH and 

TH (Huber, 2006; Shtukmaster et al., 2013). In addition to the BMP-induced 

transcription factors, the activating enhancer-binding protein 2-beta (AP-2β) is also 

critical in noradrenergic phenotype acquisition in SA cells. AP-2β is widely expressed 

in the neurons of the developing sympathetic ganglia, even in the neural crest cells 

(Hong et al., 2008), and in AP-2β null mice, the expression of noradrenaline and DBH 

as well as the number of noradrenergic sympathetic ganglionic neurons are 

significantly reduced (Hong et al., 2008). Overexpression of TFAB2B in chick neural 

crest cells favored SA cell fate acquisition (Hong et al., 2008). 
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Figure 1.5 BMPs signalling-induced regulatory network for SA cell specification. 

Under the influence of BMPs, an intrinsic transcriptional regulation network is activated in the multipotent 
trunk neural crest cells. Transcription factors within this network includes, ASCL1, PHOX2B, PHOX2A, 
INSM1, HAND2 and GATA2/3 that induce the specification into bipotent SA progenitor cell by acquisition 
of neuronal and catecholaminergic properties. The relationships between these factors of the network 
including activation (solid arrow-headed line), maintenance (dash arrow-headed line) and inhibition (bar-
headed line) are shown. 

1.3.4 BMPs-induced Transcriptional Network in Sympathoadrenal 

Differentiation 

Under the influence of BMPs, multipotent trunk neural crest cells differentiate 

into bipotent SA progenitor cells with both neuronal and catecholaminergic properties. 

SA progenitors are characterized by expression of several pan-neuronal markers 

including neural cell adhesion molecule (NCAM), protein gene product 9.5 (PGP 9.5), 

superior cervical ganglia 10 protein (SCG10), neuron-specific enolase (NSE) and 

neurofilament proteins (NFs) as well as the noradrenergic markers, DBH and TH 

(Langley and Grant, 1999; Stubbusch et al., 2013). Acquisition of these phenotypes is 

a result of transcriptional regulation by the BMPs-induced transcription factors, 

ASCL1, PHOX2B, PHOX2A, INSM1, HAND2 and GATA2/3. 
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ASCL1  

The ASCL1 (achaete-scute complex-like 1) and PHOX2B (paired-like homeobox 

2B) transcription factors are the first transcription factors to be induced in neural crest 

cells after arrival at the dorsal aorta and are the most upstream members in the BMP-

induced transcription factor network. ASCL1 is regulated by the Smad4-dependent 

BMP signalling pathway and plays a key a role in promoting the differentiation of 

catecholaminergic and neuronal features in SA cells (Huber et al., 2002b; Stanke et 

al., 2004; Huber et al., 2005). Targeted gene mutation studies show that ASCL1 is 

important for inducing a noradrenergic phenotypic and maintaining the correct timing 

of neuronal differentiation in sympathetic neuroblasts (Hirsch et al., 1998; Pattyn et 

al., 2006). ASCL1 also controls expression of PHOX2A, a transcription factor 

regulating the expression of Dbh, hence contributing to the differentiation of a 

noradrenergic cell (Hirsch et al., 1998; Lo et al., 1998).  

PHOX2A/B 

PHOX2A and PHOX2B are closely related transcription factors that are widely 

expressed in noradrenergic neurons. Like ASCL1, PHOX2B promotes neuronal and 

catecholaminergic differentiation as well as control the expression of PHOX2A 

(Huber et al., 2005). In PHOX2B-deficient mice, reduced expression of DBH and TH 

in SA lineages as well as immature development of chromaffin cells are observed 

(Pattyn et al., 1999; Brunet and Pattyn, 2002; Huber et al., 2005). Studies also revealed 

that PHOX2B is required for maintaining ASCL1 expression (Pattyn et al., 1999; 

Stanke et al., 2004). Together with ASCL1, PHOX2B triggers the expression of the 

downstream transcription factors, INSM1, and GATA2/3.  

INSM1 

The zinc-finger transcription factor, INSM1 has been shown to act upstream of 

HAND2 and GATA2/3 to promote their expression (Wildner et al., 2008; Rohrer, 

2011). Lack of INSM1 reduces the gene expression of Hand2 and Gata2/3 (Wildner 

et al., 2008). In Insm1 knockout mice, differentiation of SA cell is delayed, as revealed 

by Dbh and Th gene expression, and proliferation of neuroblasts is also reduced; 

consequently, a smaller ganglion is formed (Wildner et al., 2008). Lack of terminal 

differentiation of adrenal chromaffin cell in Insm1 knockout mice was also reported, 

whereas neuroblasts are not affected (Wildner et al., 2008). Thus, the role of INSM1 
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in the development of SA cells includes the promotion of cell proliferation and 

differentiation.  

HAND2 

HAND2 (Heart and neural crest derivatives-expressed protein 2, formerly known 

as dHAND) is a member of the family of basic helix-loop-helix transcription factors. 

The induction of HAND2 was found to be dependent on PHOX2B expression but not 

ASCL1 in sympathetic neuron differentiation (Howard et al., 2000; Morikawa et al., 

2005). HAND2 also plays an important role in sympathetic neurons acquiring a 

catecholaminergic phenotype (Lucas et al., 2006; Morikawa et al., 2007). 

Overexpression of HAND2 in chick neural crest cells induced the expression of the 

noradrenergic markers (DBH and TH) as well as several pan-neuronal makers (SCG10 

and NF-M) (Howard et al., 2000; Huber, 2006; Morikawa et al., 2007).  

GATA2/3 

Other zinc-finger transcription factors, GATA2 and GATA3 are expressed after 

HAND2 expression and before the appearance of TH and DBH (Tsarovina et al., 2004; 

Rohrer, 2011). Induction of GATA2/3 is dependent on PHOX2B, ASCL1 and even 

HAND2. Expression of GATA2/3 regulates sympathetic chain development and the 

noradrenergic phenotype (Tsarovina et al., 2004). In addition to its involvement in 

proliferation and differentiation, GATA3 also maintains cell survival of SA cells 

(Tsarovina et al., 2010).  

1.3.5 Sox10 and Glial Cells 

When SOX10-expressing neural crest cells reach the dorsal aorta, most of them 

are committed to a SA cell fate because they express BMP-induced transcription 

factors. As a result, SOX10 is downregulated in these cells. A relatively small 

proportion of neural crest cells retain SOX10 expression after the appearance of 

sympathetic neurons, and they develop into glial cells (Kim et al., 2003b). From E9.5 

in mouse, SOX10 and PHOX2B are transiently co-expressed in some neural crest cells 

in the anlagen of the sympathetic ganglia, while by E10.5, over 80% of the cells co-

express PHOX2B and TH leaving about 10−20% neural crest cells as SOX10 only 

(Callahan et al., 2008). This small proportion of SOX10-only cells are mostly located 

at the periphery of the developing ganglion composed of TH-expressing SA cells. 
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During neural crest cell migration, SOX10 appears to play an important role in 

maintaining the neurogenic and gliogenic potential of neural crest cells. SOX10 

prevents neural differentiation by suppressing PHOX2A expression in the BMP-

induced transcription network (Kim et al., 2003b). Other neurogenesis inhibitors in 

glial development including the basic helix-loop-helix (bHLH) transcription factor, 

TWIST1, which also prevents sympathetic neurogenesis by repressing the activity of 

the PHOX2B promoter (Vincentz et al., 2013). HES1, a transcription factor in the 

Delta-Notch signalling is also an inhibitor for neuronal differentiation. In Hes1 mutant 

mice, premature neuronal differentiation and consequent neural hypoplasia results 

(Ishibashi et al., 1995). Inhibition of Notch-signalling in mice significantly reduces the 

number of glial cells (De Bellard et al., 2002). When sympathetic glial cells mature, 

glial markers including B-FABP (brain fatty acid-binding protein), S100 beta, and glial 

fibrillary acidic protein (GFAP) are expressed (Britsch et al., 2001; Callahan et al., 

2008; Woodhoo and Sommer, 2008).  

1.3.6 Divergence of the Bipotent Sympathoadrenal Progenitors 

SA cells are bipotent, capable of differentiating as sympathetic neurons or chromaffin 

cells (Huber, 2006; Shtukmaster et al., 2013). This is despite them already expressing 

both pan-neuronal and catecholaminergic properties. A recent study using single cell 

electroporation of green fluorescence protein (GFP) as a lineage-tracing technique has 

confirmed that sympathetic neurons and chromaffin cells share the same origin 

(Shtukmaster et al., 2013). The acquisition of neuronal and chromaffin cell fates by 

SA cells is not pre-specified at the stage of delamination (Shtukmaster et al., 2013). 

During segregation, some SA progenitor cells retain neural markers and further 

develop into neuroblasts, whereas other cells, destined to become chromaffin cells, 

suppress neural markers but retain a catecholaminergic phenotype (Huber, 2006). SA 

cells differentiate into either sympathetic neuroblasts or chromaffin precursor cells 

before colonization of their target location (Huber, 2014; Lumb and Schwarz, 2015). 

Sympathetic neuroblasts and chromaffin precursor cells represent the immature state 

of sympathetic neurons and chromaffin cells. In addition to the phenotypic changes of 

the two lineages, there is also a reorganisation of their distribution around the 

abdominal aorta. TH-expressing cells can be found in four topographically distinct 

areas around the dorsal aorta at E11.5 (Figure 1.5). The SA cells dorsolateral to the 
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dorsal aorta will continue to express neuronal properties and form the primordia of the 

paravertebral sympathetic ganglion. The SA cells ventrolateral to the dorsal aorta give 

rise to both neuroblasts and chromaffin cell precursors. Physical segregation of the two 

cell types is not clear enough at this stage to reliably identify the adrenal chromaffin 

precursor cells from the prevertebral neuroblasts by topography alone (Stubbusch et 

al., 2013). Around E12.5, the adrenal cortex precursor cells can be identified by the 

expression of SF1 (Stubbusch et al., 2013) and form an identifiable adrenal cortical 

anlage (Figure 1.5). This adrenal anlage is colonised by adrenal chromaffin precursors 

on E13.5. Within the adrenal medulla, starting at E14.5, some TH-expressing 

chromaffin cells start to express the enzyme, phenylethanolamine N methyl transferase 

(PNMT) for the synthesis of adrenaline (Lohr et al., 2006). The SA cells lying between 

the adrenal medulla and the dorsal aorta form the prevertebral sympathetic ganglion 

including the suprarenal ganglion (in rodents) and coeliac and superior mesenteric 

ganglia. Extra-adrenal chromaffin cells also appear within this region. However, the 

actual timing, the factors involved and the driving mechanisms for the developmental 

events of chromaffin cells between E11.5 to E14.5 in mouse are still not fully 

understood (Figure 1.5). Details of the further development of sympathetic neuron and 

adrenal chromaffin cell are discussed in Sections 1.4 and 1.5 respectively.  

 
Figure 1.6 Spatial and temporal development of sympathoadrenal lineages at the 
upper abdomen level. 

Neural crest cells delaminate from the trunk neural crest of neural tube (NT) at the level of the upper 
abdomen at around E9.5. The ventrally migrating trunk neural crest cells pass the notochord (NO) and 
reach the vicinity of the dorsal aorta at around E10.5. After arrival in the vicinity of the dorsal aorta at 
E11.5, the multipotent neural crest cells differentiate into bipotent SA progenitor cells and express TH. 
TH-expressing cells can be found in four topographically distinct areas around the dorsal aorta. The SA 
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cells dorsolateral to the dorsal aorta will continue to express neuronal properties and form the primordia 
of the paravertebral sympathetic ganglion. The SA cells ventrolateral to the dorsal aorta are believed to 
differentiate into either sympathetic neuroblasts or chromaffin precursor cells before colonization of their 
target location. Around E12.5, physical segregation of the two cell types is not clear enough to reliably 
separate the adrenal chromaffin precursor cells from the prevertebral neuroblasts by topography alone 
(Stubbusch et al., 2013). The adrenal cortex precursor cells can be identified by their expression of SF1 
and form an identifiable adrenal cortical anlage that SA cells invade to form the adrenal medulla 
(Stubbusch et al., 2013). The SA cells lying between the adrenal medulla and the dorsal aorta form the 
prevertebral sympathetic ganglia including the suprarenal ganglion and coeliac and superior mesenteric 
ganglia. Extra-adrenal chromaffin cells also appear within this region. 
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1.4 Sympathetic Postganglionic Neurons 

SA cells are characterized by a catecholaminergic neuronal phenotype, so early 

sympathetic neuroblasts are indistinguishable from SA progenitor cells. Sympathetic 

neuroblasts retain both neuronal and catecholaminergic properties from the SA 

progenitor cells while continuing to proliferate, form ganglia and extend axons to their 

target tissues.  

1.4.1 Proliferation of Neuroblasts 

Unlike almost all other neurons, including sensory and other autonomic neurons 

of neural crest origin, sympathetic neuroblasts continue to proliferate after the 

acquisition of neuronal properties (Rohrer and Thoenen, 1987), rather than 

permanently withdrawing from the cell cycle before neuronal differentiation. 

However, sympathetic neuroblasts do temporarily withdraw from the cell cycle for 24 

h at E10.5 as the neural crest cells differentiate into SA cells, but all neuronal cells in 

the paravertebral sympathetic ganglia are cycling again by E11.5 (Gonsalvez et al., 

2013). Paravertebral sympathetic neuroblasts then progressively withdraw from the 

cell cycle from E12.5 to E18.5, when only 2% are still in the cell cycle (Gonsalvez et 

al., 2013). The cycling pattern of sympathetic neuroblasts in prevertebral ganglia is 

unknown, but is likely to be similar.  

Wnt signalling through Frizzled 3 (FZD3) is known to drive proliferation of 

sympathetic neuroblasts. FZD3 is a member of the Wnt receptor family and is essential 

for maintaining sympathetic neuroblast proliferation, acting via the β-catenin pathway 

(Lee et al., 2004; Armstrong et al., 2011). Ganglionic hypoplasia is found in Fzd3 

knockout mice due to premature withdrawal of the neuroblasts from the cell cycle 

(Armstrong et al., 2011). Delete of Ctnnb1 (the gene encoding β-catenin) also 

suppresses proliferation and reduces the number of the neurons in sympathetic ganglia 

(Armstrong et al., 2011). The BMP-induced transcription factor, HAND2, is also 

involved in regulating the proliferation of sympathetic neuroblasts. Lack of HAND2 

leads to a significant decrease in the number of proliferating cells in sympathetic 

ganglia and, as a result, a reduction in mature neuron numbers (Hendershot et al., 

2008). 
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1.4.2 Survival of Neuroblasts 

Throughout the sympathetic nervous system development, many sympathetic 

neuroblasts die due to a failure to compete successfully for trophic support (survival) 

factors from target cells (Oppenheim, 1991; Kristiansen and Ham, 2014). Therefore, 

access to survival factors is one of the key elements during sympathetic neuron 

development (Glebova and Ginty, 2005). Neurotrophin (NTs)-mediated signalling is 

a major signalling pathway for survival. The importance of target-derived NTs in the 

survival of sympathetic neurons was first recognized over 50 years ago (Levi-

Montalcini and Angeletti, 1963; Chun and Patterson, 1977; Levi-Montalcini, 1987). 

Neurotrophins consist of four members, nerve growth factor (NGF), brain-derived 

neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4) (Levi-

Montalcini, 1976; Leibrock et al., 1989; Maisonpierre et al., 1990; Ip et al., 1992). NTs 

signal through the high affinity tyrosine receptor kinase (Trk) family that includes 

TrkA (NGF), TrkB (BDNF and NT-4) and TrkC (NT-3) along with the low affinity 

receptor, p75 (Glebova and Ginty, 2005). Lack of NGF in mice results in a major loss 

of sympathetic neurons (Crowley et al., 1994). Besides the crucial role of NTs and 

other neurotrophic factors in the survival of sympathetic neuroblasts, a range of NTs 

and neurotrophic factors are also involved in the growth of sympathetic axons 

(Glebova and Ginty, 2005).  

Members of the GDNF (glial cell line-derived neurotrophic factor) family ligands 

(GFLs) also contribute to both to the growth and survival of sympathetic neurons 

(Henderson et al., 1994). GFLs consists of GDNF, neurturin, artemin and persephin 

(Kameda, 2014), which bind to the GPI-linked cell surface molecules, GFRα1, 2, 3 

and 4 respectively (Baloh et al., 2000) to mediate activation of the receptor tyrosine 

kinase, RET (Jing et al., 1996; Treanor et al., 1996). Persephin is only expressed within 

the CNS (Milbrandt et al., 1998). Mice lacking GDNF show a decrease in the number 

and size of neurons in sympathetic ganglia (Moore et al., 1996; Enomoto et al., 2001). 

GDNF is also crucial for the proliferation, migration and differentiation of sympathetic 

neuroblasts (Airaksinen and Saarma, 2002).  

The LIM-Homeodomain transcription factor or insulin gene enhancer protein, 

ISL1 (also known as Islet-1) is also important for the survival and maturation of 
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differentiated sympathetic neurons (Sun et al., 2008; Huber et al., 2013). In Isl1 

deficient mice, apoptosis occurs in sympathetic neurons; few cells survive at E16.5 

and these lack TrkA expression. In addition, ISL1 appears to regulate the acquisition 

of an adrenergic phenotype as there is a lack of PNMT expression in Isl1 deficient 

mice (Huber et al., 2013).  

Members of SOXC family, SOX4 and SOX11, are expressed in developing 

sympathetic ganglionic cells. SOX11 is suggested to be required for the proliferation 

of sympathetic neurons and SOX4 is responsible for cell survival (Potzner et al., 2010). 

Knockout of both Sox4 and Sox11 in mice significantly reduces the expression of the 

downstream factors of BMPs-induced transcription network including Gata3, Hand2 

and Insm1. Hypoplasia of sympathetic ganglia and dysautonomia due to impaired 

innervation are observed in the mutant mice (Potzner et al., 2010). 

1.4.3 Sympathetic Ganglia Formation 

Each paravertebral sympathetic chain consists of 20−25 pairs of ganglia: 2−4 

cervical ganglia, 10−12 thoracic ganglia, 4 lumbar ganglia and up to 5 sacral ganglia 

(Standring, 2005). The segmental organization is a consequence of a secondary 

rearrangement of the neural crest cells that migrate to the dorsal aorta (Kasemeier-

Kulesa et al., 2005; Lallier and Bronner-Fraser, 1988; Young et al., 2004a). Under the 

effect of mesodermal tissue expressing Ephrin-B1, neural crest cells in each of the 

inter-ganglionic regions migrate to the position of the closest anterior or posterior 

ganglion (Yip, 1986), then coalesce into segmental ganglia under the influenced of N-

cadherin, and Sema3A acting via Nrp1 receptors (Kawasaki et al., 2002; Kasemeier-

Kulesa et al., 2006). Thus, each ganglion consists of neural crest cells originating from 

more than one segmental level. The superior cervical ganglion (SCG) is the most 

rostral and largest sympathetic ganglion. Unlike other chain ganglia, the SCG is 

formed by cells that migrate rostrally from the lower cervical region (Nishino et al., 

1999) At E13.5 in mice, cells from the site of the presumptive stellate ganglion 

segregate and migrate rostrally to occupy the C1 to C3 region of the spinal cord (Figure 

1.1), forming the SCG at E14.5 (Kameda, 2014). This rostral migration requires 

artemin as a chemoattractant that signals through the RET/GFRα3 receptor complex 

(Honma et al., 2002). Loss of other genes regulating sympathetic neuron development, 
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such as GFRα3, ErbB3, Ascl1, Phox2a, Hes1, NT-4 and Isl1, can have different effects 

between the SCG and the other posterior sympathetic ganglia (Morin et al., 1997; 

Britsch et al., 1998; Nishino et al., 1999; Roosen et al., 2001; Morikawa et al., 2009; 

Kameda et al., 2012; Huber et al., 2013). Thus, factors that have been reported as 

playing a role in ganglionic development may not affect all sympathetic ganglia, and 

investigation of ganglia at all rostrocaudal levels is needed. It is notable that during the 

development of the SCG, a subset of SA progenitor cells develops into the endocrine-

related glomus cell, which form the carotid body adjacent to the SCG and which 

function as a chemoreceptor in response to dissolved oxygen level (McNicol, 2004; 

Kameda, 2005). This is similar to SA cells forming the prevertebral ganglion and 

adrenal medulla (see Section 1.3.3 above) in that glomus cells and chromaffin cells are 

both neural crest-derived endocrine cells.   

There are 3 major prevertebral ganglia: the paired celiac ganglia, the superior 

mesenteric ganglion and the inferior mesenteric ganglion in mouse (Miller and 

Szurszewski, 1997). The ganglia are associated with major blood vessels in the 

abdomen; the celiac and superior mesenteric ganglia with the celiac artery, and the 

inferior mesenteric ganglia with the inferior mesenteric artery. In rodents, there are 

also the suprarenal ganglia, associated with the adrenal glands. These ganglia start to 

appear at E11.5 in mouse (Huber et al., 2009), when a group of the SA progenitor cells 

coalesce ventrolateral to the abdominal aorta (Figure 1.5). Compared to the 

paravertebral ganglia, much less is known about the development of prevertebral 

ganglia, especially how the SA progenitor cells in the primordium of the ganglia 

segregate into the neuronal and endocrine cell lineages.   

1.4.4 Axon Projection and Innervation of the Targets 

Sympathetic postganglionic axons reach their peripheral targets initially via the 

grey ramus or the splanchnic nerves, or, in the case of the SCG, directly from nerves 

arising from the ganglion (Gabella, 2001). Developmentally, the timing of axon 

projection is highly dependent on the target. In mice, the axons of postganglionic 

neurons are present in the spinal nerves as early as E11.5 (Glebova and Ginty, 2004). 

Most peripheral targets have at least some sympathetic innervation by E16.5 (Glebova 

and Ginty, 2004), although some target tissues including the salivary gland and iris, 
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have no sympathetic innervation until postnatal ages (De Champlain et al., 1970). 

Axonal projections of sympathetic neurons are regulated by local environmental 

signals, target-derived signals and intrinsic cell programs (Hippenmeyer et al., 2004). 

The mechanisms include short-range contact attraction or contact repulsion as well as 

long-range chemoattraction or chemorepulsion (Tessier-Lavigne and Goodman, 

1996). As nerve fibres often follow pre-existing blood vessels, it appears that blood 

vessels play a role in guiding sympathetic axons. Artemin produced by the smooth 

muscle of blood vessels acts as an attractive cue to promote axon outgrowth in early 

sympathetic neurons (Honma et al., 2002). In Artn (gene encoding artemin) knockout 

mice, sympathetic axon projection is severely disrupted (Honma et al., 2002). NT-3 is 

also expressed by blood vessels and promotes neurite outgrowth (Kuruvilla et al., 

2004). During later developmental stages, NGF replaces artemin to became the 

essential factor promoting the extension of axons into target tissues (Glebova and 

Ginty, 2004).   

Upon reaching the target, retrogradely-transported, target-derived signals 

regulate the final neuronal phenotype, including the expression of specific 

neurotransmitters, neuropeptides, calcium-binding proteins, receptors and ion 

channels (Cane and Anderson, 2009). For example, the switch between the 

noradrenergic and cholinergic phenotype seen in postganglionic neurons innervating 

the sweat glands is controlled by a neuropoietic cytokine released from the sweat 

glands (Landis and Keefe, 1983; Francis et al., 1999). 
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1.5 The Adrenal Medullary Chromaffin Cells  

Adrenal chromaffin cells are endocrine cells found in the medulla of the adrenal 

gland. They synthesize catecholamines, both adrenaline and noradrenaline, which they 

release into the bloodstream to support homeostasis in response to environmental 

stresses (Kannan, 1986; Jänig, 1989). Morphologically, mature adrenal chromaffin 

cells are columnar or polygonal in shape with small ovoid nuclei and large secretory 

vesicles containing the catecholamines and various neuropeptides that give the 

cytoplasm a granular appearance microscopically (Waring, 1936; Cuchillo-Ibanez et 

al., 1999). Because of the chromium affinitive property of the granules, the name 

“chromaffin” is used to describe the cell. There are two main types of chromaffin 

granules, one storing and releasing adrenaline and the other noradrenaline. Adrenergic 

chromaffin cells are characterized by their possession of the enzyme PNMT, to 

methylate noradrenaline to form adrenaline. Thus, adrenergic chromaffin cells also 

contain noradrenaline as a precursor to adrenaline (Eränkö, 1955; Coupland and 

Weakley, 1970; El-Maghraby and Lever, 1980). In rodent, between 15−35% of 

chromaffin cells are noradrenergic, while the remaining 65−85% are adrenergic 

(Eränkö, 1955; Coupland and Weakley, 1970; El-Maghraby and Lever, 1980; 

Allmendinger et al., 2003).   

During their development, adrenal chromaffin cells share many characteristics 

with the other SA derivative, sympathetic postganglionic neurons. Both are 

catecholaminergic, both are innervated by sympathetic preganglionic neurons and both 

are responsible for maintaining homeostasis. Therefore, adrenal chromaffin cells and 

sympathetic postganglionic neurons are functionally homologous as well as sharing 

the same developmental origin. (Waring, 1936; Gabella, 2001). 

1.5.1 Differentiation and Proliferation of Adrenal Chromaffin Cells 

Adrenal medullary chromaffin cells appear when a subset of SA cells suppresses 

the expression of neuronal markers but retain expression of catecholaminergic markers 

(Stubbusch et al., 2013). Currently, little is known that distinguishes the differentiating 

chromaffin precursor cells from the SA progenitors (Table 1.2). Relative to 

sympathetic neuroblasts, chromaffin cells proliferate at a lower rate during embryonic 

stages, but, unlike sympathetic neuroblasts, the low rate of proliferation continues 
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throughout life (Tischler et al., 1989). In mice, anatomical segregation of developing 

chromaffin cells from differentiating prevertebral ganglionic neuroblasts can be 

clearly observed at E13.5 when chromaffin cells have migrated laterally to ultimately 

coalesce at the centre of the mass of adrenal cortical cells to form the adrenal medulla 

(Waring, 1936; Bocian-Sobkowska et al., 1996; Huber et al., 2009; Kameda, 2014). 

The chromaffin precursor cells can then be identified by their anatomical location, 

embedded among the steroidogenic factor 1 (SF1)-expressing adrenal cortical cells 

(Figure 1.5). Only by E14.5 do a sub-population of chromaffin cells express PNMT 

(Lohr et al., 2006), to phenotypically differentiate between neuroblasts and chromaffin 

cell.  

1.5.2 Transcriptional Regulation in Adrenal Chromaffin Cells 
Development 

The factors driving chromaffin precursor cells differentiation are poorly 

understood (Unsicker et al., 2013). The downregulation of pan-neuronal markers and 

synaptic markers in chromaffin cells has been reported to be controlled by micro RNA 

(miRNA) (Stubbusch et al., 2013). Conditional knockout of Dicer 1, a gene that 

encodes for an RNase that processes miRNAs, leads to a rapid reduction of synaptic 

markers in developing sympathetic neuroblasts and an increase in neuronal marker 

expression in developing adrenal chromaffin cells (Stubbusch et al., 2015). The role 

of the BMP-induced transcriptional network present in both neuroblasts and SA cells 

(see Figure 1.5) has also been investigated. ASCL1, PHOX2B, INSM1 and HAND2 

are involved in adrenal chromaffin cell development as well as sympathetic neuron 

development. Ascl1 knockouts show a deficiency in differentiation of the adrenal 

chromaffin precursor as a result of early SA progenitor cell cycle arrest (Huber et al., 

2002b). Phox2b knockout mice show a similar phenotype because differentiation of 

SA progenitors is arrested even earlier, and, as a consequence, there is an absence of 

adrenal chromaffin cells in the adrenal medulla (Huber et al., 2005). Condition 

knockout of Hand2 results in a reduction of Th and Pnmt gene expression in postnatal 

adrenal glands (VanDusen et al., 2014). Lack of terminal differentiation of adrenal 

chromaffin cells was also found in Insm1 knockout animals (Wildner et al., 2008). AP-

2β is also prominently expressed in the embryonic adrenal chromaffin cells (Hong et 

al., 2011). Knockout of the AP-2β gene, Tfap2b, significantly reduced the expression 
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of DBH and PNMT as well as PHOX2B, suggesting a role in the acquisition of an 

adrenergic phenotypic and maturation of adrenal chromaffin cells (Hong et al., 2011). 

Moreover, ISL1 is also critical in the acquisition of an adrenergic phenotype as ISL1-

deficient mice lack PNMT expression in chromaffin cells (Huber et al., 2013). 

However, while an absence of the factors discussed above adversely affect the 

final adrenal chromaffin cell phenotype, none of the knockouts exhibit a failure of 

differentiation of SA cells into chromaffin cells, suggesting there are other critical 

factors responsible for the splitting of the two lineages. This highlights the need for a 

broader genomic screen to identify candidate controllers of adrenal chromaffin cell 

development.  

1.5.3 The Formation of the Adrenal Glands  

Mammalian adrenal glands are located at the superior pole of each kidney 

(Kannan, 1986). Each adrenal gland consists of two parts, the outer cortex and the 

inner medulla, which are distinct in histological characteristics and secretory functions 

(Kannan, 1986).   

In the adrenal medulla, release of catecholamines from chromaffin cells is 

initiated by cholinergic nicotinic receptor activation by acetylcholine released from 

sympathetic preganglionic neurons onto the chromaffin cells (Jänig, 1989). The 

catecholamines that are released into the blood then activate target tissues through 

adrenoreceptors. Adrenoreceptors include α- and β-receptors, which differ in affinity 

to adrenaline and noradrenaline and in distribution on the various target organs (Jänig, 

1989). The catecholamines act to affect metabolism by inducing lipolysis in adipose 

tissue and proteolysis in hepatic tissue, while adrenaline also stimulates glycogen 

breakdown in liver (Jänig, 1989). Catecholamines also stimulate vasodilation in 

skeletal musculature as well as directly affecting cardiac muscle (Jänig, 1989). 

Disorder of the sympathoadrenal system is associated with hyper/hypotension, 

hyper/hypoglycaemia and hypoxia (Kannan et al., 1994).  

The adrenal cortex constitutes 80−85% of the adrenal gland, and is responsible 

for corticosteroid synthesis and release (Kannan, 1986). The adrenal cortex arises from 

a separate embryonic origin from medullary chromaffin cells. The adrenal cortex 
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originates from the adreno-genital primordium, which forms the primitive urogenital 

ridges during early development (Kannan, 1986; Hatano et al., 1996). The adrenal 

cortex anlagen separate from the gonad anlagen to encapsulate adrenal chromaffin 

cells at around E12 in mice and form a consolidated mass enclosed by a connective 

tissue sheath by the end of E13 (Waring, 1936). At E16.5, distinct cortex and medulla 

are established (Huang et al., 2012). 

The adrenal cortex is also capable of sex steroid synthesis. Three defined zones 

are found in the adrenal cortex, each responsible for a different pathway in 

steroidogenesis and hence for specific steroid production (Idelman, 1970; Kannan, 

1986). The outermost zona glomerulosa is a group of epithelioid cells for 

mineralocorticoid production. The elongated polygonal columnar cells in the middle 

layer form the zona fasciculata for glucocorticoid synthesis. The innermost zone, the 

zona reticularis, is composed of cells with varied shape and size and is responsible for 

the synthesis of sex hormones such as androgen and estrogen (Idelman, 1970).   

1.5.4 Role of the Adrenal Cortex in the Formation of the Adrenal Anlage 

The role of the adrenal cortex in the development of chromaffin cells has been 

investigated (Doupe et al., 1985; Anderson and Axel, 1986; Huber et al., 2009). 

Glucocorticoids produced from the adrenal cortex have been suggested to control the 

downregulation of neuronal markers and upregulation of the adrenaline-synthesizing 

enzyme, PNMT (Wurtman and Axelrod, 1966; Unsicker et al., 1978; Anderson and 

Axel, 1985). In cultured condition, isolated rat adrenal chromaffin cells are able to 

maintain PNMT expression only with glucocorticoids supplementation (Doupe et al., 

1985). Addition of glucocorticoids into cultured rat adrenal chromaffin cells has also 

been showed to prevent NGF-induced neurite outgrowth (Unsicker et al., 1978). 

Therefore, as well as playing a role in the acquisition of the adrenergic phenotype, 

glucocorticoids were also been suspected for long to be the driving force in SA cells 

segregation.  

However, later studies showed that chromaffin cells are still found in the correct 

location in glucocorticoid receptor (GR) gene, Nr3c1 knockout mice as well as in 

steroidogenic factor-1 (SF1, gene name is Nr5a1) deficient mice in which the adrenal 
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cortex does not form (Luo et al., 1994; Finotto et al., 1999; Huber et al., 2002a; Gut et 

al., 2005). In the Nr3c1 knockout mice where chromaffin cells lack the glucocorticoid 

receptor, the number of TH and PHOX2A positive chromaffin cell is not significantly 

difference to the wild-type except expression of PNMT is absent at E18.5 (Finotto et 

al., 1999). Similarly, adrenal chromaffin cells lacking in PNMT expression are found 

in the suprarenal region in the SF1 mutant mice that lacks an adrenal cortex (Gut et 

al., 2005). Although these studies show that the adrenal cortex or glucocorticoids are 

not essential for chromaffin cell formation, adrenal cortex and glucocorticoid 

signalling is important for maintaining an adequate expression of PNMT in adrenergic 

chromaffin cells in the medulla (Finotto et al., 1999; Gut et al., 2005). 

1.5.5 Sympathetic Paraganglia 

Paraganglia are the third SA lineages and are composed of neural-crest derived 

endocrine cells (Huber et al., 2009; Schober et al., 2013). There are two types of 

paraganglia, chromaffin or sympathetic paraganglia formed by extra-adrenal 

chromaffin cells and non-chromaffin paraganglia formed by glomus cells (refer to 

Section 1.4.3), like the carotid bodies (McNicol, 2004). Sympathetic paraganglia are 

closely associated with the sympathetic nervous system and release catecholamines 

release in response to neural stimulation; they therefore express DBH, TH and PNMT- 

(McNicol, 2004). The organ of Zuckerkandl (also known as the para-aortic body) is 

the largest sympathetic paraganglion in the body and is located close to the adrenal 

glands, around the origin of the inferior mesenteric artery (McNicol, 2004; Schober et 

al., 2013). It is believed to be an important source of catecholamines during foetal 

development. The development of sympathetic paraganglia is closely related to 

development of the adrenal medulla as they share most phenotypic features during 

embryonic stages except they are not embedded within the adrenal cortex (Bocian-

Sobkowska et al., 1996). The organ of Zuckerkandl totally regresses after birth in mice 

and at about 3 years of age in humans. Regression is regulated by GR signalling 

(McNicol, 2004; Schober et al., 2013). Both the intra- and extra-adrenal chromaffin 

cells are the common site of pheochromocytoma, a form neuroblastoma in the 

chromaffin cells, with about half of all extra-adrenal tumors arising from the organ of 

Zuckerkandl (McNicol, 2004; Schober et al., 2013).  
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1.6 Molecular Markers of the Sympathoadrenal Lineage Cells  

Dynamic changes in the SA lineages lead to cell fate acquisition and segregation 

of the two lineages. The individual lineages can be characterized by cell type-specific 

molecular profiles. Molecular markers used previously by researchers to identify each 

of the SA lineages are listed in Table 1.2. The most useful molecular markers should 

be differentially expressed from the instant the two lineages start to diverge. However, 

many of the markers are expressed in the SA progenitor cells at E11.5 in mice and 

most continue to be expressed by both lineages as they diverge. Only at late embryonic 

or post embryonic ages do many of the markers distinguish sympathetic neurons from 

adrenal chromaffin cells. However, SCG10 has recently been identified as a potential 

marker for early differentiated neuroblasts that shows phenotypic heterogeneity 

between SA lineage cells as early as E12.5 (Stubbusch et al., 2013). Expression of 

SCG10 in the SA lineage cells surrounded by the SF1-expressing adrenal cortical cells 

(the presumptive chromaffin precursor cells) was found to be much lower than in the 

cells close to the dorsal aorta (the presumptive sympathetic neuroblasts) (Stubbusch et 

al., 2013).    

1.6.1 Markers Common to Both Sympathoadrenal Lineages  

A wide range of molecular markers are present in the SA progenitor cells at E11.5 

and also in presumptive chromaffin cells and sympathetic neuroblasts as they diverge 

on E12.5. The catecholaminergic markers, DBH, TH, vesicular monoamine 

transporter 2 (VMAT2) along with a group of pan-neuronal markers, Tuj1 (TUBB3), 

neuropeptide Y (NPY), neural cell adhesion molecules (NCAM), PGP9.5 and neuron-

specific enolase are widely expressed in both SA lineages from progenitors to adult 

cell (Valarche et al., 1993; Hansson et al., 1998; Finotto et al., 1999; Langley and 

Grant, 1999; Boldogköi et al., 2002; Huber et al., 2002b; Tsarovina et al., 2004; 

Fernandez-Espejo et al., 2005; Wildner et al., 2008; Huang et al., 2010; Diez-Roux et 

al., 2011; Furlan et al., 2013; Gonsalvez et al., 2013; Stubbusch et al., 2013; Wiese et 

al., 2013; Gahring et al., 2014; Kameda, 2014). In addition, the BMP-induced 

transcription factors, PHOX2B and ASCL1, are also expressed in both SA lineages 

during embryonic development, although ASCL1 expression is reduced in 
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sympathetic neurons after E16.5 (Huber et al., 2002b; Tsarovina et al., 2004; Huber et 

al., 2005). 

1.6.2 Neuronal-specific Markers  

A number of neuronal markers are expressed in SA progenitor cells at E11.5, but 

are only expressed by neuroblasts/sympathetic neurons at late embryonic and postnatal 

ages. Superior cervical ganglion 10 (SCG10 or STMN2), HuC/D (ELAVL3/4) and 

neurofilaments, light and medium (NF-L/M) are only expressed in sympathetic 

neurons in adults (Langley and Grant, 1999; Gut et al., 2005; Diez-Roux et al., 2011; 

Stubbusch et al., 2013). Along with ret proto-oncogene (RET), most of these markers, 

except SCG10, are commonly expressed in both early neuronal and chromaffin 

lineages until E14.5 (Huber et al., 2002b; Allmendinger et al., 2003; Pattyn et al., 

2006). The synaptic vesicle membrane proteins, synaptosome associated protein 25 

(SNAP25) and synaptotagmin1 (Syt1) are differentially expressed in sympathetic 

neurons from E16.5 and E14.5 onwards, respectively (Diez-Roux et al., 2011; Furlan 

et al., 2013; Huber et al., 2013; Stubbusch et al., 2013). Vasoactive intestinal peptide 

(VIP) is not found in SA progenitors but is expressed by a sub-population of 

sympathetic neuroblasts after E16.5 (Fernandez-Espejo et al., 2005; Diez-Roux et al., 

2011; Kameda, 2014). ISL1 (or ISLET1), (see Section 1.5.2) is downregulated in 

chromaffin cells after E14.5 (Diez-Roux et al., 2011; Furlan et al., 2013; Huber et al., 

2013; Stubbusch et al., 2013). Ras-related protein 3a (RAB3A) is solely express in the 

mature neuronal tissue in adult mice but its expression is not detected in any SA 

lineages during embryonic stages (Stubbusch et al., 2013). 

1.6.3 Chromaffin-specific Markers  

As endocrine cells, adrenal chromaffin cells express high levels of chromogranin 

A (CHGA) and B (CHGB). Note that CHGA and CHGB are also expressed in very 

low level by mature sympathetic neurons (Wildner et al., 2008). Vesicular monoamine 

transporter 1 (VMAT1) is exclusively expressed in endocrine cells and expressed by 

mature adrenal chromaffin cells (Wildner et al., 2008; Diez-Roux et al., 2011; Huber 

et al., 2013). PNMT is a chromaffin cell-specific marker that is present from E14.5 in 

a majority of chromaffin cells (Lohr et al., 2006). The Delta-like 1 homolog, DLK1, 
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is widely expressed during embryonic development in various tissues, including the 

adrenal gland (Falix et al., 2013). Expression of Dlk1 mRNA has also been reported 

in SA cells and chromaffin precursor cells, but is rapidly down-regulated in 

sympathetic neuroblasts (unpublished data; Huber, 2014) 
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Table 1.2 Molecular markers of SA lineages in mouse embryos. 

 
Molecular markers are grouped into markers common to both SA lineages, neuronal-specific markers 
and chromaffin-specific markers. The expression pattern of each marker for each cell types is reported 
across four developmental stages: SA progenitor cells at E11.5 (including cells in para- and prevertebral 
regions), sympathetic neuroblasts (SN) and chromaffin precursor cells (AC) at E12.5, E14.5 and in 
sympathetic neuron and adrenal chromaffin cells after E16.5. Data are from mRNA expression by in situ 
hybridization or protein expression by immunostaining in embryonic mouse reported in literatures.  

Molecular markers E11.5 E12.5 E14.5 >E16.5 ReferencesSA SN AC1 SN AC SN AC
SA markers

DBH Dopamine β hydroxlase + + + + + + + Langley & Grant 1999; Stubbusch et al. 2013

TH Tyrosine hydroxylase 
(Noradrenaline synthesis) + + + + + + + Langley & Grant 1999; Huber et al. 2002

VMAT2

(SLC18A2) Vesicle monoamine transporter 2 + + + + + + + Hansson et al. 1998; Boldogköi et al. 2002; 


Diez-Roux et al. 2011; Furlan et al. 2013 

CHRNA7

(α7)

Cholinergic Receptor Nicotinic 
Alpha 7 + + + + + + + Gahring et al. 2014

Tuj1

(TUBB3) Tubulin Beta 3 Class III + + + + + + Tsarovina et al. 2004; Wildner et al. 2008; 

Gonsalvez, 2013; Gahring et al. 2014

NPY Neuropeptide Y + + + + + Finotto et al. 1999; Langley & Grant 1999; 
Huang et al. 2010; Diez-Roux et al. 2011

NCAM Neural cell adhesion molecules + +2 +2 + + Valarché et al. 1993; Langley & Grant 1999; 
Fernandez-Espejo et al. 2005

PGP9.5

(UCHL1)

Protein gene product 9.5 or 
Ubiquitin C-terminal hydrolase L1 + + + + + Langley & Grant 1999; Wiese et al. 2013

NSE/ENO2 Neuron-specific enolase + + + + + Langley & Grant 1999

PHOX2B Paired-like homeobox 2B + + + + + + + Tsarovina et al. 2004; Huber et al. 2005

ASCL1

(MASH1)

Achaete-scute family BHLH 
transcription factor 1 + + + + + − + Huber et al. 2002; Tsarina et al. 2004

Neuronal markers
SCG10

(STMN2)

Superior cervical ganglia 10 
protein/ Stathmin-2 + + ○3 + + − Langley & Grant 1999; Gut et al. 2005


Diez-Roux et al. 2011; Stubbusch et al. 2013; 

HuC

(ELAVL3) ELAV-like RNA binding protein 3 + + + Langley & Grant 1999; Diez-Roux et al. 2011

HuD

(ELAVL4) ELAV-like RNA binding protein 4 + + + Langley & Grant 1999; Diez-Roux et al. 2011

NF-L

(NEFL) Neurofilament, light + + + + − + − Huber and Ernsberger 2006; 


Stubbusch et al. 2013; Huber et al. 2013

NF-M

(NEFM) Neurofilament, medium + + + + − + − Stubbusch et al. 2013; Stubbusch et al. 2015

RET

(c-Ret) Ret proto-oncogene + + + + −2 + − Huber et al. 2002; Allmendinger, 2003; 


Pattyn et al. 2006; 

SNAP25 Synaptosome associated protein 
25 + + + + + + − Diez-Roux et al. 2011; Stubbusch et al. 2013

Syt1 Synaptotagmin I − − + +4 + − Diez-Roux et al. 2011; Stubbusch et al. 2013

VIP Vasoactive intestinal peptide − − + Fernandez-Espejo et al. 2005; 

Diez-Roux et al. 2011; Kameda 2014

ISL1

(Islet1)

LIM/homeodomain family of 
transcription factors + + + + ○ + ○ Diez-Roux et al. 2011; Furlan et al. 2013; 

Huber et al. 2013; Stubbusch et al. 2015

RAB3A4 Ras-related protein 3a − − − − − − Diez-Roux et al. 2011; Stubbusch et al. 2013 

Chromaffin markers

CHGA Chromogranin A + + ○ + Wildner et al. 2008; Diez-Roux et al. 2011; 
Huber et al. 2013; 

CHGB Chromogranin B + + ○ + Wildner et al. 2008; Diez-Roux et al. 2011

VMAT1

(SLC18A1) Vesicle monoamine transporter 1 + + + + + − + Gut et al. 2005; Lohr et al. 2006; 


Reiprich et al. 2008; Diez-Roux et al. 2011

PNMT Phenylethanolamine N methyl 
transferase (Adrenaline synthesis) − − − − +6 − +6 Lohr et al. 2006

DLK1

(FA1)

Delta-like 1 homolog or 

fetal antigen1 + + − + Falix et al. 2013; Huber 2014; 


Diez-Roux et al. 2011
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Expression of each marker are annotated by symbols, “+” (expressed), “− “(not expressed) and “○” (low 
expression). Symbols in black, data is from mouse; symbols in grey, reported or predicted from data of 
other species. Blank, no information found. 1 AC cells are defined by SF1 expression in the surrounding 
cells for SCG10 (Stubbusch et al., 2013). 2 Data are from E13.5 mouse (Valarche et al., 1993). 3 Very 
low expression detected (Stubbusch et al., 2013). 4 Expression is clearly observed in adrenal medulla at 
E14.5, but not in E12.5 and E16.5 adrenal medullae. 5 RAB3A is a neuronal-specific marker in adults but 
its expression is not detected in any SA lineages during embryonic stages (Stubbusch et al., 2013). 
6PNMT is only expressed in a subpopulation of chromaffin cells. 
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1.7 Developmental Disorders of the Sympathetic Nervous 

System 

A range of neurodevelopmental disorders affect the sympathetic nervous system. 

Familial dysautonomia is a fatal genetic disorder due to a point mutation with thymine 

to cytosine transition within the IKBKAP gene on Chromosome 9 (Slaugenhaupt et al., 

2001). IKBKAP encodes a transcription regulator, inhibitor of kappaB kinase complex-

associated protein (IKAP) and dysfunction of IKAP impairs the development and 

survival of sensory and autonomic neurons (Dietrich et al., 2012). Consequently, 

familial dysautonomia leads to dysphagia, ataxia, pulmonary failure and renal failure 

(Axelrod, 2004).  

Rett syndrome is another severe neurodevelopmental disorder causing impaired 

autonomic nervous system function as well as intellectual disability (Chahrour and 

Zoghbi, 2007). Rett syndrome is caused by a mutation of an X-chromosome linked 

DNA methylation reader gene, MECP2, and affects female heterozygotes (Jaenisch 

and Bird, 2003). Mutation of MECP2 leads to reduced binding to methylated DNA 

and impairs the epigenetic regulation (Jaenisch and Bird, 2003). Rett syndrome has 

been reported to cause sympathetic overactivity associated with abnormally high 

plasma leptin level (Acampa et al., 2008). Recently the chromosomal disorder, Down’s 

syndrome, was also found to be associated with developmental loss of sympathetic 

innervation, which is caused by overexpression of regulator of calcineurin 1 (RCAN1) 

that results in interrupted trafficking of the neurotrophin TrkA complex (Patel et al., 

2015).   

1.7.1 Neuroblastoma from Sympathoadrenal Lineages 

The disorder most directly associated with the development of SA cells is the 

childhood tumor, neuroblastoma (Brodeur, 2003; Janoueix-Lerosey et al., 2010; Jiang 

et al., 2011; Maris et al., 2007). Neuroblastoma is a solid tumor derived from the cells 

of the SA lineages (Janoueix-Lerosey et al., 2010). It frequently occurs in sympathetic 

ganglia as well as the adrenal glands or sympathetic paraganglia as a form of 

ganglioneuroma and pheochromocytoma respectively (Brodeur, 2003; McNicol, 

2004). Neuroblastoma is the most common form of solid cancer during infancy and 
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accounts for more than 70% of all childhood cancers with a prevalence of about 1 in 

7,000 live births (Brodeur 2003). Neuroblastoma present in older infants, >1 year old, 

shows a much worse prognosis and relentless growth even with aggressive treatment 

(Beckwith and Perrin, 1963). The tumour usually leads to metastatic disease and 

eventually death, as these tumours are typically asymptomatic and hormonally silent 

(Gilshtein et al., 2012). Neuroblastoma is unusual as a tumour because it has a 

significant rate of spontaneous regression. About 5−10% of documented 

neuroblastomas cases subsequently regress without therapy (Brodeur, 2003). The 

aetiology of the tumour is still unclear but is likely related to genetic inheritance 

(Brodeur, 2003). However, its pathophysiology is highly related to the migration, 

differentiation and proliferation of the emerging SA lineages. The regression of 

tumours during early development could represent similar developmentally regulated 

mechanisms that control differentiation and apoptosis in chromaffin cells and 

sympathetic neurons during normal development as well as the regression of the organ 

of Zuckerkandl (McNicol, 2004; Schober et al., 2013; Takahashi et al., 2013). A better 

understanding of the development of the sympathoadrenal system may give insight 

into the origin and progression of neuroblastoma. 
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1.8 Open Issues in Sympathoadrenal Cell Development 

A full understanding of the mechanisms underlying the separation of SA cells 

into chromaffin and neuronal cell lineages is still elusive despite extensive studies on 

their neural crest origin, migration and the specification of neuronal phenotype 

(Unsicker et al., 2013). The time line, transcription factors and signalling pathways 

that might regulate differentiation are not fully understood. For instance, what are the 

crucial factors that determine whether an SA cell will become a chromaffin cell or a 

neuroblast and do these factors play a role in the origin of neuroblastoma? One 

challenge of investigating SA development is that the discrimination between the 

neuronal and chromaffin cell precursor is very challenging. Most of the neuronal 

makers such as Tuj1, PGP9.5 and Hu are also expressed by SA cells. Therefore, 

markers are needed to identify and isolate sympathetic neuroblasts and chromaffin cell 

precursor cells during their early development. 
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1.9 Objectives of this Study 

In order to reveal the pattern of differentiation and proliferation of SA-derived 

cells and the transcription factors and signalling pathways that regulate SA cell 

destiny, more effective markers for identifying and discriminating immature 

sympathetic neuroblasts from developing chromaffin precursor are needed. Such 

markers would allow isolation and purification of cells of the two lineages, and 

subsequent investigation of the genes underlying their differentiation. Once a 

marker(s) that allows the two sympathoadrenal lineages to be identified is found then 

fluorescence-activated cell sorting (FACS) could be used to isolate them and the two 

cell types subjected to a whole transcriptome sequencing technology. Thus, this study 

aimed to: 

1) identify an effective marker(s) for early discrimination of sympathetic neuroblasts 

and chromaffin precursor cells, in order to 
2) investigate the differentiation and proliferation pattern of sympathetic neuroblasts 

and chromaffin precursor cells, and  
3) develop a purification method to isolate the two cell types using marker(s) 

identified in Aim 1) and FACS, and to 
4) identify candidate genes that control the different fates of SA cells using a modern 

whole-of-genome sequencing approach.
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Chapter 2 

Characterization of the 
Sympathoadrenal Cell Lineages: 

Differential Markers and Proliferative 
Behaviour 

This chapter has been published: 

Chan W.H., Gonsalvez D.G, Young H.M., Southard-Smith E.M., Cane K.N., 

Anderson C.R. (2016). Differences in CART Expression and Cell Cycle Behavior 

Discriminate Sympathetic Neuroblast from Chromaffin Cell Lineages in Mouse 

Sympathoadrenal Cells. Dev Neurobiol. 76(2):137−49. 

and appears in this thesis with only minor modifications.
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2.1 Introduction 

The neural crest gives rise to a range of cell types including, sympathetic neurons, 

and both intra- and extra-adrenal chromaffin cells (Landis and Patterson, 1981; 

Anderson, 1993a; Anderson, 1993b; Schober et al., 2000)Sympathetic neurons and 

adrenal chromaffin cells appear to originate from a common precursor, the 

sympathoadrenal (SA) progenitor cell (Anderson and Axel, 1986; Anderson, 1993a; 

Anderson, 1993b; Francis and Landis, 1999; Langley and Grant, 1999; Huber et al., 

2002a; Ernsberger et al., 2005; Unsicker et al., 2005; Shtukmaster et al., 2013; Lumb 

and Schwarz, 2015). Multipotent neural crest cells delaminate from the trunk neural 

tube and migrate ventrolaterally through the anterior parts of somites to the vicinity of 

the dorsal aorta (Landis and Patterson, 1981; Bronner-Fraser, 1994; Anderson, 1997; 

Shtukmaster et al., 2013). Bone morphogenetic proteins (BMPs) produced from the 

dorsal aorta induce the expression of neuregulin 1 and CXCL12 in local mesenchyme 

to regulate cell migration and lineage separation in SA cells (Saito et al., 2012). SA 

cells express catecholaminergic synthetic enzymes, including tyrosine hydroxylase 

(TH) and dopamine β hydroxylase (DBH) and, initially, the neuronal markers Tuj1, 

PGP9.5 and Hu (Huber, 2006; Shtukmaster et al., 2013). Subsets of SA cells located 

ventrolateral to the dorsal aorta at abdominal levels then differentiate into either 

sympathetic neurons or chromaffin cells and coalesce into sympathetic ganglia and the 

adrenal medulla, respectively (Landis and Patterson, 1981; Huber, 2006; Saito et al., 

2012; Lumb and Schwarz, 2015). 

Many components of the transcriptional network underlying the development of 

the SA cell lineages have been identified. In migrating neural crest cells in mouse, 

SOXE transcription factors (SOX8, SOX9, and SOX10) are expressed after 

delamination from the neural tube (Cheung et al., 2005; Morikawa et al., 2007; 

Reiprich et al., 2008; Huber et al., 2009). Around the aorta, BMPs trigger the 

expression of a network of transcription factors in neural crest-derived cells including 

ASCL1, PHOX2B, PHOX2A, INSM1, HAND2, and GATA2/3 (Tsarovina et al., 

2004; Callahan et al., 2008; Wildner et al., 2008; Rohrer, 2011). These transcription 

factors generate and maintain the catecholaminergic phenotype and neuronal 

properties during differentiation of SA cells (Pattyn et al., 1999; Stanke et al., 2004; 

Tsarovina et al., 2004; Huber et al., 2005). However, none of these factors seem to 
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explain the generation of separate chromaffin and neuronal cells as both cell types 

express the same transcription factors during their early development. MicroRNAs 

may be important in defining the two SA lineages as judged from the effect of deletion 

of Dicer 1, a microRNA processing ribonuclease (Stubbusch et al., 2013).  

Mature sympathetic neurons and adrenal chromaffin cells exhibit distinct 

morphological and functional traits. Sympathetic ganglionic neurons are multipolar 

cells with several branching dendrites and an axon projecting over long distances for 

signal transmission (Gabella, 2001). Mature adrenal chromaffin cells are columnar or 

polygonal endocrine cells with large secretory vesicles storing catecholamines 

(Waring, 1936; Cuchillo-Ibanez et al., 1999). Mammalian sympathetic neurons 

synthesize and release noradrenaline as a neurotransmitter, but a subpopulation of 

adrenal chromaffin cells also synthesizes adrenaline using phenylethanolamine N-

methyltransferase (PNMT) to methylate noradrenaline to adrenaline. The rate of 

overall catecholamine production is much higher in chromaffin tissue than in 

sympathetic neurons (Wurtman and Axelrod, 1966; Kannan, 1986) and the relative 

levels of TH immunoreactivity seem to reflect this (Schober et al., 2013).  

The aim of the current study was to identify helpful marker(s) for the 

discrimination of neuroblasts and chromaffin precursor cells as they differentiate, 

which would facilitate future investigation of the mechanisms underlying the 

differentiation and proliferation of the two main cells types in the SA lineages. In the 

mouse, adrenal chromaffin precursor cells can be readily distinguished from 

sympathetic neuroblasts from E13.5 based on their anatomical arrangement 

(Stubbusch et al., 2013). However, at younger ages, it is difficult to distinguish the two 

lineages. A range of neuronal markers which, later in development, are restricted to 

neurons, are expressed transiently in E12.5 SA cells (Stubbusch et al., 2013; Unsicker 

et al., 2013). SCG10 expression allows separation of the two lineages at E12.5 

(Stubbusch et al., 2013), but other means to distinguish the cell types prior to their 

anatomical separation would be valuable. In this study, we analysed the temporal and 

spatial expression patterns of TH and PNMT, along with the neuropeptide, cocaine 

and amphetamine regulated transcript (CART), to determine if SA cells can be 

separated into two lineages. CART is expressed by subpopulations of neurons in the 

central nervous system especially in the hypothalamus where its expression can be 



Chapter 2 Characterization of the Sympathoadrenal Cell Lineages 

 43 

induced by cocaine, amphetamine, nicotine and leptin (Douglass and Daoud, 1996; 

Kristensen et al., 1998; Kaya et al., 2016). CART is a potent anorexigenic and 

anicogenic agent that regulates feeding and satiety behaviour. Expression of CART in 

the reward and reinforcement area of the brain implicates it in fundamental reward 

mechanisms and links it to drug addiction (Boone et al., 2008). CART 

immunoreactivity is also reported in the peripheral nervous system, islet cells and by 

some chromaffin cells (Dun et al., 2000a; Gonsalvez et al., 2010; Abels et al., 2016), 

and is expressed early in the developing enteric nervous system (ENS) (Heanue and 

Pachnis, 2006); E. Michelle Southard-Smith unpublished observation). Expression of 

CART in islet cells has been implicated in glucose homeostasis by islet hormone 

regulation as insulin secretion is impaired in CART knockout mice (Wierup et al., 

2005). As cell cycle changes often accompany differentiation of more mature cell 

types from progenitor cells in the nervous system (Caviness et al., 2003; Cheffer et al., 

2013), including the paravertebral sympathetic ganglia (Gonsalvez et al., 2013), we 

also analysed the proliferative behaviour of SA cells and their derivatives. Our data 

show that chromaffin precursor cells and sympathetic neuroblasts can be discriminated 

by differences in the intensity of TH immunostaining, expression of CART and 

proliferative activity.  
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2.2 Materials and Methods 

2.2.1 Animal 

All animal experiments were approved by the University of Melbourne Animal 

Experimentation Ethics committee and complied with National Health and Medical 

Research Council of Australia (NHMRC) guidelines. Wild-type C57BL/6 mice were 

time plug-mated and the morning of detection of the plug was counted as embryonic 

day (E) 0.5.  

2.2.2 Dual S-Phase Labelling 

The S-phase labelling index and S-phase length were obtained by a dual S-phase 

marker labelling technique as described by Gonsalvez et al. (2013). Briefly, pregnant 

dams between 10.5 and 16.5 days postfertilization were injected intraperitoneally with 

the first S-phase marker, bromodeoxyuridine (BrdU; Roche Diagnostics), at 100 µg/g 

body weight followed, 2 h later, by the second S-phase marker, ethyldeoxyuridine 

(EdU; Invitrogen) at 50 µg/g body weight. After a further 30 min, the dams were killed 

and embryos were collected for immunohistochemistry analysis.  

2.2.3 Immunohistochemistry and Imaging 

Pregnant dams were killed by cervical dislocation and the embryos were collected 

and decapitated. The body was divided between the thorax and abdomen and the 

abdomen fixed overnight in Zamboni’s fixative (2% formaldehyde and 15% saturated 

picric acid in 0.1 M phosphate buffer, pH 7.4, composition in mM; Na2PO4, 75; 

NaH2PO4∙2H2O, 25). Fixed embryos were then washed, and stored in 20% sucrose 

solution at 4ºC. Embryos were then embedded in O.C.T. (TissueTek) and snap frozen 

in liquid nitrogen-cooled isopentane. Transverse sections of the abdominal region 

containing the adrenal were cut on a cryostat at 10 µm thickness.  

Sections were collected as separate, one in four series. One series of sections was 

processed overnight with primary antisera (Table 2.1). Initially, a combination of 

chicken anti-TH (1:100, Millipore), rabbit anti-CART (1:200, Phoenix 

Pharmaceuticals), and sheep anti-PNMT (1:500, Howe) was used. After washing in 
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phosphate buffered saline (composition in mM; NaCl, 145; Na2PO4, 7.5; 

NaH2PO4·2H2O, 2.5) the bound primary antisera were visualized after 2 h incubation 

with secondary antisera: donkey anti-chicken FITC (1:100, Jackson 

ImmunoResearch), donkey anti-rabbit Dylight 594 (1:500, Jackson 

ImmunoResearch), and donkey anti-sheep Alexa Fluor 647 (1:200, Invitrogen) and the 

nuclei were stained with bisbenzimide (1 µg/mL, Hoechst 33446).  

The second and third series of sections from each embryo were processed for S-

phase labelling. Sections from E10.5 to E12.5 embryos were processed for TH and 

either CART or SOX10 (goat anti-Sox10; 1:100, R&D Systems) immunostaining, 

respectively. The bound primary antisera were visualized by 2 h incubation with 

secondary antisera: donkey anti-chicken Alexa Fluor 647 (1:200, Invitrogen) and 

either donkey anti-rabbit biotin (1:400, Jackson) or donkey anti-sheep biotin (1:200, 

Jackson ImmunoResearch), respectively and 1 h tertiary step with streptavidin 

conjugated to Dylight 405 (1:100, Jackson ImmunoResearch). Sections from E13.5 to 

E16.5 embryos were processed for CART and PNMT with or without TH, 

respectively. For series with TH, the bound primary anti-sera were visualized by 

secondary antisera: donkey anti-chicken Alexa Fluor 647, donkey anti-rabbit biotin, 

donkey anti-sheep biotin, and a tertiary step with streptavidin conjugated to Dylight 

405 for CART and PNMT. For sections without TH, the bound primary antisera were 

visualized by secondary antisera: donkey anti-rabbit biotin, donkey anti-sheep Alexa 

Fluor 647, and tertiary step with streptavidin conjugated to Dylight 405 (1:100, 

Jackson ImmunoResearch) for CART. To reveal BrdU immunoreactivity, sections 

were treated with 2.4 N concentrated HCl solution for 30 min at room temperature and 

then neutralized by 0.1 M sodium tetraborate (Na2B4O7·10H2O, two washes, 5 min 

each). The sections were then processed for BrdU immunohistochemistry with primary 

rat anti-BrdU (1:40, Abcam) antiserum overnight, followed by donkey anti-rat Texas 

red (1:100, Jackson ImmunoResearch) antiserum for 2 h incubation. EdU 

immunohistochemistry was then performed according to the manufacturer’s 

instruction (Click-iT® EdU Alexa Fluor 488 imaging kit, Life Technologies).  

Sections from the fourth series were processed for growth fraction analysis by 

Ki67 immunohistochemistry. Briefly, sections were subjected to antigen retrieval by 

incubation in 0.01 M citrate buffer, pH 6.0 at 95ºC for 10 min followed by incubation 
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overnight in primary antiserum against Ki67 (rabbit anti-Ki67, 1:200, Thermo 

Scientific), TH and SOX10 for E10.5–E12.5 or PNMT for E13.5–E16.5. The bound 

antisera were visualized after 2 h incubation with secondary antisera: donkey anti-

rabbit DyLight 594, donkey anti-chicken FITC and donkey anti-sheep Alexa Flour 

647. The sections were then washed and incubated with rabbit anti-CART antiserum. 

Donkey anti-rabbit Biotin and streptavidin conjugated to Dylight 405 were used to 

reveal CART immunofluorescence. Note that rabbit anti-sera were used together on 

the same sections for both Ki67 and CART. It was found that applying the Ki67 

primary and secondary first, followed by washing and then the CART primary and 

secondary resulted in no significant crossing over of the secondary antisera. This could 

be confirmed because the different cellular localizations (nuclear vs. cytoplasmic) 

allowed us to discern whether secondary antisera were labelling only one or both rabbit 

primary anti-sera. To further confirm the growth fraction analysis, a separate set of 

sections was processed for identification of mitotic cells by phosphohistone-3 (PH3) 

immunohistochemistry. Sections from E12.5 embryos were incubated overnight in 

primary antisera against PH3 and TH followed by 2 h incubation with secondary 

antisera, donkey anti-rabbit DyLight 594 and donkey anti-chicken FITC. The sections 

were then washed and incubated with rabbit anti-CART antiserum as described above. 

Donkey anti-rabbit Biotin and streptavidin conjugated to Dylight 405 were used to 

reveal CART immunofluorescence. All sections were imaged on a Zeiss Meta 510 

scanning confocal microscope and processed by Zeiss Image Browser (v4.0.0241, Carl 

Zeiss Microimaging).  

2.2.4 Data Analysis 

Single optical confocal images were taken from 3 to 4 embryos transversely 

sectioned through the upper abdominal region. The images were taken after optimizing 

microscope settings to have a minimum number of pixels saturated using the inbuilt 

histogram software. Images were analysed by ImageJ (v1.48u, National Institutes of 

Health) software coupled with the cell counting and marking plug-in (v2010.12.07, 

Kurt De Vos, University of Sheffield). A circular or oval region of interest (mean area 

5.75 µm2) was selected in the perinuclear cytoplasm of each cell and the fluorescence 

intensity in the channels representing TH and CART immunoreactivity recorded. 

Subsequent analysis then compared the ratio between TH and CART intensity within 



Chapter 2 Characterization of the Sympathoadrenal Cell Lineages 

 47 

each cell or the raw intensity of TH or CART fluorescence using Prism 6 statistical 

software (version 6.0f, GraphPad Software).  

For cell cycle dynamic analysis, cells were counted manually for Ki67 (marker 

of cycling cells), BrdU, and EdU. The growth fractions were calculated as the 

proportion of Ki67+ cells in the total number of each cell type present in the image. 

The S-phase length was calculated using the number of cells that were in S-phase at 

the end of the 2 h period (BrdU+/EdU+, double positive plus EdU+ only) versus those 

that left S-phase (BrdU+ only) using the formula: 2h times [(BrdU+; EdU+ plus EdU+) 

over BrdU+]. The instantaneous labelling index was the proportion of cells in S-phase 

at the time of first S-phase marker injection, which was calculated as the Y interception 

of two labelling indexes, obtained at 30 min after first injection (i.e., EdU+ only and 

BrdU+; EdU+) and at 2.5 h after the first injection (i.e., BrdU+ only, EdU+ only, and 

BrdU+; EdU+). The cell cycle length was then calculated as S-phase × (Growth 

fraction/Labelling index). Each parameter was calculated as a mean value with 

standard error of the mean from 3 to 5 embryos. Statistically analysis was performed 

with Prism 6 software using one way ANOVA followed by Tukey’s test. In all cases 

from E13.5 to E16.5, the suprarenal ganglion and the adrenal chromaffin cells were 

defined by their anatomical segregation. At E12.5, neuroblasts and chromaffin cells 

were differentiated based on CART and TH immunohistochemistry (see Results for 

details).  

2.2.5 Three-Dimensional Reconstruction  

The topographical distribution of SA cells was investigated in serial transverse 

20 µm cryostat sections through the trunk region of embryos at E12.5. Sections were 

incubated for 48 h with primary antisera (chicken anti-TH, 1:100, Millipore). The 

bound antisera were visualized after 4 h incubation with secondary antisera (donkey 

anti-chicken, FITC 1:100, Jackson ImmunoResearch) and the nuclei were stained with 

bisbenzimide. Z-stacks with four optical slices per images were acquired from serial 

sections on a Zeiss Meta 510 scanning confocal microscope. A total of 160 serial 

optical slices of 5 µm thickness were obtained and reconstructed in IMARIS v6 

software (Bitplane v6) into an 842 × 842 × 800 µm3 three-dimensional (3D) image 
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with the anatomical structures outlined with reference to bisbenzimide staining on 

every fourth slice.  

Table 2.1 List of antisera and fluorescence dyes used in Chapter 2.  

  

Antisera/Dye Host Dilution Supplier Cat/Lot number
Primary

BrdU Rat 1:40 Abcam ab6326/GR120070-4
CART Rabbit 1:200 Phoenix H-003-62/01251-6
Ki67 Rabbit 1:200 Themo Fisher -
PH3 Rabbit 1:500 Auspep -/28770
PNMT Sheep 1:500 P. Howe -
SOX10 (human) Goat 1:100 R&D Systems AF2864/VRYO210111
TH Chicken 1:100 Millipore AB9702/2049252
Secondary

Chicken FITC Donkey 1:100 Jackson 703-095-155/88953
Chicken Alexa Flour 647 Donkey 1:200 Jackson 703-605-155/109505
Rabbit Biotin Donkey 1:400 Jackson 711-065-152/95129
Rabbit DyLight 594 Donkey 1:500 Jackson 711-515-152/99212
Rat Texas red Donkey 1:100 Jackson
Sheep Alexa Fluor 647 Donkey 1:500 Invitrogen A21448/404236
Sheep Biotin Donkey 1:200 Jackson 713-066-147/81157
Non-antisera Dye

Bisbenzimide (Hoechst 33442) - 100ng/mL Sigma B2261
EdU Alexa Flour 488 - 1:400 Life Technologies C10337/1316737
Streptavidin DyLight 405 - 1:100 Jackson 016-470-084/98327
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2.3 Results 

2.3.1 Differential Expression of Phenotypic Markers  

Transverse sections of the upper abdominal cavity from E10.5 to E16.5 mouse 

embryos were examined. We first analysed E10.5 and E11.5 mice for SOX10 

immunoreactivity, which marks migrating neural crest cells, and for TH, a marker of 

SA progenitor cells. At E10.5, SOX10 positive (+) cells were present around the dorsal 

aorta, but no TH+ cells were observed. At E11.5, the first TH+ cells appeared among 

the SOX10+ cells close to the dorsal aorta. Cells expressing both SOX10 and TH were 

not observed at any age.  

By E12.5, TH+ cells were common around the dorsal aorta (Figure 2.1, B). 3D 

reconstructions of the topographical distribution of TH+ cells in the vicinity of the 

dorsal aorta were performed (Figure 2.1, D–I) to determine if separate masses of 

neuronal and chromaffin precursor cells could be identified. The main mass of TH+ 

cells appeared in the midline, level with the rostral half of the developing kidneys. 

Paired paravertebral sympathetic chains were present dorsolateral to the aorta, with 

TH+ cells extending ventrally from the chains to expand into large bilateral masses of 

cells ventrolateral to the aorta, which were sometimes continuous ventral to the aorta. 

The most ventral TH+ cells were often associated with a single midline artery 

originating from the ventral surface of the aorta. We were unable to distinguish 

sympathetic neuroblasts and chromaffin precursor cells on anatomical grounds at 

E12.5.  

We examined the distribution of CART in the adrenal region of E11.5–E16.5 

mice. A few TH+ SA cells showed granular CART-immunoreactivity at E11.5 in the 

area around the aorta. All CART+ cells also exhibited TH immunostaining, identifying 

them as SA cells. At E12.5, CART immunoreactivity was prominent in 38.4% of TH+ 

cells around the aorta (Figure 2.2, E–H). The overall intensity of CART 

immunoreactivity tended to be relatively higher at this age compared with E13.5 and 

later. By E13.5, when sympathetic ganglia primordia were distinct from the adrenal 

anlagen (Figure 2.2, I–L), CART-immunoreactivity was present in 91.2% of 

sympathetic neuroblasts in the developing suprarenal prevertebral ganglia. Cells 
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forming the adrenal medulla were largely devoid of CART immunostaining, although 

there were some TH+ cells expressing high levels of CART located around the 

interface between the suprarenal ganglion and the adrenal medulla. This is the location 

reported previously for extra-adrenal chromaffin cells of the organ of Zuckerkandl 

suggesting the extra-adrenal chromaffin cells showing both properties of sympathetic 

neuroblasts and adrenal chromaffin precursor cells (Schober et al., 2013). In mice, the 

organ of Zuckerkandl is largest at birth and then regresses, and it is thought to be part 

of the extra-adrenal chromaffin system that secretes catecholamines into the foetal 

circulation. Sympathetic neurons from E14.5 to E16.5 mice were also CART+, with 

the levels of CART immunoreactivity tending to be lower at older ages (Figure 2.2, 

M–X). The results suggest that, as early as E12.5, sympathetic neurons and adrenal 

chromaffin precursor cells may be phenotypically distinguishable based on CART 

expression.  

As previously reported (Schober et al., 2013), the TH+ cells located around the 

dorsal aorta exhibited a range of TH immunostaining intensities. In E12.5 mice, cells 

with low intensity of TH immunoreactivity (TH+LO) tended to be found closer to the 

aorta, while those with high intensity (TH+HI) were more commonly found further 

away, although there was considerable intermingling of TH+LO and TH+HI cells across 

their distribution (Figure 2.2, F). At E12.5, the intensity of CART immunostaining was 

also inversely correlated with the level of TH-immunostaining in that TH+LO cells 

often showed CART immunostaining, while CART immunoreactivity was rarely 

detectable in TH+HI cells (Figure 2.2, E–H). The CART+ cells found outside the 

suprarenal ganglion in the location of the organ of Zuckerkandl were TH+HI/CART+.  

Relative fluorescence intensities for CART and TH immunostaining were 

quantified at E12.5 (n = 3 embryos, 184 cells), when prevertebral ganglia and adrenal 

medullae were not anatomically distinct. When raw fluorescence scores were 

considered for 184 TH immunoreactivity cells ventrolateral to the aorta at E12.5 across 

three embryos on a 0–255 scale (0 = no fluorescence, 255 = maximum fluorescence), 

the 92 cells with the highest CART fluorescence intensity had a mean TH fluorescence 

intensity of 87.1 ± 6.6 and the median value was 71.9. In contrast, the 92 cells with the 
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lowest CART fluorescence intensity had a mean TH fluorescence intensity of 151.9 ± 

7.4 and median value of 145.7.  

At E13.5, when separate sympathetic ganglia and adrenal medulla anlagen could 

be discerned, TH+LO cells were predominantly in sympathetic ganglia and TH+HI cells 

in the adrenal medullae. As a consequence, there was an increased frequency of 

neuroblasts in the suprarenal ganglion that were TH+LO/CART+, and chromaffin cells 

in the adrenal medulla that were TH+HI/CART−. When the ratios of raw TH/CART 

fluorescence intensities were ranked for 150 chromaffin cells and 150 neurons from 

three E13.5 mice, the top 87 cells with the highest TH/CART staining ratio (HIghest 

TH/LOwest CART) were all chromaffin cells (Figure 2.3). TH-IR cells in the 

developing adrenal medullae had a median TH intensity of 218.9 and a mean of 188.8 

± 5.7 while TH-IR cells in the suprarenal ganglion were 85.8 and 122.2 ± 7.4, 

respectively. The corresponding figures for CART immunofluorescence was median 

10.7, mean 12.7 ± 1.0 (adrenal medullae) and median 37.0 and mean 49.3 ± 3.7 

(suprarenal ganglia).  

At E14.5, a handful of chromaffin cells in the adrenal medullae expressed the 

enzyme PNMT+. PNMT methylates noradrenaline to form adrenaline and is, 

therefore, a marker of mature adrenergic chromaffin cells. By E16.5, adrenal 

medullary chromaffin cells were noticeably larger and more tightly packed together 

and 60% of all chromaffin cells were PNMT+.  
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Figure 2.1 Topographical distribution of SA cells at E12.5 mouse embryo.  

Embryos were transversely sectioned through the upper abdominal cavity (A) and the region around the 
aorta (a), indicated by the dotted rectangle, imaged to include the SA primordia (p). B shows TH 
immunoreactivity in such a section at E12.5, while C shows CART immunoreactivity in the same section. 
Shown are the paravertebral sympathetic chain ganglia (sc), adrenal medullary anlagen (aa), and the 
prevertebral sympathetic suprarenal ganglia (srg). D–I show a 3D reconstruction of the distribution of 
TH-immunoreactive SA cells (green) ventrolateral and ventral to the dorsal aorta in the SA primordial at 
E12.5. The dorsal aorta (red, a in E) and developing kidneys (gray) are outlined based on bisbenzimide 
staining. Views are right rostro-ventro-lateral (D), rostral (E), left rostro-ventro-lateral (F), right lateral (G), 
ventral (H), and left lateral (I). The paravertebral sympathetic chains (sc) are visible dorsal to the aorta 
as are the adrenal anlagen (aa) and suprarenal sympathetic ganglia (srg).  
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Figure 2.2 Differential expression of phenotypic markers between E11.5–E16.5 mice 
embryo.  

Immunostaining of transverse sections through the adrenal region of mouse embryos at E11.5–E16.5, 
showing TH (green), CART (red), and SOX10 (magenta) at E11.5 and TH (green), CART (red) and 
PNMT (magenta) at E12.5–E16.5. In E13.5–E16.5, in prevertebral suprarenal ganglion is outlined in a 
solid line and the adrenal medulla in a dashed line. For orientation, each image represents a region 
equivalent to the lower left portion of Figure 2.1C. “a” in A and E is the dorsal aorta.  
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Figure 2.3 Ratio of TH/CART fluorescence intensity in Neuroblast and Chromaffin cell.  

Box and whiskers plot of ratio of TH-IR intensity over CART-IR intensity for neuroblasts and chromaffin 
precursor cells from a total of three mouse embryos at E13.5. Each plot shows the median value, the 
25th and 75th percentile and the minimum and maximum values. Note the logarithmic Y-axis.  

2.3.2 Cell Cycle Dynamics 

The proliferative behaviours of neuroblasts and chromaffin cells were examined 

using Ki67 immunohistochemistry to identify actively cycling cells and to calculate 

the growth fractions (the proportion of cycling cells). Sox10+ cells, the only neural 

crest cell type present at E10.5, were nearly all (88%) actively cycling (Fig. 2.4, A). 

By E11.5, the majority (62%) of Sox10+ cells were still cycling (Fig. 2.4, A), but very 

few (12%) of TH+ SA cells were in the cell cycle (Fig. 2.4, D). Thus, differentiation 

down the SA lineages is accompanied by cell cycle withdrawal, as it is in the mouse 

stellate ganglion (Gonsalvez et al., 2013). Cell cycle length calculated from the growth 

fraction and double-label S-phase labelling of SOX10+ cells was around 9.5 h at 

E10.5, and was significantly increased to nearly double by E12.5 (ANOVA, F = 8.454, 

p = 0.0086, Figure 2.4, B). S-phase length of Sox10+ cells was around 2.5 h at E10.5 

and increased significantly to 6.8 h at E12.5 (ANOVA, F = 6.347, p = 0.0191, Figure 

2.4, C). Sox10+ cells were not examined after E12.5 as they then likely to include 

glial/sustentacular cells as well as progenitors.  
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At E12.5, cell cycle parameters were analysed separately for CART+ 

(presumptive neuroblasts) and CART− cells (presumptive chromaffin cells). Many 

(70%) CART+ neuroblasts had re-entered the cell cycle at E12.5 (based on Ki67 

immunoreactivity), but then steadily withdrew from the cell cycle over the succeeding 

days until only 24% of the cells were cycling on E16.5 (Figure 2.4, D). In contrast, 

only a small minority (19%) of CART− (chromaffin) cells were in the cell cycle at 

E12.5 and this proportion changed little over the succeeding days to 22% at E16.5 

(Figure 2.4, D). The differences in proliferative behaviour of neuroblasts and 

chromaffin cells were further confirmed by PH3 immunoreactivity, which identifies 

proliferative cells at mitosis (M-phase). While 6% of CART+ cells (neuroblasts) at 

E12.5 were in M-phase only 0.4% of CART− (chromaffin) cells were in M phase. A 

third measure confirming the relative paucity of cycling cells among CART− 

(chromaffin) cells could be seen in an analysis of BrdU staining from the material used 

to calculate cell cycle length. Whereas 44% of CART+ cells (neuroblasts) were 

positive 2 h after BrdU injection, indicating they were in S-phase and hence cycling, 

only 9% of CART− (chromaffin) cells were similarly labelled.  

Neuroblast cell cycle length increased significantly by E16.5 to 27 h (ANOVA, 

F = 6.821, p = 0.0021, Figure 2.4, E), while that of PNMT− chromaffin cells did not 

change significantly over this time.  

PNMT+ chromaffin cells, which first appear at E14.5, had a low growth fraction 

(19%, Figure 2.4, D) and, like PNMT− chromaffin cells, changed little over the next 

two days. Cell cycle and S-phase lengths were similar for both classes of chromaffin 

cells and did not change systematically over the period from E12.5 to E16.5 (Figure 

2.4, E & F).  



 

 
56 

 
Figure 2.4 Cell cycle parameters for developing mouse sympathetic ganglia and 
adrenal medulla from E10.5 to E16.5.  

Plots record mean growth fractions (A and D), cell cycle lengths (B and E), and S-phase lengths (C and 
F) ± standard error of the mean. A–C, Data for Sox10+ neural crest progenitor cells from E10.5 to E12.5. 
At E10.5, only Sox10 neural crest cells are present in the ganglion. At E11.5– E12.5, both Sox10+ neural 
crest cells are present with TH+ SA cells. Sox10+ cells are not shown after E12.5 as Sox10+ cells then 
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include glial/sustentacular cells as well as neural crest cells. D–F, Data for SA cells, suprarenal ganglion 
(SRG) neuroblasts and chromaffin cells with (+) and without (−) PNMT from E11.5 to E16.5. On E11.5, 
SA cells were identified by expression of TH; on E12.5 SRG neuroblasts were identified by expression 
of CART; on E13.5–E16.5, SRG neuroblasts were identified by location in distinct SRG. Note the re-
entry of cells into the cell cycle on E12.5 and the steady withdrawal thereafter. At E12.5, chromaffin cells 
were identified by presence of TH and absence of CART-IR; at E13.5–16.5, chromaffin cells were present 
in a distinct adrenal medulla. In each graph, asterisks indicate pairs of means that were significantly 
different using one-way ANOVA followed by Tukey’s test (*, p < 0.05; **, p < 0.01; ***, p < 0.001). NS, 
not significantly different. In D and E, only values for neuroblasts (red plot) were significantly different. 
Note that no CCL or S-phase length could be calculated for E11.5 SA cells as there were too few cells 
in the cell cycle.  
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2.4 Discussion  

Many aspects of the development of SA lineages have been well studied, 

including their origin, migratory route, and cell fates (Unsicker et al., 2013; Lumb and 

Schwarz, 2015). However, the mechanisms behind the segregation of SA cells into 

chromaffin and neural cell fates are still unknown. Unlike other sublineages of the 

trunk neural crest that have cell fates specified during early development (Krispin et 

al., 2010a; Krispin et al., 2010b; Shtukmaster et al., 2013), chromaffin cells and 

sympathetic neurons appear to segregate only after reaching the ventrolateral aspects 

of the abdominal aorta (Krispin et al., 2010a; Krispin et al., 2010b). We show here that 

chromaffin cells and sympathetic neurons differentially express CART on E13.5. 

CART is also differentially expressed among SA cells at E12.5, prior to the anatomical 

segregation of the cells, which may reflect the separation of the two lineages at this 

age.  

Our data showing differences in proliferative behaviours between chromaffin 

cells and neuroblasts at E12.5 also support the idea that the two lineages could have 

diverged by E12.5. SA cells appear to temporarily exit the cell cycle on differentiation 

into a TH-expressing cell, but only TH+/CART+ neuroblasts re-enter the cell cycle in 

significant numbers at E12.5. The phenotypic and proliferative differences between 

neuroblasts and chromaffin cells are summarized in Figure 2.5. Finally, both CART 

expression and proliferative behaviour also correlate inversely with the level of TH 

expression. Cells with high levels of TH expression generally lack CART expression 

and are often out of the cell cycle. Cells with these characteristics are usually 

chromaffin cells. In contrast, sympathetic neuroblasts tend to have low levels of TH 

expression and high levels of CART expression.  

2.4.1 TH Staining Intensity and CART Expression as Early Lineage 
Markers  

We have shown that CART expression and the level of TH immunostaining can 

be used to identify neuroblasts from adrenal chromaffin precursor cells at E13.5 and, 

possibly, at E12.5. Our results, therefore, support previous studies, which suggested 

the divergence of the chromaffin cells and sympathetic neurons has already started at 
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E12.5 (Stubbusch et al., 2013). Of note, CART appeared in some cells at E11.5, so the 

time of divergence could occur even earlier than E12.5 for some cells. Heterogeneity 

in the intensity of TH immunostaining of SA progenitor cells has been previously 

reported with chromaffin cells showing stronger TH staining than ganglion cells 

(Schober et al., 2013). Our quantitative data showing higher TH immunostaining in 

chromaffin cells compared with most ganglion cells confirm this earlier study.  

The widespread expression of CART in embryonic sympathetic neuroblasts and 

absence from adrenal chromaffin precursor cells is different from its distribution in 

adult rodents, suggesting that CART expression is transient in some cells types. In 

adult rats, CART is very rare in sympathetic postganglionic neurons but is present in 

many noradrenergic adrenal chromaffin cells (Dun et al., 2000b; Gonsalvez et al., 

2010). Thus, while CART is not a general marker for mature postnatal sympathetic 

neurons, it is present in nearly all embryonic sympathetic neurons and could be useful 

in distinguishing them from developing adrenal chromaffin cells. The role of CART 

during development has not yet been examined, but it should be noted that in the 

developing autonomic nervous system, CART has reported only in rapidly 

proliferating cells; ENS neurons (Heanue and Pachnis, 2006) and, in the current study, 

in sympathetic neuroblasts, but not in chromaffin cells, which are largely out of the 

cell cycle. Otherwise, information about developmental roles for CART is sparse. One 

recent study demonstrated that exogenous CART peptide does not appear to participate 

in the neuronal differentiation of PC12 cells (Nagelová et al., 2014). CART is also 

wide-spread in the developing zebra fish brain, for example, the olfactory bulb, 

hypothalamus and pituitary, but expression in some area of the commissural tracts 

disappears at later ages suggesting a developmental role of CART in the establishment 

of its axon tracts in the brain (Mukherjee et al., 2012). 

CART expression and the levels of TH join NF-M and SCG10 (Ernsberger et al., 

2005; Stubbusch et al., 2013) as markers that distinguish between sympathetic neurons 

and chromaffin cells as they differentiate. The ability to identify these two cell types 

soon after differentiation should facilitate analyses of the molecular machinery and 

signalling mechanisms underlying the divergence.  
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2.4.2 Proliferative Behaviour During Sympathoadrenal Lineages 
Development 

The separation of adrenal medullary chromaffin and sympathetic neuron lineages 

by E12.5 was confirmed by differences in proliferative behaviours between the two 

cell types. While we did not detect any striking differences in cell cycle or S-phase 

lengths between the two cell types, they do exhibit different growth fractions. Most of 

the neural crest progenitors (SOX10+ cells) around the abdominal dorsal aorta 

transiently exit the cell cycle at E11.5 coincident with the first expression of TH. Most 

TH+ ganglion cells subsequently re-enter the cell cycle at E12.5. This behaviour is 

similar to that reported for neuroblasts in the mouse stellate ganglion at E11.5 

(Gonsalvez et al., 2013) but, in contrast to this, in the stellate virtually all neuroblasts 

exited the cell cycle, not just the majority as here. The stellate also differed in that cells 

co-expressing TH with SOX10 were present whereas none were found in this study. 

The differences could be due to differences between developing paravertebral and 

prevertebral ganglia or may reflect a more compressed timeline for the development 

of the suprarenal ganglion, as the timing for SA progenitors lags approximately a day 

behind more caudal parts of the embryo. In contrast to TH+ neurons in suprarenal 

ganglia, very few TH+/CART− chromaffin cells re-enter the cell cycle at E12.5 or 

later stages.  

The growth of the sympathetic ganglion must differ markedly from that of the 

adrenal medulla as a consequence of the differences in growth fraction of TH+ cells. 

The ganglion grows quickly, as most neuroblasts initially continue to divide after 

differentiating (Rothman et al., 1978; Rohrer and Thoenen, 1987) and then, from 

E12.5, neuroblasts progressively exit the cell again, this time permanently. By this 

mechanism, the ganglion achieves its maximum size quickly, during late embryonic 

ages. Conversely, the relatively low numbers of chromaffin cells remaining in the cell 

cycle will result in only slow growth, although a small subset of chromaffin cells 

continue to divide postnatally (Tischler et al., 1989). A fivefold increase in adrenal 

chromaffin precursor cell number between E13.5 and P0 have been reported in mouse 

(Huber et al., 2002a). With the growth fraction and cell cycle length data found in this 

study, the number of chromaffin cells that would be generated at each 24 h period from 

E13.5 until P0 have been estimated, using the formula initial number of noncycling 
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cell + (number of cycling cell × 2(doubling times)) that is (1−GF)ni + [(GF)ni × 2(24 h/CCL)]. 

Starting from 3,000 of cells at E13.5 (based on Huber et al., 2002) and consider the 

PNMT+ and PNMT− cells, separately, a total of 13,318 cells would be produced by 

P0, a 4.44-fold increase. This is in good agreement with the fivefold increase found by 

Huber et al. (2002). SOX10 cells in the medulla are also likely to contribute to the 

growth of the adrenal medulla (Santana et al., 2012). The progression of SA 

progenitors into the distinct lineages that differ with respect to expression of TH level, 

CART, PNMT, and percentage of cells progressing through the cell cycle are detailed 

in Figure 5.  

 
Figure 2.5 Summary of phenotypic marker expression patterns and proliferation 
behaviour during SA development. 
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The neural crest-derived progenitor cells express Sox10 and are highly proliferative at E10.5. The 
percentage of cells in each population actively cycling is visually represented by the proportion of the 
outer ring that is thickened and also reported as growth fraction (GF) = x. At E10.5, in response to the 
BMPs released from the dorsal aorta, neural crest cells differentiate as bipotential SA progenitor cells, 
withdraw from the cell cycle and start expressing TH. On E12.5, two lineages have arisen; chromaffin 
cells can be distinguished from neuroblasts by a lack of CART expression, low intensity immunoreactivity 
for TH, and a low frequency of participation in the cell cycle. By E14.5, in the suprarenal ganglion 
primordia, neuroblasts are starting to withdraw from the cell cycle. In the adrenal medulla, significant 
numbers of TH+ chromaffin cells start expressing PNMT while most cells remain out of the cell cycle.  

2.4.3 The Sympathoadrenal Progenitor 

If the common SA progenitor is represented by the cells that start to express TH 

at E11.5, then a common SA progenitor may only exist for around 24 h, as separate 

sympathetic neuroblasts and adrenal precursor chromaffin lineages are possibly 

already present by E12.5. Most SA progenitors are initially noncycling cells. 

Shtukmaster et al. (2013) showed that, in chickens, one SA cell can give rise to both 

lineages. Assuming the same is true in mice, then SA progenitors must re-enter the cell 

cycle after E11.5 to give rise to cells of both types. Alternatively, the specification of 

each lineage could occur after neural crest cells leave the neural tube but before they 

give rise to SA progenitors, in which case a SA progenitor could give rise to just one 

of the lineages. 
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Chapter 3 

Isolation of Early Sympathoadrenal 
Cell Lineages by Fluorescent-activated 

Cell Sorting for RNA Sequencing 
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3.1 Introduction 

Although the development of SA cells has been extensively studied, the 

mechanisms that segregates sympathetic neuroblasts and adrenal chromaffin cells as 

they differentiate are still poorly understood. Most gene expression studies on SA cells 

are based on in situ hybridization and immunohistochemical analysis and focus on 

specific genes or proteins of interest. To have a broader view of the transcriptional 

networks involved in SA lineage segregation and to reveal novel regulators, large scale 

gene screening is desired. Transcriptome-wide sequencing techniques allow a 

comprehensive analysis of genome-wide transcriptional events (Ozsolak and Milos, 

2010) that could facilitate the discovery of unknown transcriptional regulators in SA 

development as well as their interactive signalling networks.  

Isolation of pure sympathetic neuroblasts and adrenal chromaffin precursor cells 

is crucial for comparative gene expression analysis. However, isolation of sympathetic 

neuroblasts and adrenal chromaffin cells from embryonic tissue is technically 

challenging due to their phenotypic similarity, cellular heterogeneity and low yield. A 

major hurdle is that early generated precursor cells for the two lineages are hard to 

discriminate. Most of the phenotypic markers for the SA lineages are also common to 

both derivatives. Moreover, the two cell types are intermingled around the dorsal aorta 

without obvious anatomical boundary during their key stage of segregation at E12.5. 

Separation of each cell type by dissection therefore is impossible. Collection of 

sufficient cell numbers from embryonic SA cells is another challenge as the embryonic 

precursor cells occur in small numbers during the early segregation, especially in the 

chromaffin cell lineage. All of these difficulties mean that there is a need to develop a 

method to isolate at high purity sufficient numbers of sympathetic neuroblasts and 

adrenal chromaffin cells for comparative gene expression analysis. 

In Chapter 2, TH and CART were revealed as potential makers for the early 

separation of sympathetic neuroblasts and adrenal chromaffin precursor cell in E12.5 

mice. The intensity of TH immunohistochemistry is different in the two cell types: 

sympathetic neuroblasts cells are relatively low in TH-immunoreactivity while the 

adrenal chromaffin cells have significantly higher TH immunoreactivity. The 

neuropeptide, CART, is only expressed by sympathetic neuroblasts cells from E12.5 
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to E13.5. Thus, the differential expression of the two markers allows the possibility of 

isolating sympathetic neuroblasts and adrenal chromaffin precursor cells early during 

their development. TH expression is likely to be more useful as transgenic animals are 

currently available that express fluorescent marker proteins driven from the TH 

promoter, producing live SA cells that are fluorescent and thus potentially sorted by 

fluorescence activated cell sorting (FACS). 

This chapter describes studies using FACS and TH-Cre driving enhanced yellow 

fluorescent protein (EYFP) expression in transgenic mice to develop a routine isolation 

method modified from the protocol of Buehler et al. (Buehler et al., 2012) for 

collecting and purifying sufficient number of sympathetic neuroblasts and adrenal 

chromaffin precursor cell for transcriptomic analysis at E12.5 and 13.5. A key finding 

is that the intensity of EYFP expression is correlated with the intensity of TH protein 

expression, allowing separation of the two cell types. The isolated and purified 

sympathetic neuroblasts and adrenal chromaffin cell could then be used to reveal the 

cell type-specific transcription profiles by RNA-seq. 
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3.2 Materials and Methods 

3.2.1 Animals 

All animal experiments were approved by the University of Melbourne Animal 

Experimentation Ethics committee and complied with National Health and Medical 

Research Council of Australia (NHMRC) guidelines. TH-IRES-Cre;ROSA26-EYFP 

(TH-Cre-EYFP) mouse embryos were generated by mating heterozygous TH-IRES-

Cre mice with homozygous ROSA26-EYFP mice. The TH-IRES-Cre (nomenclature: 

B6.129X1-Thtm1(cre)Te/Kieg) mice were a kind gift from Prof A. Allen (University of 

Melbourne) and were originally obtained from Dr. T. Ebendal’s laboratory via the 

European Mutant Mouse Archive repository and maintained on a C57BL/6 

background (Lindeberg et al., 2004). ROSA26-EYFP mice (nomenclature: B6.129X1-

Gt(ROSA)26Sortm1(EYFP)Cos/J) were obtained from Jackson Laboratories and were also 

maintained on a C57BL/6 background. Wild-type (WT) C57BL/6 mice were used for 

validation experiments. All mice were time plug-mated and the morning of detection 

of the plug was counted as embryonic day (E) 0.5. Pregnant dams at 11.5-14.5 days 

post-fertilization were killed by cervical dislocation and the embryos were collected 

and decapitated.  

3.2.2 Genotyping and Phenotyping 

For genotyping, polymerase chain reaction (PCR) was performed using genomic 

DNA extracted from mouse tails. Heterozygous TH-IRES-Cre mice were genotyped 

with primers: Cre-Fw 5’-TGC AAC GAG TGA TGA GGT TC-3’ and Cre-Rv 5’-GCT 

AAC CAG CGT TTT CGT TC-3’ (GeneWorks). The phenotype of each TH-IRES-

Cre;ROSA26-EYFP embryo was confirmed by the presence of EYFP positive (+) 

neurons in a squash preparation of the brain stem viewed under a Zeiss M1 fluorescent 

microscope. Embryos with no EYFP+ neurons were used as control animals for FACS. 

The sex of each EYFP+ embryo was determined using the method described by 

Lambert et al. (Lambert et al., 2000) with primers: SRY-8276 5’-TGG GAC TGG 

TGA CAA TTG TC-3’; SRY-8677 5’-GAG TAC AGG TGT GCA GCT CT-3’ 

(GeneWorks) for the Y-chromosome. 
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3.2.3 Dissection 

Embryos were kept in ice-cold “dissecting medium” (DMEM/F-12, Gibco, 

supplemented with 19 mM HEPES, Sigma-Aldrich) throughout the dissection. EYFP+ 

cells were identified in E11.5 to E14.5 embryos using a Zeiss M1 fluorescent 

microscope prior to dissection (see above). For the dissection of E11.5 and E12.5 

embryos, the viscera adjacent to the urogenital tract including the liver, intestines and 

stomach were first removed. The urogenital ridges and the tissues in between, 

including the dorsal aorta were then detached from the dorsal body wall by inserting 

the tips of fine forceps underneath, and pulled away by holding the dorsal aorta. In 

E11.5 tissues, the urogenital ridges were removed from the tissue of interest. In E12.5, 

the tissue of interested was further sub-dissected by removing the urogenital ridges, 

the kidneys and the paravertebral sympathetic chains, if attached. For E13.5 and E14.5 

embryos, the urogenital tract was dissected according to Buehler et al. (Buehler et al., 

2012), with modifications. Briefly, the viscera from the liver down to the genital 

tubercle were pulled away from the dorsal body wall by inserting fine forceps 

underneath the dorsal aorta at the level of the heart. In E13.5 tissues, this tissue mass 

was further microdissected to retain just the region containing the adrenal anlagen and 

the adjacent tissue surrounding the dorsal aorta. By E14.5, the adrenal glands and 

sympathetic ganglia were present with clearer anatomical segregation. Therefore, in 

E14.5 tissues, the adrenal glands and the surrounding sympathetic ganglia were 

separately sub-dissected into different samples. Comparable tissues were also 

dissected from EYFP negative (−) embryos for compensation controls in the FACS. 

Tissues from 5-7 embryos were cut into smaller pieces and pooled into a 15 mL 

centrifuge tube (Corning) with 4 mL of ice-cold dissecting medium. 

3.2.4 Cell Dissociation 

Tissues were pelleted by centrifugation at 250 g (relative centrifugal force, rcf), 

4ºC for 5 min. The pellets were re-suspended in 200 µL/embryo Accumax (Innovative 

Cell Technologies, Inc) followed by incubation in a 37ºC incubator for 45 min. 1 mL 

of quench medium (dissecting medium supplemented with 10% FBS, Life 

Technologies; 100 units/mL penicillin and 100 µg/mL streptomycin, Gibco; 2 mM 

Glutamax, Thermo Fisher; 37.5 µg/mL DNase, Sigma-Aldrich) was added to each tube 
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to stop the enzymatic activity and the tissues were triturated gently until completely 

dissociated. The dissociated cells were filtered through a 70 µm nylon Cell Strainer 

(Falcon). The tube and filter was then washed with 1 mL of quench 1:5 medium 

(quench medium supplemented with 7.5 µg/mL DNase) to release any remaining cells 

and the cells in the filtrate were pelleted by centrifugation at 250 g, 4ºC for 5 min. The 

pellet was re-suspended in 500 µL quench 1:5 medium. Viability dye, 7-

Aminoactinomycin D (7-AAD, BD Pharmingen) was used at 1:1000 (v/v) dilutions to 

label dead cell for FACS. Compensation controls were also prepared with 200 µL 

EYFP− cell suspension (double negative), 200 µL EYFP− cell suspension labelled 

with 0.2 µL 7-AAD (7-AAD only) and 200 µL 1:50 (v/v) dilution EYFP+ cell 

suspension (EYFP only).  

3.2.5 FACS Isolation of Sympathoadrenal Cells 

The EYFP+ sample with 7-AAD staining and all compensation controls were 

filtered through a 35 µm cell strainer cap into a 5 mL polystyrene round bottom tube 

(Falcon) prior to FACS. Flow cytometry analysis and cell sorting were performed on 

a BD Influx or BD FACSAria Fusion cell sorter with a 100 µm nozzle at 20 psi (BD 

Biosciences). The compensation controls were evaluated to optimize the voltages and 

gating for sorting. Live EYFP+ single cells were first isolated from dead cells on the 

basis of 7-AAD (excitation: 488 nm, emission 692/40 nm) and EYFP (excitation: 488 

nm, emission 530/40 nm) intensity. The populations from E12.3 and E13.5 samples 

were then further analysed on the basis of side-scattered light (SSC) and EYFP 

intensity and sorted into EYFP+LO and EYFP+HI populations with the elimination of 

cells lying in between (see Figure 3.6). For the live EYFP+ cells from E11.5 and the 

separate E14.5 adrenal gland and sympathetic ganglia samples, a single homogenous 

population was observed so that no further FACS gating was needed. Dot-plots were 

generated by BD FACSTM Sortware software. The cells were sorted directly into 750 

µL ice-cold TRIzol® LS reagent (Ambion) in a 1.5 mL nuclease-free LoBind 

microcentrifuge tube (Eppendorf) for RNA extraction.  
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3.2.6 RNA Extraction and Quantification 

All RNA handling procedures were performed using RNAseZap (Ambion) 

treated equipment and nuclease-free barrier tips (Axygen) and RNase-free low-binding 

tubes (Eppendorf). Total RNA from isolated EYFP+HI and EYFP+LO SA cells was first 

extracted by TRIzol/chloroform extraction. Briefly, the cell lysate in TRIzol® LS was 

brought up to 1 mL with nuclease-free water (Ambion) followed by adding 75 µL of 

RNase-free glycogen (Ambion). 200 µL of chloroform was then added and vortexed 

thoroughly. Phase separation was performed in a Phase Lock Gel tube (5 PRIME) to 

minimize genomic DNA contamination. Total RNA in the upper aqueous phase was 

precipitated with 550 µL ice-cold isopropanol at 12,200 g, 4ºC for 15 min. The RNA 

pellets were washed with 1 mL 80% ethanol and stored at –80ºC before further sample 

pooling and clean up. RNA pellets with ~20,000 cells from about 13-15 embryos with 

a sex ratio within a range of 1:1.3 (male:female or female:male) were pooled and re-

dissolved in 30 µL nuclease-free water (Ambion). 2 µL of DNase1 and SUPERase-In 

(Ambion) were added into the total RNA sample with 3.7 µL DNase 10X buffer 

(Ambion) followed by a 30 min incubation at 37ºC for DNase digestion. The reaction 

was stopped by adding 100 µL RLT/BME (1 µL 2-mercaptoethanol, Sigma-Aldrich; 

100 µL RLT buffer, Qiagen) followed by adding 100 µL of 70% ethanol. The total 

RNA sample was purified using RNeasy Micro Kit (Qiagen) according to the 

manufacturer’s instructions. Purified total RNA was eluted in 30 µL RNase-free water 

(Qiagen). Total RNA quality and quantity from each sample were analysed on a 

Bioanalyzer 2100 (Agilent) and the RIN numbers of all samples were > 8 with average 

RIN = 9.7. 

3.2.7 Complementary DNA Preparation and Droplet Digital PCR 

cDNA was synthesized from 4.2 ng of total RNA using the iScript Advanced 

cDNA Synthesis Kit (Bio-Rad Technologies) according to the manufacturer’s 

instructions. Reverse transcription was performed at 42ºC for 30 min followed by 5 

min inactivation at 85ºC. 1 µL of cDNA sample was mixed with 24 µL Supermix 

solution containing 12.5 µL ddPCR Supermix for Probes (Bio-Rad Technologies) and 

1.25 µL TaqMan Assays primer/probe mixture (Thermo Fisher Scientific) followed 

by droplet generation. Droplet digital PCR (ddPCR) was performed in biological 
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triplicates and technical duplicates on a QX100 Droplet Digital PCR system (Bio-Rad 

Technologies) with thermal cycle as follows: 95ºC for 10 min, 40 cycles of 94ºC for 

30 s followed by 60ºC for 1 min, and 98 ºC for 10 min on a C1000 Touch thermal 

cycler (Bio-Rad Technologies). Results were analysed using the Bio-Rad QuantaSoft 

v1.2 software with thresholds manually set. TaqMan Assays primer/probes used were: 

Bmpr1b (Mm03023971_m1), Cartpt (Mm04336402_m1), Dll4 (Mm00444619_m1), 

Dlk1 (Mm00494477_m1), Dlx1 (Mm00438424_m1), Dlx2 (Mm00438427_m1), Elf3 

(Mm01295975_m1), Elf4 (Mm01321797_m1), Foxq1 (Mm01157333_s1), Fzd10 

(Mn00558396_s1), Gapdh (Mm99999915_g1), Msx2 (Mm00442992_m1), Nrk 

(Mm00479081_m1), Ppbp (Mm00470163_m1) and Stmn2 (Mm00600432_m1). 

3.2.8 RNA Sequencing 

Four biological replicates of each EYFP+HI and EYFP+LO paired sample were 

generated for transcriptomic analysis. For cDNA library preparation, 2 ng of each total 

RNA sample was subjected to cDNA synthesis by random priming using the SMART-

seq v4 Ultra Low Input RNA Kit (Clontech, Cat# 634889) followed by PCR 

amplification with the addition of Illumina adaptors for multiplexing experiment using 

Nextera XT Kit (Illumina, Cat# FC-131-1096) according to manufacturer’s 

instruction. Sequencing was performed with 50 base pair single-end read on an 

Illumina HiSeq 2500 platform at the Melbourne Translational Genomics Platform, 

University of Melbourne. 

3.2.9 Bioinformatics Analysis 

Samples from RNA-seq were demultiplexed and raw reads were generated in 

fastq format by HiSeq Analysis Viewer software (Illumina). Around 29 million reads 

were detected per sample. Quality assurance and quality control for all samples were 

evaluated using FastQC analysis. The effect size of biological versus technical 

variances were analysed by principal component analysis. Reads were aligned with 

Bowtie2 (Langmead and Salzberg, 2012) to the Genome Reference Consortium mouse 

genome, GRCm38 with gencode consortium gene annotation M8 (Mudge and Harrow, 

2015). Differential expression between adrenal chromaffin precursor cells and 

sympathetic neuroblasts was obtained using the Bioconductor edgeR package 
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(Robinson et al., 2009) with variance between samples estimated by trended 

dispersion. Genes with fold change greater than 2 and p-value of less than 0.05 after 

Benjamini-Hochberg false discovery rate correction were considered significantly 

differentially expressed. Fold changes and mean expression were calculated from these 

normalized data and reported as Log2 fold change and count per million (CPM) 

respectively with the exception that raw counts were shown (Tables 3.5, 3.6, 5.1 and 

5.2 and Figure 3.13) as average CPM within each cell type when appropriate. Gene 

ontology analysis for genes higher in chromaffin precursor cells and sympathetic 

neuroblasts of the differential transcriptomes was performed by PANTHER v.11 (Mi 

et al., 2013) statistical overrepresentation test with Mus musculus reference list. 

3.2.10 Immunohistochemistry 

Embryos were fixed overnight in Zamboni’s fixative (2% formaldehyde and 15% 

saturated picric acid in 0.1 M phosphate buffer, pH 7.4, composition in mM; Na2PO4, 

75; NaH2PO4·2H2O, 25). Fixed embryos were then washed, and stored in 20% sucrose 

solution at 4ºC. Embryos were then embedded in O.C.T. (TissueTek) and snap frozen 

in liquid nitrogen-cooled isopentane. Transverse sections of the abdominal region 

containing the adrenal glands were cut on a cryostat at 10 µm thickness and processed 

for immunostaining by antisera (Table 3.1). Sections were processed overnight with 

primary antisera in a combination of rabbit anti-CART (1:500, Phoenix 

Pharmaceuticals), chicken anti-TH (1:100, Millipore), and Goat anti-GFP (1:400, 

R&D Systems). After washing in phosphate buffered saline (PBS, composition in mM; 

NaCl, 145; Na2PO4, 7.5; NaH2PO4·2H2O, 2.5) the bound primary antisera were 

visualized after two hours incubation with secondary antisera: donkey anti-rabbit 

biotin (1:400, Jackson), donkey anti-chicken Dylight 594 (1:1000, Jackson 

ImmunoResearch), and donkey anti-sheep Alexa Fluor 647 (1:500, Invitrogen) and a 

1 hour tertiary step with streptavidin conjugated to Dylight 405 (1:100, Jackson 

ImmunoResearch). 

3.2.11 Data Analysis 

For comparison of TH, CART and EYFP immunoreactivity, confocal images were 

taken on a Zeiss Meta 501 scanning confocal microscope and processed by Zeiss 
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Image Browser (v4.0.0241, Carl Zeiss Microimaging). Image analysis was performed 

as described in chapter 2, section 2.2.4. Graphs was prepared by using Numbers 

software (version 3.6.2, Apple Inc.) or Prism software (version 7.0a, GraphPad). 

Statistically analysis was performed with Prism 7 software using two-way ANOVA 

for gene expression pattern and linear regression for correlation analysis.   

Table 3.1 List of antisera and fluorescence dyes used in Chapter 3.  

  

Antisera/Dye Host Dilution Supplier Cat/Lot number
Primary

CART Rabbit 1:200 Phoenix H-003-62/01251-6

GFP Goat 1:400 R&D Systems

TH Chicken 1:100 Millipore AB9702/2049252
Secondary

Chicken DyLight 594 Donkey 1:1000 Jackson 703-516-155/-

Rabbit Biotin Donkey 1:400 Jackson 711-065-152/95129

Sheep Alexa Fluor 647 Donkey 1:500 Invitrogen A21448/404236
Non-antisera Dye

Bisbenzimide (Hoechst 33442) - 100ng/mL Sigma B2261

Streptavidin DyLight 405 - 1:100 Jackson 016-470-084/98327
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3.3 Results 

3.3.1 Expression Pattern of EYFP in TH-Cre-EYFP Mice 

The data in Chapter 2 show that sympathetic neuroblasts and adrenal chromaffin 

precursor cells can be identified by their differential expression of TH intensity in that 

adrenal chromaffin precursor cells are higher in TH-IR than sympathetic neuroblasts 

cells. To determine the utility of using TH as a differential marker for isolating the two 

cell types, transgenic mice expressing cell type-specific EYFP driven by the TH 

promoter were used. TH-Cre-EYFP mice were generated by crossing TH-IRES-Cre 

and ROSA26-EYFP mice. The Cre recombinase expressed in the TH+ cells excised 

the loxP-flanked stop codon upstream to the EYFP sequence within the ROSA26 

locus, hence expressing EYFP (Figure 3.1). The Cre recombinase expression pattern 

in TH-Cre mice has been previously characterized in the brainstem and sympathetic 

neurons as well as the adrenal medulla (Lindeberg et al., 2004). Therefore, it is 

expected that the SA lineage cells, which express TH will also express Cre 

recombinase and as a result express EYFP in TH-Cre-EYFP mice. 

 
Figure 3.1 Generation of TH-Cre-EYFP mice. 

The TH-Cre-EYFP mouse embryos were generated by crossing heterozygous TH-IRES-Cre mice 
(Lindeberg et al., 2004) with homozygous ROSA26-EYFP mice. The Cre recombinase co-expressed 
with TH driven by Th promoter excised the Stop codon flanked by LoxP sites, as a result unlocked the 
EYfp expression. Mice inheriting both gene sequences expressed cell type-specific EYFP fluorescence 
signal. 

To investigate any differential EYFP expression between sympathetic 

neuroblasts and adrenal chromaffin precursor cells, the expression pattern of native 

EYFP fluorescence in the SA cells of TH-Cre-EYFP mouse embryos were analysed in 

whole mount specimens. In the upper abdominal region, EYFP+ cells in E12.5 

embryos were found widespread in the tissue between the pair of urogenital ridges 

lateral to the dorsal aorta and in the paravertebral sympathetic chain (Figure 3.2). A 
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subset of the EYFP+ cells showed brighter EYFP fluorescence intensity than the 

others, however the EYFP bright (EYFP+HI) and dim (EYFP+LO) cells were often 

intermingled without clear anatomical boundaries. 

In E13.5 embryos, anatomical segregation between adrenal medullae and ganglia 

became more obvious (Figure 3.2). A subset of EYFP+ cells are embedded in the 

adrenal anlage, while other EYFP+ cells located in the adjacent tissues aggregated into 

the suprarenal ganglia, as well as other prevertebral sympathetic ganglia around the 

dorsal aorta (Figure 3.2). The native EYFP signal in the adrenal gland anlagen was 

distinctly weaker than that in the suprarenal and other prevertebral ganglia. The native 

fluorescence of EYFP in SA cells from E13.5 TH-Cre-EYFP mice was potentially a 

good method to separate the two cell lineages using FACS, although the EYFP 

fluorescence (low in adrenal chromaffin precursor cells and high in sympathetic 

neuroblasts) was the opposite of that seen with immunoreactivity to TH protein (high 

in adrenal chromaffin precursor cells, low in sympathetic neuroblasts). The next step 

was to confirm whether the difference in EYFP intensity applied to all cells in each 

class and then to see if the same distinction held at E12.5, where anatomical 

segregation of the two cell classes was not possible. One problem was that the native 

EYFP fluorescence was relatively weak and faded with prolonged excitation during 

microscopic analysis. To overcome this, we used a GFP antiserum, which cross-

reacted with EYFP, to localize EYFP-immunoreactivity and quantify EYFP intensity 

in adrenal chromaffin precursor cells and sympathetic neuroblasts. 
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Figure 3.2 Topographical expression pattern of EYFP at E12.5 and E13.5 embryos. 

The upper abdominal cavity of whole mount TH-Cre-EYFP embryos at E12.5 and E13.5 were examined. 
At E12.5, EYFP+ cells were found in the tissue between the urogenital ridges along the dorsal aorta and 
in the paravertebral sympathetic chain (sc). Differential expression of EYFP fluorescence intensity was 
observed with EYFP+HI (open arrow head) and EYFP+LO (solid arrow head) cells marked. In E13.5 
embryos, anatomical segregation between adrenal gland and prevertebral ganglia became clear. Shown 
are the adrenal medulla (am), suprarenal ganglia (srg), prevertebral sympathetic ganglia (sg), and kidney 
(kd). EYFP+LO (solid arrow head) cells embedded in the adrenal gland and the EYFP+HI (open arrow 
head) cells located in the suprarenal ganglia are marked. 

3.3.2 Differential EYFP Expression in Sympathetic Neuroblasts and 
Adrenal Chromaffin Precursor Cells 

EYFP immunoreactivity in TH-expressing sympathetic neuroblasts and adrenal 

chromaffin cells was quantified in transverse sections of the upper abdominal cavity 

from E12.5 and E13.5 TH-Cre-EYFP mice (Figure 3.3). Immunoreactivity to EYFP 

appeared to reflect native EYFP expression, with immunoreactivity in the adrenal 

medulla at E13.5 appearing weaker than in the suprarenal ganglia. To confirm this 

correlation, relative fluorescence intensity for EYFP immunostaining and the native 

EYFP fluorescence signal after fixation were quantified on the 0–255 scale previously 

described in chapter 2 (section 2.3.1). Linear regression analysis showed that the 

relative fluorescence intensity for EYFP immunostaining was highly correlated with 

native EYFP fluorescence intensity with r = 0.967 and 0.897 for E12.5 and E13.5 mice 

respectively (Figure 3.4). Thus, YFP immunoreactivity to EYFP-IR appears to reflect 

accurately the levels of native EYFP fluorescence. 
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Figure 3.3 Differential expression of TH and EYFP at E12.5 and E13.5 TH-Cre-EYFP 
mice embryo.  

Immunostaining of transverse sections through the adrenal region of TH-Cre-EYFP mouse embryos at 
E12.5–E13.5, showing TH (green) and EYFP (magenta) immunoreactivity. A-C is from an E12.5 embryo 
with the same orientation as Figure 2.2 E with the dorsal aorta (a) located at the top right corner. 
Differential expression of TH-driven EYFP was observed in that some TH-expressing cells were brighter 
in EYFP than the others. D-E show a section at E13.5, the prevertebral suprarenal ganglion is outlined 
in a solid line and the adrenal medulla in a dashed line. EYFP-IR in the adrenal medulla was obviously 
weaker than in the suprarenal ganglion. 

 
Figure 3.4 Immuno EYFP versus native EYFP fluorescent intensity.  
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A, Transverse sections through the adrenal region showing the native EYFP (yellow) signal of TH-Cre-
EYFP mouse embryos at E12.5 and E13.5 after Zamboni’s fixation. The dorsal aorta (a), the prevertebral 
suprarenal ganglion (solid line) and the adrenal medulla (dashed line) are marked. B, Linear regression 
analysis showing the correlation between relative fluorescence intensity for EYFP immunostaining and 
native EYFP fluorescence intensity. For E12.5 (top), r = 0.967 (n = 141 cells) and for E13.5 (bottom), r = 
0.897 (n = 134 cells). Thus, immunoreactivity to EYFP-IR is positively correlated to and reflecting the 
levels of native EYFP fluorescence.   

At E13.5, sympathetic neuroblasts and adrenal chromaffin precursor cells as well 

as the extra-adrenal chromaffin cells are readily identified by their anatomical 

distribution. When TH-IR and EYFP-IR intensity from these three cell types were 

plotted together, clear segregation of sympathetic neuroblast and adrenal chromaffin 

precursor cell populations was observed with limited overlap (Figure 3.5). The 

distribution appeared largely bimodal, with chromaffin cells clustering in the lower 

right region of the graph (TH-IR Hi/EYFP-IR Lo) and sympathetic neuroblasts from 

the suprarenal ganglia clustered in the upper left region of the graph (TH-IR Lo/EYFP-

IR Hi).  

CART-immunoreactivity, which is only present in sympathetic neuroblasts (see 

Chapter 2), was also examined. Relative fluorescence intensity for CART is shown in 

Figure 3.5 by shading the symbols (darker is higher CART immunofluorescence 

intensity). The intensity of CART immunostaining correlated well with the anatomical 

separation and confirms that levels of EYFP immunofluorescence can be used to 

separate the two cell types. 

 Extra-adrenal chromaffin cells display a mixture of both neuronal and 

chromaffin phenotypes (Section 2.3.1), showing high levels of CART-IR and TH-IR. 

A small population of cells clustered in the upper right region of the graph likely 

represents these cells as they were high in TH-IR and strongly CART-IR. They stood 

in contrast to both adrenal chromaffin precursor cells and sympathetic neuroblasts as 

they were TH-IR Hi/EYFP-IR Hi.  

At E12.5, the anatomy cannot be reliably used to separate the two lineages of SA 

cells. However, like for TH-IR, there were two distinct types of EYFP+ cells; one with 

high intensity of EYFP-IR (EYFP+HI) and the other low intensity of EYFP-IR 

(EYFP+LO), intermixed around the dorsal aorta. When these cells were plotted for both 

EYFP-IR and TH-IR, a segregation into two populations, similar to E13.5 embryos 
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was observed. Again, when CART-IR (a marker of sympathetic neuroblasts) was 

considered, it was expressed predominantly by cells with a TH-IR Lo/EYFP Hi 

phenotype that lay in the upper left part of the distribution (Figure 3.5).  

The distribution of CART at E12.5 led to the hypothesis that the TH-IR Hi/EYFP-

IR Lo/CART-IR− cells were cells of the SA lineages differentiating as chromaffin 

cells and that the TH-IR Lo/EYFP-IR Hi/CART-IR+ cells were SA cells 

differentiating as sympathetic neuroblasts. As native EYFP matched EYFP-IR in its 

intensity differences, this meant that FACS of E12.5 TH-Cre-EYFP embryos should 

separate these lineages with the appropriate gating in the FACS and RNA-seq should 

be able to confirm a successful separation based on differences in the expressed genes. 
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Figure 3.5 Scatter plot of TH-IR versus EYFP-IR fluorescent intensity of sympathetic 
neuroblasts and adrenal chromaffin cells.  

The fluorescent intensity of TH-IR of individual cells is plotted against the EYFP-IR intensity. CART-IR 
intensity is shown by the shading of each symbol (darker is more intense CART-IR. Relative fluorescent 
intensity for TH-IR (X-axis), EYFP-IR (Y-axis) and CART-IR (shading) were measured on a 0–255 scale 
(0 = no fluorescence, 255 = maximum fluorescence). The upper left region of each plot was TH-IR 
Lo/EYFP-IR Hi while lower right was TH-IR Hi/EYFP-IR Lo. For E13.5, cells are identified and 
categorized into sympathetic neuroblasts (◯), paraganglia (△) and adrenal chromaffin cells (◇) based 
on anatomical segregation. On E12.5. it was not possible to discriminate by anatomical segregation and 
the cells are unclassified. However, the pattern observed in the plot is identical to that seen at E13.5, 
leading to the conclusion that cells that are TH-IR Lo/EYFP-IR Hi region and which also express CART-
IR are likely to be sympathetic neuroblasts cells while TH-IR Hi/EYFP-IR Lo cells lacking CART are likely 
to be adrenal chromaffin cells. For E13.5, n = 3 embryos, 521 cells and for E12.5 n = 2 embryos, 505 
cells.  
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3.3.3 Segregation and Isolation of Living Sympathetic Neuroblasts and 
Adrenal Chromaffin Cells by FACS 

Cells were isolated by dissection and enzymatic digestion separately from E11.5 

12.5, 13.5 and 14.5 embryos and subjected to FACS to measure EYFP fluorescence 

intensity. To ensure only living cells were collected, the fluorescent dye, 7-AAD, for 

staining DNA in non-viable cells was used to exclude dead or damaged cells. All cells 

were also assessed for side-scattered light (SSC) as a measure of cellular 

granularity/complexity. Table 3.2 shows the number cells harvested, the number of 

embryos used and the quality of the RNA isolated for each sample. 

In the resulting FACS plots, the live EYFP+ cells were clearly separated from the 

EYFP− cells and 7-AAD+ dead cells (Figure 3.6 A). E11.5, EYFP+ cells formed a 

homogeneous population without observable segregation into high and low intensity 

populations (Figure 3.6 B). Thus, E11.5 EYP fluorescent cells were not sorted further.   

E12.5 was the earliest stage at which two different populations of SA cells could 

be separated on EYFP fluorescence intensity by FACS with EYFP+HI cells, the 

presumptive sympathetic neuroblasts, and EYFP+LO cells, the presumptive adrenal 

chromaffin precursor cells (Figure 3.6 C). The two cell types had similar population 

sizes at this age. The separation by FACS was not absolute, with a small number of 

cells lying intermediate between the two populations. However, careful gating in the 

FACS could eliminate these cells. Cells showing very high EYFP and SSC intensity 

were also eliminated by gating as they likely represent the presumptive paraganglionic 

cells. 

At E13.5 (Figure 3.6 D), about 3 times more EYFP+HI cells (sympathetic 

neuroblasts) were generated than EYFP+LO cells (adrenal chromaffin cells), which 

confirms the findings in Chapter 2 of dramatic differences in cell proliferation between 

sympathetic neuroblasts and adrenal chromaffin cells. 

At E14.5, the adrenal glands and suprarenal ganglia were anatomically distinct 

and could be separated by dissection prior to FACS. Dissection was necessary as the 

two cell types, after isolation by dissection, showed similar levels of EYFP 

fluorescence intensity (Figure 3.6 E & F). 
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Figure 3.6 Representative FACS plots of cells in TH-Cre-EYFP mice embryo at 
E11.5−E14.5.  

Dissociated cells after dissection were subject to FACS for EYFP fluorescent intensity and viability (7-
AAD). A, Representative FACS plot of all cells at E11.5 cells showing clear separation of living EYFP+ 
cells (gate yellow) from living EYFP− cells (gate grey) and dead cells (gate red). The living EYFP+ cells 
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were further gated and sorted with by cellular complexity (side scatter). B, Representative FACS plot of 
E11.5 living EYFP+ cells showing a homogeneous population representing and sorting into the SA 
progenitors (gate green). C, Representative FACS plot of E12.5 living EYFP+ cells showing the two cell 
clusters with similar population size separating based on EYFP fluorescent intensity and SSC. EYFP Lo 
(gate pink) are presumptive adrenal chromaffin cells (46.01%) while EYFP High (gate orange) are 
presumptive sympathetic neuroblasts cells (43.79%). D, Representative FACS plot of E13.5 living 
EYFP+ cells showing similar separation as at E12.5 except the population size of sympathetic 
neuroblasts (74.03% of total cells) were about 3 times more than adrenal chromaffin cells (22.0%). E 
and F, At E14.5, sympathetic neuroblasts cells of the sympathetic ganglia and adrenal chromaffin cells 
in the adrenal gland were harvested separately by dissection prior to FACS.  

3.3.4 Messenger RNA Expression of CART Confirmed the Identities of 
the Two Cell Types 

The identity of FACS-isolated sympathetic neuroblasts and adrenal chromaffin 

cells at E12.5 and 13.5 were further confirmed by gene expression analysis for CART. 

The expression of CART immunoreactivity exclusively marks sympathetic 

neuroblasts of the SRG in E13.5 embryos (Chapter 2). Hence, expression of the gene, 

Cartpt (cocaine and amphetamine-regulated transcript prepopeptide) was examined by 

droplet digital PCR in the sorted cells at E12.5 and E13.5. The expression of Cartpt in 

EYFP+HI cells was 7-fold higher than in EYFP+LO cells at E12.5 (140.9 ± 13.6 

copies/µL of Cartpt mRNA in YFP+HI cells compared to 19.9 ± 4.6 copies/µL in 

YFP+LO cells). At E13.5, expression of Cartpt was also significantly higher in 

EYFP+HI cells (85.1 ± 27.3 copies/µL of Cartpt mRNA was measured in EYFP+HI 

cells, while only 17.4 ± 2.5 copies/µL of Cartpt mRNA in EYFP+LO cells). While this 

result supports the notion that the EYFP+HI population are sympathetic neuroblasts 

and the EYFP+LO population are adrenal chromaffin precursor cells, it is important to 

note that the chromaffin cells did express measurable levels of Cartpt mRNA even 

though they did not show detectable CART immunostaining. It may be the levels of 

CART peptide that result from this level of gene expression are below the detection 

levels of immunohistochemistry. It may also be below the level that results in 

translation.  
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Figure 3.7 Gene expression of Cartpt in FACS-sorted sympathetic neuroblasts and 
adrenal chromaffin cells measured by droplet digital PCR.  

The expression of Cartpt, (Cocaine and amphetamine regulated transcript prepropeptide) in FACS-
isolated sympathetic neuroblasts (orange) and adrenal chromaffin cells (pink) cell, examined by droplet 
digital PCR. Absolute concentration of mRNA copies per µL were measured and reported as 3 individual 
measures (dots) and mean ± SEM (bar) of the 3 samples. Each sample represents cells pooled from 14-
18 embryos. Asterisks indicate pairs of means that were significantly different using two-way ANOVA (*, 
p < 0.05; **, p < 0.01). 
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Table 3.2 List of total RNA samples from FACS-sort cells subject to RNA-seq or 
ddPCR analysis. 

 
For RNA-seq analysis, four E12.5 samples were analysed. For ddPCR, three samples from each of 
E11.5, E12.5, E13.5 and 14.5 were analysed. In each case, the samples consisted of pooled embryos 
from multiple litters and adrenal chromaffin precursor cells (AC) and sympathetic neuroblasts (SN) were 
analysed separately. The number of female and male embryos in each pooled samples were kept similar 
to eliminate any gender bias in gene expression analysis. Overall, a total of 6−600 ng of high quality total 
RNA (RIN > 8) were collected for each sample.  

Assay No Sample Cell types Total RNA 
(ng) RINe  No. 

Embryo � � Cell No. Analysis

1 1st SA 27.60 10.00 49 26 23 20,946 ddPCR
2 2nd SA 40.10 10.00 26 14 12 20,060 ddPCR
3 3rd SA 37.91 10.00 40 20 20 20,747 ddPCR

1 AC 24.32 10 17,882 RNA-seq    &   ddPCR
2 SN 31.63 10 21,927 RNA-seq    &   ddPCR
3 AC 29.59 10 23,100 RNA-seq    &   ddPCR
4 SN 27.68 10 23,870 RNA-seq    &   ddPCR
5 AC 6.16 8.1 21,496 RNA-seq
6 SN 20.82 9.7 23,069 RNA-seq
7 AC 8.18 9.9 23,502 RNA-seq
8 SN 18.60 10 24,996 RNA-seq
9 AC 46.87 9.5 23,359 ddPCR

10 SN 78.30 10 30,968 ddPCR

1 AC 12.44 10 14,409 ddPCR
2 SN 25.62 10 31,840 ddPCR
3 AC 30.19 10 21,305 ddPCR
4 SN 60.53 10 52,969 ddPCR
5 AC 23.49 10 22,831 ddPCR
6 SN 69.01 10 59,753 ddPCR

1 AC 27.38 10 23,062 ddPCR
2 SN 238.35 10 149,446 ddPCR
3 AC 35.72 10 24,514 ddPCR
4 SN 626.94 10 283,714 ddPCR
5 AC 68.50 10 29,713 ddPCR
6 SN 555.42 10 174,771 ddPCR

E12.5

E11.5

E13.5

E14.5

19 9 10

18 10 8

14 7 7

15 8 7

14 6 7

14 7 7

15 9 6

13 6 7

15 7 8

16 7 9

14 7 7

1st

2nd

3rd

4th

5th

3rd
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3rd
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Figure 3.8 Representative electropherogram for RNA quantity and quality analysis 
generated by the Bioanalyzer. 

The quantity and quality of the extracted total RNA samples as measured by an Agilent 2100 Bioanalyzer. 
The representative electropherograms and corresponding capillary gel images of the 1st pair (Table 3.2) 
of E12.5 adrenal chromaffin precursor cells (top) and sympathetic neuroblasts (bottom) samples shows 
the high integrity of the RNA extracted with the current protocol. 
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3.3.5 There are More Than 4,000 Differentially Expressed Genes in the 
RNA-seq Comparative Transcriptome 

The differential transcriptional events between early-differentiated sympathetic 

neuroblasts and adrenal chromaffin cells were determined by RNA-seq of the 

transcriptomes of FACS-isolated E12.5 sympathetic neuroblasts and adrenal 

chromaffin cells. Four biological replicates for each cell type were analysed. Each 

biological replicate consisted of cells pooled from 13-16 embryos from at least 3 

independent litters in order to cover biological variation among individuals and 

variation due to the sampling process. Ratios of male to female embryos constituting 

each sample were kept close to 1 to eliminate bias for sex-linked genes (Table 3.2). 

Sequencing yielded more than 30 million 50 base pair single-end informative reads 

per sample and 17,169 annotated genes were detected after statistical screening. 

Principle component analysis confirmed the differences in transcriptomic profiles 

were mainly due to the cell types, confirming a good segregation of adrenal chromaffin 

cells and sympathetic neuroblasts (Figure 3.9).  

The differential transcriptome between adrenal chromaffin precursor cells and 

sympathetic neuroblasts is shown in Figure 3.10, plotting counts of reads per one 

million fragments sequenced (counts per million, CPM) against log2 fold change 

calculated by the gene expression level in adrenal chromaffin precursor cells divided 

by the gene expression level in sympathetic neuroblasts. By comparing the gene 

expression profiles in adrenal chromaffin cell to sympathetic neuroblasts, 4,786 genes 

were differentially expressed with log2 fold change > 1 (FDR < 0.05, p < 0.05). A log2 

fold change of 1 is equal to a 2-fold change. Among these, 2,938 genes were expressed 

higher in adrenal chromaffin precursor cells while 1,848 genes were higher in 

sympathetic neuroblasts. The expression level of the transcriptome ranged from less 

than 1 CPM to around 14,000 CPM, while the fold change was up to about 3,000-fold. 

In addition to more genes expressed higher in adrenal chromaffin precursor cells than 

sympathetic neuroblasts, fold differences in genes high in adrenal chromaffin 

precursor cells were also higher than genes high in sympathetic neuroblasts. To ensure 

this phenomenon was not due to some unknown technical bias towards adrenal 

chromaffin precursor cells, the expression levels of the whole transcriptome in both 

cell types were compared (Figure 3.11). The slope of the linear regression line of both 
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transcriptomes was approximately 1, indicating that the differences in expression 

patterns were more likely due to biological effects than technical bias. In addition, 

despite the differences in gene expression, the two transcriptomes also showed a strong 

correlation in many of their genes observed by the degree of dispersion, suggesting the 

two early differentiated daughter cells were still sharing many similarities in their gene 

expression and molecular machinery during cell fate acquisition. 

 
Figure 3.9 Principal component analysis of transcriptomic profiles revealed the 
biological and technical effect sizes.  

Principal component analysis plot of biological coefficient of variation (BCV) showing the transcriptome 
profiles from each of 4 paired (connected by line) E12.5 samples (Table 3.2) separated clearly by the 
biological effect of interest i.e. cell types (Dimension 1, X-axis). The effect size of technical batch effect 
on replicates (Dimension 2, Y-axis) was small, about half of the biological effect. For this reason, 
subsequent modelling did not take batch effect into account.  
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Figure 3.10 MA-plot of RNA-seq revealed transcriptomic profile in adrenal chromaffin 
precursor cells versus sympathetic neuroblasts. 

RNA-seq analysis of chromaffin precursor cells and sympathetic neuroblasts revealed 4,786 differential 
expressed genes with fold change (FC) > 2 and false discovery rate (FDR) < 0.05 out of 12,383 annotated 
genes, that 2,938 genes expressed higher in chromaffin cells (red) and 1,848 genes were expressed 
higher in neuroblasts (green). 

  
Figure 3.11 Transcriptome comparison of adrenal chromaffin precursor cells against 
sympathetic neuroblasts. 
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Scatter plot of gene expression levels (CPM) for each gene in the transcriptome of adrenal precursor 
chromaffin cells against sympathetic neuroblasts. The liner correlation coefficient, r, between the two cell 
types was 0.916, suggesting a strong relationship between the two transcriptome (p < 0.01). The slope 
of the best fit line was close to 1 that indicate there was no bias of transcriptomes towards either cell 
types. 

3.3.6 Most Genes are Expressed Between 1-100 CPM 

To further compare the gene expression pattern and facilitate the determination 

of potential regulators by their expression level and fold difference, a separate scatter 

plot of CPM against fold change is shown in Figure 3.12. Note that fold change for the 

genes expressed at high levels in sympathetic neuroblasts were transformed to a 

positive value. The majority of genes (68%) in the differential transcriptome are 

expressed between 1 to 100 CPM. A small proportion (13.5%) of genes were expressed 

at levels higher than 100 CPM with a few of them (26 genes, 0.54%) reaching more 

than 1,000 CPM. For the level of fold difference, 85.29% of the differential genes were 

less than a 10-fold difference. The genes having more than a 10-fold differences were 

mostly found in adrenal chromaffin precursor cells. The fold change of these genes 

was up to 1 or 2 orders of magnitude higher than genes high in sympathetic 

neuroblasts. To further illustrate the gene expression pattern in the adrenal chromaffin 

precursor cells transcriptome, a frequency plot is shown (Figure 3.13). In the 

transcriptome of adrenal chromaffin precursor cells, most of the genes (4,742) genes 

are expressed at the level between 10 to 50 CPM that contributed 27% of total 

annotated gene.   
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Figure 3.12 Gene expression pattern of the differential transcriptome profile.  

Each gene from the differential transcriptome (FC ≥ 2 and FDR ≤ 0.05) plotted with their expression level 
(CPM) against fold change. Notes the fold change of genes expressing high in sympathetic neuroblasts 
were transformed to positive value. 

 
Figure 3.13 Frequency plot of the transcriptome profile in adrenal chromaffin 
precursor cells.  

 Each gene from the adrenal chromaffin precursor cells transcriptome (FC ≥ 2 and FDR ≤ 0.05) are 
grouped with their expression level and plotted with number of genes against expression level (CPM).  
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A major challenge in interpreting RNA-seq datasets is to determine what genes 

are likely to be important in the cell type in question. Large fold-differences in 

expressed genes identify genes that may be important in one cell over the other, but do 

not confirm whether the gene is having an effect in the cell type involved. CPM may 

be a better indicator. Genes expressed at the lowest levels found (< 10 CPM) are much 

less likely to be playing important roles than genes expressed at higher levels. Even 

so, RNA-seq measures only messenger RNA expression and is only the most indirect 

measure of the potential effect of a gene. In the absence of information about protein 

levels and the effects of that protein, the following arguments should be considered 

largely speculative.  

One approach to determine what levels of gene expression may represent an 

“active” gene is to consider the levels of expression of genes known to be playing a 

role in the cells in question. Genes in the network of BMPs-induced transcription 

factors in SA progenitor cells described in chapter 1 are known to be active in SA cells 

(Table 3.3). The genes are important in regulating the catecholaminergic phenotype in 

both cell types considered here (Huber, 2006). PHOX2B and ASCL1 are the earliest 

expressed transcription factors that are induced by BMPs from the dorsal aorta at E11.5 

and act upstream in the network (see Figure 1.5). In the E12.5 transcriptomes, 

expression of Phox2b and its closely-related paralogue Phox2a were about 500 CPM 

while Ascl1 was lower at around 70 CPM. The downstream members within the 

network (Insm1, Gata2/3 and Hand2) were all expressed from 200-400 CPM. 

Therefore, functionally active transcriptional regulator genes in SA development are 

expressed at levels between 70 and 500 CPM, suggesting a reference range for 

targeting potential regulators of cell fate acquisition.   

Table 3.3 List of BMPs-induced transcription factors with their expression level 

 

Gene symbol Gene name Type Fold Change Mean CPM FDR

Ascl1 Achaete-Scute Family BHLH Transcription Factor 1 Transcription Regulator 1.77 70 1.26E-02

Phox2b Paired Like Homeobox 2b Transcription Regulator 1.95 472 1.92E-03

Phox2a Paired Like Homeobox 2a Transcription Regulator 1.60 523 9.53E-02

Insm1 INSM Transcriptional Repressor 1 Transcription Regulator 1.73 261 1.62E-02

Hand2 Heart And Neural Crest Derivatives Expressed 2 Transcription Regulator 1.40 245 1.70E-01

Gata2 GATA Binding Protein 2 Transcription Regulator 1.17 418 5.72E-01

Gata3 GATA Binding Protein 3 Transcription Regulator 1.56 382 6.22E-02
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The mRNA expression levels of the seven BMP-induced transcription factors are shown. All of these 
genes expressed with similar level between adrenal chromaffin precursor cell and sympathetic 
neuroblasts, therefore their fold change is less than 2 with FDR > 0.05. 

3.3.7 Expression of Cell Type-Specific Marker Genes in the 
Transcriptomes 

The RNA-seq data also confirmed the cell type-specific gene expression of 

markers of mature sympathetic neurons and adrenal chromaffin cells (refer to Section 

1.6). CART peptide, shown above by droplet digital PCR as more highly expressed in 

sympathetic neuroblasts, was confirmed by RNA-seq to be expressed more highly in 

neuroblasts than chromaffin cells. Other genes also were expressed appropriately by 

the two cell types. TH and DBH are key enzymes required for catecholamine 

biosynthesis in the SA lineages (see Chapter 1). Messenger RNA expression of Dbh 

in SA cells at E12.5 has been confirmed by in-situ hybridization in previous studies 

(Stubbusch et al., 2013). Chapter 2 showed that in adrenal chromaffin cells, TH-

immunoreactivity was higher than in sympathetic neuroblasts. RNA-seq revealed that 

expression of both Th and Dbh were much higher in FACS-isolated adrenal chromaffin 

cells than neurons (Figure 3.14). The expression pattern of Th mRNA was consistent 

with that deduced for the TH protein and thus further validates the reliability of the 

FACS sorting strategy. Chromagranin A and B are endocrine cell specific markers. 

mRNA of their encoding genes, Chga and Chgb, were also expressed more highly in 

the transcriptome of adrenal chromaffin cells (Figure 3.14).  

In sympathetic neuroblasts, the neuronal markers, neurofilaments light (Nefl) and 

medium (Nefm), along with the sympathetic ganglionic marker,	Stathmin 2 (Stmn2), 

also known as SCG10, were expressed at higher level in the neuroblasts transcriptome 

(Figure 3.14), as reported by Stubbusch et. al. (2013). Expression of others molecular 

markers of SA lineage cells were also highly consistent with the cell type-specific 

patterns reported in the literature. A complete list of their expression levels by RNA-

seq at E12.5 mouse embryo is shown in Table 3.4. 
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Figure 3.14 Expression of marker genes for sympathetic neurons and mature adrenal 
chromaffin cell. 

The mRNA expression levels of the eight representative cell-type specific marker genes are shown 
(mRNA expression levels of other markers are shown in the following Table 3.4). Markers for chromaffin 
cells were all expressed at higher level in the adrenal chromaffin cell transcriptome, while markers for 
neurons were all expressed at higher levels in the sympathetic neuroblast transcriptome. 
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Table 3.4 Expression of SA molecular markers in E12.5 transcriptomes. 

 
Table 1.2 is reproduced here with values from the RNA-seq data substituted in for E12.5. Information for 
other ages is as reproduced in Figure 1.2. Expression of each marker is reported with CPM or annotated 
by symbols, “+” (expressed), “− “(not expressed) and “○” (low expression). Symbols in black, data is from 
mouse; symbols in grey, reported or predicted from data of other species. Blank, no information found. 1 

Data are from E13.5 mouse (Valarche et al., 1993). 2 Expression is clearly observed in adrenal medulla 

Molecular markers E11.5 E12.5 (CPM) E14.5 >E16.5 ReferencesSA SN AC SN AC SN AC
SA markers

DBH Dopamine β hydroxlase + 2470 7376 + + + + Langley & Grant 1999; Stubbusch et al. 2013

TH Tyrosine hydroxylase + 676 5710 + + + + Langley & Grant 1999; Huber et al. 2002

VMAT2

(SLC18A2)

Vesicle monoamine 
transporter 2 + 1440 177 + + + + Hansson et al. 1998; Boldogköi et al. 2002; 


Diez-Roux et al. 2011; Furlan et al. 2013 

CHRNA7

(α7)

Cholinergic Receptor 
Nicotinic Alpha 7 + 83 57 + + + + Gahring et al. 2014

Tuj1

(TUBB3) Tubulin Beta 3 Class III + 1293 557 + + + Tsarovina et al. 2004; Wildner et al. 2008; 

Gonsalvez, 2013; Gahring et al. 2014

NPY Neuropeptide Y + 31 102 + + + + Finotto et al. 1999; Langley & Grant 1999; 
Huang et al. 2010; Diez-Roux et al. 2011

NCAM Neural cell adhesion 
molecules + 470 402 +1 +1 + + Valarché et al. 1993; Langley & Grant 1999; 

Fernandez-Espejo et al. 2005

PGP9.5

(UCHL1) Protein gene product 9.5 + 1303 1017 + + + + Langley & Grant 1999; Wiese et al. 2013

NSE/ENO2 Neuron-specific enolase + 9 40 + + + + Langley & Grant 1999

PHOX2B Paired-like homeobox 2B + 617 329 + + + + Tsarovina et al. 2004; Huber et al. 2005

ASCL1

(MASH1)

Achaete-scute family 
BHLH transcription factor 1 + 89 52 + + − + Huber et al. 2002; Tsarina et al. 2004

Neuronal markers
SCG10

(STMN2)

Superior cervical ganglia 
10 protein/ Stathmin-2 + 1271 511 + + − Langley & Grant 1999; Gut et al. 2005


Diez-Roux et al. 2011; Stubbusch et al. 2013; 

HuC

(ELAVL3)

ELAV-like RNA binding 
protein 3 + 30 50 + + Langley & Grant 1999; Diez-Roux et al. 2011

HuD

(ELAVL4)

ELAV-like RNA binding 
protein 4 + 128 213 + + Langley & Grant 1999; Diez-Roux et al. 2011

NF-L

(NEFL) Neurofilament, light + 2225 583 + − + − Huber and Ernsberger 2006; 


Stubbusch et al. 2013; Huber et al. 2013

NF-M

(NEFM) Neurofilament, medium + 1797 496 + − + − Stubbusch et al. 2013; Stubbusch et al. 2015

RET

(c-Ret) Ret proto-oncogene + 1248 403 + −1 + − Huber et al. 2002; Allmendinger, 2003; 


Pattyn et al. 2006; 

SNAP25 Synaptosome associated 
protein 25 + 112 198 + + + − Diez-Roux et al. 2011; Stubbusch et al. 2013

Syt1 Synaptotagmin I 81 430 + +2 + − Diez-Roux et al. 2011; Stubbusch et al. 2013

VIP Vasoactive intestinal 
peptide 49 2 − − + Fernandez-Espejo et al. 2005; 


Diez-Roux et al. 2011; Kameda 2014

ISL1

(Islet1)

LIM/homeodomain family 
of transcription factors + 566 224 + ○ + ○ Diez-Roux et al. 2011; Furlan et al. 2013; 

Huber et al. 2013; Stubbusch et al. 2015

RAB3A Ras-related protein 3a 78 128 − − − − Diez-Roux et al. 2011; Stubbusch et al. 2013 

Chromaffin markers

CHGA Chromogranin A 1034 6434 + + ○ + Wildner et al. 2008; Diez-Roux et al. 2011; 
Huber et al. 2013; 

CHGB Chromogranin B 195 5037 + + ○ + Wildner et al. 2008; Diez-Roux et al. 2011

VMAT1

(SLC18A1)

Vesicle monoamine 
transporter 1 + 186 813 + + − + Gut et al. 2005; Lohr et al. 2006; 


Reiprich et al. 2008; Diez-Roux et al. 2011

PNMT Phenylethanolamine N 
methyl transferase − 0.2 0.3 − +3 − +3 Lohr et al. 2006

DLK1

(FA1)

Delta-like 1 homolog or 

fetal antigen1 1144 9287 + − + Falix et al. 2013; Huber 2014; 


Diez-Roux et al. 2011
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at E14.5, but not in E12.5 and E16.5 adrenal medullae. 3 PNMT is only expressed in a subpopulation of 
chromaffin cells. 

3.3.8 Genes Selected as Potential Regulators. 

To target genes that may potentially contribute to the segregation or cell fate 

acquisition by adrenal chromaffin cell and sympathetic neuroblasts, we ranked the 

RNA-seq revealed differential transcriptome by expression level or by fold difference. 

Among 4,786 differentially expressed genes, the top 10 most expressed genes (by 

CPM) are shown in Table 3.5. Most of them encode for structural and secretory 

proteins that are unlikely to be related to regulation of cell fate acquisition. However, 

two of the genes are involved in cell signalling. The angiotensin II receptor type 2 

(Agtr2) is highly expressed by both cell types, with a two-fold difference in expression. 

Angiotensin receptors are widespread in the adult sympathetic nervous system and 

adrenal, where they play important roles in fluid and electrolyte homeostasis. As 

described previously, DLK1 expression has been reported in embryonic adrenal 

chromaffin cells (Falix et al., 2013; Huber, 2014). It was the highest differentially 

expressed gene in the comparative transcriptome. DLK1 is a transmembrane protein 

that acts as a ligand for non-canonical Notch signalling. Notch signalling is well-

known to have important roles during embryonic development. The potential role of 

DLK1 in the segregation of SA cell lineages therefore is worthwhile for further 

investigation (details of DLK1 will be discussed in Chapter 4 and 5).       

Table 3.5 List of top 10 genes by CPM 

 
Genes from the differential transcriptome were ranked by average CPM and the top 10 in the list are 
shown. 

When the transcriptome was ordered by fold change, fifty-nine genes ranked by 

fold change (1.23% of the total) had more than 100-fold differences between the two 

Gene symbol Gene name Type Fold Change Mean CPM FDR

Dlk1 Delta-Like 1 Homolog Notch Ligand 7.89 5243 7.59E-13

Dbh Dopamine Beta-Hydroxylase Biosynthesis Enzyme 2.93 4985 1.66E-04

Chga Chromogranin A Secretory Protein 6.02 3738 6.02E-11

Th Tyrosine Hydroxylase Biosynthesis Enzyme 8.21 3231 1.17E-11

Tubb5 Tubular Beta 5 Class I Structural Protein 3.62 2627 2.57E-05

Chgb Chromogranin B Secretory Protein 24.34 2500 3.36E-26

Tuba1a Tubular Alpha 1a Structural Protein 2.90 2433 8.60E-04

Actb Beta Actin Structural Protein 2.00 2394 2.11E-02

Agtr2 Angiotensin II receptor type 2 Receptor Protein 2.06 2202 2.91E-02

Cyb561 Cytochrome B561 Secretory Protein 3.73 2051 2.71E-06



 

 
96 

cell types (Figure 3.12). However, the mean expression level for most of the most 

highly differentially expressed genes were less than 10 CPM. This was due to very low 

to zero expression in sympathetic neuroblasts (Table 3.6). The gene with the highest 

fold difference was Ppbp (pro-platelet basic protein), a gene expressed in adrenal 

chromaffin cells at 14.07 CPM. The protein encoded by Ppbp is a platelet-derived 

growth factor, also known as the chemokine (C-X-C motif) ligand 7 (CXCL7), a potent 

chemoattractant of neutrophils. The other members of the chemokine family include 

CXCL1 and CXCL2, both reported to be expressed by astrocytic cells in the CNS (Lu 

et al., 2005) and CXCL12. CXCL12 has been shown to regulate the migration of SA 

cells (Saito et al., 2012) and is also expressed 2.84 fold higher in chromaffin cells at 

12.91 CPM. Although the expression level is low, as defined in section 3.3.6, a role 

for PPBP/CXCL7 in adrenal chromaffin cell development still remains possible.  

Table 3.6 List of top 10 most highly differentially expressed genes 

 
Genes from the differential transcriptome were ranked by fold change and the top 10 in the list are shown. 

To identify genes likely to be important for the differentiation of SA lineage cells, 

it likely that both high fold difference and a critical level of expression are important. 

The expression levels of the selected genes need to be high enough so there is a good 

chance that the gene product is active and also so the expression levels can be validated 

by PCR or immunohistochemistry. With the effective expression levels suggested by 

the BMPs-induced transcription factors, genes expressed at around 100 to 1000 CPM 

are likely to be active and hence good candidates, but to be safe, we considered genes 

with CPM as low as 15. Apart from the level of expression and fold difference, we 

also considered the potential relevance to development for each gene. This favoured 

Gene 
symbol

Gene name Type Fold Change Average CPM FDR

Chromaffin cells Neuroblasts

Ppbp Pro-Platelet Basic Protein Growth Factor 3553.90 14.07 0.00 7.54E-44

Kcnj5 Potassium Voltage-Gated Channel 
Subfamily J Member 5

Ion Channel Protein 892.09 3.54 0.00 3.06E-23

Adra1a Adrenoceptor Alpha 1A Receptor 857.38 3.48 0.00 9.47E-19

Xdh Xanthine Dehydrogenase Biosynthesis Enzyme 496.80 13.54 0.02 6.77E-41

Cyp11b1 Cytochrome P450 Family 11 
Subfamily B Member 1

Secretory Protein 461.66 1.70 0.00 2.49E-11

Clec1b C-Type Lectin Domain Family 1 
Member B

Receptor 386.70 1.52 0.00 1.49E-14

Hmgcs2 3-Hydroxy-3-Methylglutaryl-CoA 
Synthase 2

Biosynthesis Enzyme 342.55 1.36 0.00 5.73E-12

P2rx1 Purinergic Receptor P2X 1 Receptor 299.51 3.53 0.01 9.96E-21

Mmrn1 Multimerin 1 Carrier Protein 293.33 1.17 0.00 3.86E-09

Gp9 Glycoprotein IX Platelet Membrane Glycoprotein 292.46 3.40 0.01 8.57E-19
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transcription regulators or components of signalling pathways involved in 

development. Hence, 10 genes including E74-Like Factor 3 (Elf3), E74-Like Factor 4 

(Elf4), Nik-Related Kinase (Nrk), Msh Homeobox 2 (Msx2), Distal-Less Homeobox 1 

(Dlx1), Distal-Less Homeobox 2 (Dlx2), Delta-Like 4 (Dll4), Delta-Like 1 Homolog 

(Dlk1), Forkhead box Q1 (Foxq1) and Frizzled class receptor 10 (Fzd10) and were 

selected as genes of interest (Table 3.7). All were expressed higher in adrenal 

chromaffin precursor cells. We have also included one gene that is more highly 

expressed in sympathetic neuroblasts, bone morphogenetic protein receptor type 1 B 

(Bmpr1b) (Table 3.7). Expression of these genes was measured using digital droplet 

PCR to independently confirm the RNA-seq. More details of these genes will be given 

in the Discussion section.   

Table 3.7 List of 11 selected differentially expressed genes of interest 

 
Genes are selected from the differential transcriptome based on both fold change and average CPM, as 
well as their biological or functional relevancy for development.  

3.3.9 Validation of RNA-seq Data by ddPCR 

To validate the RNA-seq data, the 11 selected genes of interest shown in Table 

3.7 were further investigated by ddPCR for mRNA expression. For each gene, 3 

biological replicates from each cell type from E12.5 embryos were subjected to 

analysis (Table 3.2). Expression of the widely-used house-keeper gene, Gapdh, was 

also analysed. The previously reported ddPCR Cartpt expression patterns were also 

included. This group of genes covered a broad range of expression levels from less 

than 1 CPM to almost 10,000 CPM and different levels of fold change with genes not 

Gene 
symbol

Gene name Type Fold Change Average CPM FDR

Chromaffin cells Neuroblasts

High in Chromaffin cells

Elf3 E74-Like Factor 3 Transcription Regulator 129.61 70.21 0.53 2.91E-40

Elf4 E74-Like Factor 4 Transcription Regulator 14.85 227.91 15.07 2,98E-23

Nrk Nik Related Kinase Transcription Regulator 53.49 903.65 16.13 1.78E-11

Msx2 Msh Homeobox 2 Transcription Regulator 52.08 15.36 0.29 4.67E-25

Dlx1 Distal-Less Homeobox 1 Transcription Regulator 42.70 53.68 1.21 1.48E-34

Dlx2 Distal-Less Homeobox 2 Transcriptional regulator 12.66 104.81 8.07 6.81E-27

Dll4 Delta-Like 4 (Drosophila)  Notch Ligand 24.78 40.86 1.61 3.19E-23

Dlk1 Delta-Like 1 Homolog  Notch Ligand 7.89 9286.83 1143.90 7.95E-23

Foxq1 Forkhead box Q1 Transcription Regulator, Wnt Target 60.07 191.28 3.10 4.01E-58

Fzd10 Frizzled class receptor 10 Wnt Receptor 37.91 21.19 0.55 8.00E-24

High in Neuroblasts

Bmpr1b BMP Receptor Type 1B BMP Receptor 11.26 2.27 24.32 6.99E-07



 

 
98 

only high in adrenal chromaffin cell but also high in sympathetic neuroblasts (Bmpr1b 

and Cartpt) as well as a gene expressed equally across both cell types (Gapdh). For all 

of the genes, mRNA expression patterns by ddPCR were highly consistent with RNA-

seq (Figure 3.15) in that the fold change of expression in adrenal chromaffin cells 

relative to sympathetic neuroblasts revealed by both methods were strongly correlated 

in linear regression analysis (r = 0.989). Thus the RNA-seq data appear reliable. Note 

there were no copies of transcript for Elf3 detected in the sympathetic neuroblasts by 

ddPCR in agreement with RNA-seq, therefore its fold change between cell types could 

not be calculated and reported.  

 
Figure 3.15 Validation of RNA-seq by ddPCR with 12 selected genes. 

The RNA-seq data were verified by ddPCR with 11 selected genes covering high and low expression 
levels and fold changes plus the widely-used house keeper gene Gapdh. The fold change of expression 
in adrenal chromaffin cells to sympathetic neuroblasts revealed by RNA-seq strongly correlated with 
ddPCR result (r = 0.978, p < 0.01).  
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3.3.10 Gene Ontology Analysis 

Gene ontology (GO) analysis classified the transcriptomes of E12.5 adrenal 

chromaffin cell and sympathetic neuroblasts into 17 and 28 GO functional terms 

respectively (Table 3.8). For the adrenal chromaffin cells, genes were abundant in 

biological process that included; pattern specification processes, cell-cell signalling, 

system development, cell-cell adhesion and synaptic vesicle exocytosis. Among these, 

“pattern specification; dorsal/ventral axis specification” was the most highly 

overrepresented term with 4.54-fold enrichment. Overrepresentation of “synaptic 

vesicle exocytosis” in the transcriptome suggests that the development of endocrine 

function in chromaffin cell has been initiated as early as in the precursor stage. For the 

transcriptome of sympathetic neuroblasts, biological processes such as chromatin 

organization, cell cycle, DNA metabolic process and regulation of gene expression, 

epigenetic were overrepresented. “organelle organization; chromatin assembly” was 

the most enriched term with 8.46-fold. Most of these categories are related to 

proliferation. This fits well with the fact that sympathetic neuroblasts are highly 

proliferative after differentiation from neural crest cells, in contrast to adrenal 

chromaffin cells (see Chapter 2).    
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Table 3.8 Gene ontology classification by overrepresentation test for enrichment 
analysis. 

 

GO Term (GO ID) Number of 
Observed Genes Fold Enrichment p Value

High in Adrenal Chromaffin Cells

Developmental process (32502) 298 1.45 3.11E-08

Pattern specification process (7389) 35 2.11 1.18E-02

Dorsal/ventral axis specification (9950) 12 4.54 5.08E-03

Cell communication (7154) 391 1.28 5.48E-05

Cell-cell signaling (7267) 91 1.9 2.96E-06

Transmembrane receptor protein tyrosine kinase signalling pathway (169) 46 2.33 6.36E-05

Synaptic transmission (7268) 59 1.81 3.92E-03

Intracellular signal transduction (35556) 148 1.43 3.64E-03

Signal transduction (7165) 335 1.21 4.10E-02

Anatomical structure morphogenesis (9653) 36 2.15 6.74E-03

Ectoderm development (7398) 74 1.84 2.21E-04

System development (48731) 160 1.45 6.59E-04

Nervous system development (7399) 107 1.58 1.18E-03

Biological adhesion (22610) 99 2 4.76E-08

Cell-cell adhesion (16337) 61 1.94 4.06E-04

Others

Synaptic vesicle exocytosis (16079) 23 2.63 9.99E-03

Blood circulation (8015) 38 2.58 6.47E-05

High in Sympathetic Neuroblasts

Cellular component organization or biogenesis (71840) 229 1.9 3.21E-18

Cellular component organization (16043) 213 1.92 2.96E-17

Organelle organization (6996) 141 2.7 5.18E-23

Chromatin assembly (31497) 15 8.46 1.79E-07

Chromatin organization (6325) 88 4.63 6.96E-29

Cytoskeleton organization (7010) 26 2.48 8.75E-03

Cellular component biogenesis (44085) 56 1.67 4.72E-02

Cellular process (9987) 737 1.24 1.13E-11

Chromosome segregation (7059) 39 5.15 1.04E-13

Cell cycle (7049) 145 2.45 6.48E-20

Mitosis (7067) 70 2.89 3.47E-12

Regulation of cell cycle (51726) 19 2.6 5.00E-02

Metabolic process (8152) 620 1.31 4.71E-13

Primary metabolic process (44238) 545 1.35 2.86E-13

Nucleobase-containing compound metabolic process (6139) 373 1.73 1.60E-24

DNA metabolic process (6259) 94 4.01 2.28E-26

DNA recombination (6310) 18 5.39 4.06E-06

DNA replication (6260) 43 4.32 1.41E-12

DNA repair (6281) 45 4.07 2.55E-12

RNA splicing, via transesterification reactions (375) 31 3.16 1.12E-05

mRNA processing (6397) 45 2.67 1.82E-06

mRNA splicing, via spliceosome (398) 38 3.01 1.24E-06

Regulation of nucleobase-containing compound metabolic process (19219) 61 1.63 4.71E-02

Nitrogen compound metabolic process (6807) 229 1.68 3.22E-12

Phosphate-containing compound metabolic process (6796) 124 1.45 7.03E-03

Biosynthetic process (9058) 147 1.42 4.25E-03

Others

Regulation of gene expression, epigenetic (40029) 19 4.04 1.31E-04

Nuclear transport (51169) 21 3.11 1.93E-03
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Gene ontology analysis was performed by PANTHER v.11 (Mi et al., 2013) statistical overrepresentation 
test with Mus musculus reference list. Transcriptomes for adrenal chromaffin cells and sympathetic 
neuroblasts with FC > 2 were tested separately. Only overexpressed term with p < 0.05 are shown.   
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3.4 Discussion 

This study shows that differences in EYFP expression driven from the TH 

promoter allow for the isolation of early (E12.5) sympathetic neuroblasts and adrenal 

chromaffin precursor cells by FACS. The cell type-specific transcription profiles of 

purified sympathetic neuroblasts and adrenal chromaffin precursor cells from E12.5 

mouse embryos were then revealed by RNA-seq for comparative transcriptomic 

analysis. By using TH-Cre recombinase/ROSA driven EYFP mice, I demonstrated a 

systematic work-flow from animal characterization, stage-specific tissue dissection 

and FACS-based isolation strategy to high quality RNA preparation for transcriptome-

wide sequencing. The FACS-based isolation strategy developed suggested a routine 

isolation method for acquiring sufficient numbers of purified sympathetic neuroblasts 

and adrenal chromaffin precursor cells that could facilitate further research in SA 

lineages, for instance in cell culture or transplantation experiments. As a result of the 

comparative transcriptomic analysis, a group of candidate genes involved in cell fate 

determination during SA lineages development were identified and targeted for further 

study. 

3.4.1 FACS-based Isolation Strategy Effectively Isolated the 

Sympathetic Neuroblasts and Adrenal Chromaffin Cells 

Isolating adrenal chromaffin precursor cells from sympathetic neuroblasts has 

been challenging because the two cell types share a similar phenotype early in their 

segregation and are anatomically intermingled. Currently, identification of adrenal 

chromaffin cells is only possible by their anatomical location when the cells have 

embedded among SF1-expressing adrenal cortex cells (Reiprich et al., 2008; Huber et 

al., 2013; Stubbusch et al., 2013; Stubbusch et al., 2015). For quantitative gene 

expression analysis, a direct, specific and accurate identification method is desired. 

Potential cell type-specific markers including SCG10 (Stubbusch et al., 2013) and 

CART (Chapter 2) appear to be useful for this purpose. However, the differential 

expression of TH used to drive a fluorescent marker proved to be a successful method 

that not only facilitates the discrimination of the two cell types, but also allows cell 

type-specific isolation of live cells by FACS.  
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TH-IR and EYFP-IR are inversely correlated  

In TH-Cre-EYFP mice, adrenal chromaffin precursor cells and sympathetic 

neuroblasts were identified by differential EYFP expression in that the adrenal 

chromaffin precursor cells showed lower EYFP intensity than sympathetic 

neuroblasts. Surprisingly, EYFP expression in the two cell types was inversely 

correlated with the TH expression as shown by immunohistochemistry using anti-TH 

antiserum (Chapter 2). Adrenal chromaffin cells express high levels of TH, as judged 

by the intensity of TH-immunoreactivity, but low levels of EYFP driven from the TH-

promoter. Sympathetic neuroblasts showed the opposite pattern (low levels of TH-

immunoreactivity, high level of EYFP). As Eyfp gene expression is activated by the 

Cre/LoxP system in an all-or-nothing manner there must be some aspect of differential 

protein translation or post-translational processing that limits the expression of EFYP 

protein in chromaffin cells. This process is independent of the handling of TH protein 

and may relate to the fact that EYFP is a foreign protein. 

Effectiveness of FACS isolation  

A key question is how effective is the separation by FACs of the two cell types? 

In particular, how pure are the isolated cells of each type? While Figure 3.6 shows two 

well defined clusters of cells separated by FACS at E12.5, there are some cells lying 

between the two clusters, which are difficult to assign to one or other cell type. For 

this reason, a FACS isolation strategy was chosen that minimizes any chance of mis-

assignment of cells. The gating strategy in FACS was set carefully to gate out 

ambiguous cells lying between the high EYFP fluorescence and low EYFP 

fluorescence cell clusters in the FACS plot.  

Another potential source of contaminating cells is the presence of a third cell type 

in addition to the chromaffin cells and sympathetic neuroblasts. Extra-adrenal 

chromaffin cells of the organ of Zuckerkandl (paraganglion cells) were present in close 

association with the sympathetic neuroblasts and adrenal chromaffin cell. These cells 

shared characteristics of both sympathetic neuroblasts and adrenal chromaffin cells in 

that they were high in TH but also expressed CART. At E13.5, when they were most 

easily identified, they comprised about 14% of the EYFP+ population. Cells with these 

characteristics were also observed at E12.5 (Figure 3.5). The organ of Zuckerkandl 
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cells would normally be sorted with the sympathetic neuroblasts by FACS on the basis 

of their high EYFP fluorescence. 

The ability to measure side-scatter in cells subjected to FACS was also used to 

minimize contamination from the Organ of Zuckerkandl cells. Side-scattered light 

(SSC) in FACS is a measure of cell complexity or granularity. Early adrenal 

chromaffin cells showed a relatively higher side-scattered light intensity than 

sympathetic neuroblasts, presumably because as secretory endocrine cells they are 

already rich in granules for catecholamine synthesis and storage. Sympathetic 

neuroblasts show relatively lower levels of SSC. On the assumption that the organ of 

Zuckerkandl cells are paraganglion cells that are likely also to be granular, we gated 

out high EYFP cells with the highest levels of side scatter (Figure 3.6, C−D).   

The gating strategy used to purify the two cell populations was successful. 

Sympathetic neuroblasts, the only one of the two cell types to show CART peptide-

immunoreactivity, are eight-fold enriched in Cartpt mRNA (ddPCR-revealed) after 

FACS isolation. Messenger RNA for a range of markers of the two cell types 

(chromagranins, neurofilaments, SCG10, VMAT1 and DLK1 etc.) are also 

differentially expressed, as revealed by RNA-seq, in a way that confirms the 

identification of the two cells types. However, neither of these results can rule out 

contamination of the two cell isolates by some cells of the opposite type, although, 

based on the wide differences in expression of the various markers tested, it seems 

reasonable to assume that any contamination is small. Importantly, low levels of cross-

contamination would not prevent the identification of genes that are likely to be 

important in driving the differentiation of the two lineages. 

FACS-isolated SA lineages cells produce good quality and quantity of RNAs 
for whole transcriptome analysis  

The number of early SA lineage cells in embryonic mice is small, therefore a high 

recovery RNA method is desired. In the course of this thesis, I compared the yield of 

several combinations of widely-used RNA preparation methods for these cell types 

including needle and syringe homogenization, shredder tube homogenization, 

RNAlater® stabilization, solvent-phase phenol-chloroform based Trizol extraction 

and solid-phase silica-gel based Qiagen column extraction methods (data not shown). 
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Based on the amount and quality of RNA recovered, combining the solvent-phase 

Trizol and solid-phase Qiagen column was optimal.  

The FACS-based isolation strategy and RNA preparation method described in 

this study allows the isolation of purified sympathetic neuroblasts and adrenal 

chromaffin cells as well as their RNA, which allowed comparative transcriptomic 

analysis. 

3.4.2 RNA-seq Identified the Potential Regulators of SA Differentiation 

RNA-seq approach in this this study gives a good statistical power for 
detecting differential expressed gene 

An RNA-seq experiment consists of a variety of different approaches and 

strategies depending on the research goals. Optimal experimental design is crucial for 

a successful RNA-seq study (Conesa et al., 2016). We aimed to reveal the differential 

transcriptomes between the two cell types. Experimental design included selection of 

library type, sequencing depth and number of replicates. For non-targeted differential 

gene expression analysis, total RNAs are analyzed with random priming cDNA library 

preparations so that both protein encoding and non-encoding RNAs were covered in 

the transcriptome. However because non-targeted RNA was extracted with a silica-gel 

based column, any small RNAs, including miRNAs, in the transcriptome would be 

lost. As the mouse genome is a well-annotated genome and discovery of new 

transcripts was not our first interest, 50-base pairs single-end read and about 30 million 

reads sequencing depth (average informative reads per sample = 32,083,621) were 

suitable for our differential expression analysis. In differential expression analysis, 

biological variation has more influence than technical noise for experimental 

reproducibility. A high statistical power for detecting differential expression is 

dependent on the sequencing depth and number of replicates. Four biological replicates 

give more than 87% statistical power, with only a 5% type 1 error rate, for identifying 

differentially expressed genes (30M sequencing depth with 70 aligned read) with 2-

fold change (Hart et al., 2013; Conesa et al., 2016). 
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The large number of differentially expressed genes suggests cell fate 
commitment could be earlier than previously thought 

The comparative transcriptome analysis revealed that more than 4,000 genes 

were differentially expressed between E12.5 adrenal chromaffin cell precursors and 

sympathetic neuroblasts (Figure 3.10). The number of differentially expressed genes 

in the transcriptome is relatively large compared to most RNA-seq studies. For 

example, 1,497 differentially expressed genes with fold change > 2 were found 

between subtypes of mouse retinal progenitor cells by RNA-seq (Gao et al., 2014), 

while 1,500 genes with 1.5-fold changes were revealed between developing tendon 

cells and others tissues in mouse embryonic limb (Liu et al., 2015). The large 

differences in our transcriptome are surprising as we assumed that the two daughter 

cells had only just started to differentiate from their SA progenitor. The high number 

of differentially expressed genes raises the possibility that the actual timing of 

segregation of the two lineages could be pushed back earlier than previously thought, 

to E11.5 or even E11.0. This is further supported by the early expression of some 

marker genes characteristic of more mature cells, including Chga/b and Nefl/m at 

E12.5 (Figure 3.13). The limitation at the moment to pushing the analysis to younger 

ages is that there are no markers available that distinguish between the two cell types 

for identifying and isolating SA cells younger than the E12.5. However, single-cell 

RNA sequencing allows the possibility of examining a mixed population of SA 

progenitor cells and the two daughter lineages at an earlier stage and identifying the 

very earliest differentiating cells of each lineage (Kumar et al., 2017). Such technology 

was not available locally at the time of this study. 

Segregation of chromaffin precursor cells from neuroblasts  

The gene expression pattern of the two transcriptome profiles shows more genes 

expressed at high level in adrenal chromaffin cells compared with sympathetic 

neuroblasts (Figure 3.12). Moreover, the fold changes of the most differentially-

expressed genes in chromaffin cells were generally higher by about 1 to 2 orders of 

magnitude than the most differentially expressed genes in sympathetic neuroblasts. 

This pattern was shown not to be due to some systematic bias in measuring genes but 

may imply that the mechanism of segregation of the two cell types is initiated by 

changes solely in adrenal chromaffin cells. That is, rather than having SA progenitor 

cells give rise to two cell lineages that then diverge from each other, all the changes in 
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gene expression are in adrenal chromaffin precursors with neuroblasts continuing to 

resemble SA progenitor cells with little molecular change, as SA cells are already very 

sympathetic neuroblast-like. The other major difference in gene expression between 

chromaffin cells and neuroblasts is due to the down-regulation of cell cycle genes in 

chromaffin cells, most of which withdraw from the cell cycle (Chapter 2). 

Ten potential regulators of SA development are suggested 

Amongst the genes expressed in chromaffin cells must be those that are involved 

in driving the acquisition of a chromaffin cell fate. Based on differential expression 

and absolute expression levels, 10 genes (Table 3.7) were selected as potential 

regulators of chromaffin cell differentiation from SA cells (Elf3, Elf4, Nrk, Msx2, 

Dlx1, Dlx2, Dll4, Dlk1, Foxq1 and Fzd10). Bmpr1b was included in this list as an 

example of gene more highly expressed in sympathetic neuroblasts. These eleven 

genes are discussed below. 

ELF3 and ELF4 

The E74-like factor 3 (Elf3) and its paralog, E74-like factor 4 (Elf4) encode for 

transcription factors of the E26 transformation-specific (ETS) family. Elf3 exhibited 

the highest fold difference among the 10 candidates. Members of the ETS family are 

characterized by a highly conserved DNA-binding domain with 84-amino acids 

(Wasylyk et al., 1994). ETS transcription factors are known to be involved in 

embryonic development, cell proliferation and cell differentiation (Oliver et al., 2012).  

High levels of Elf3 expression have been reported during development of the lung as 

well as lung carcinoma (human analogue, ESE-1 in human lung carcinoma) and 

adenocarcinoma (Tymms et al., 1997). Impaired regulation of ETS proteins results in 

tumorigenesis due to dysregulation of cell growth (Sharrocks, 2001).  

NRK 

Nik (Nck-interacting kinase)-related kinase (Nrk) is an X chromosome-linked 

gene and belongs to the group I germinal center kinase (GCK) subfamily of the Ste20-

type kinase family (Kanai-Azuma et al., 1999). The GCK family is known to play 

essential roles in development. Nrk is widely expressed in embryonic skeletal muscle 

whereas it is lacking in adult tissues (Kanai-Azuma et al., 1999). Its expression in 

chromaffin cells was the second highest in terms of both expression level (903.65 
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CPM) and fold difference (53.49-fold). Knowledge of the physiological role of NRK 

is limited. Target gene mutation studies suggest that NRK is required for placental 

development and for regulating mammary epithelial cell proliferation during 

pregnancy (Denda et al., 2011; Yanagawa et al., 2016). In NRK-deficient mice, breast 

tumors develop during pregnancy (Yanagawa et al., 2016).  

MSX2 

Msh (muscle segment homeobox) 2 (Msx2) encodes for a homedomain 

transcription factor that is a paralog of Msx1. Both Msx2 and Msx1 were differentially 

expressed in the adrenal chromaffin cell transcriptome and are involved in BMP 

signalling. Their proteins, MSX1 and MSX2, influence neuronal patterning of the 

spinal cord (Duval et al., 2014) and act upstream of atonal BHLH transcription factor 

1 (ATOH1). In human pluripotent stem cells, MSX2 acts as a master mediator for 

mesendodermal differentiation (Wu et al., 2015).  

DLX1 and DLX2 

Distal-Less Homeobox 1 and 2 (Dlx1 and Dlx2) encode homeobox transcription 

factors that belong to the Hox family and play important roles in development. Dlx1 

and Dlx2 control cell fate in the brain in that they repress the formation of 

oligodendrocyte precursor cells from the common progenitor that also gives rise to 

GABAergic neurons in the embryonic forebrain (Petryniak et al., 2007). In basal 

ganglia of the embryonic brain, Dlx1 and Dlx2 also regulate cell fate between cortical 

and striatal interneurons through the regulation of zinc finger homebox gene (Zfhx1b) 

expression (McKinsey et al., 2013). Their role in cell fate acquisition makes these 

genes of interest in SA lineage development.    

DLL4 and DLK1 

Delta-Like 4 (Dll4) and Delta-Like 1 Homolog (Dlk1) both encode for ligands in 

the Notch signalling pathway. Delta-Notch signalling plays critical roles in cell-fate 

decisions during development. DLL4 is one of the five canonical Notch ligands that 

interact with NOTCH1/2/4 receptors. DLL4 is widely expressed in developing blood 

vessels and is essential for vascular development (Benedito and Duarte, 2005). 

Overexpression of Dll4 leads to angiogenesis and is associated with cancer metastasis 

(Li et al., 2009). 
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In contrast, DLK1 belongs to the non-canonical Notch pathway that acts as a 

negative regulator by competition with the canonical ligand of the Notch1 receptor 

(Falix et al., 2012). During embryonic development, DLK1 is widely expressed in 

different tissues, including the placenta, liver, skeletal muscle and adrenal gland (Falix 

et al., 2012). In the adrenal gland during embryonic development of human (week 12), 

DLK1 mRNA (also known as fetal antigen1, FA1 and preadipocyte factor 1, Pref-1) is 

detected solely in the adrenal cortex (Jensen et al., 1993; Floridon et al., 2000). The 

expression of DLK1 in the adrenal medulla only becomes detectable at mid-embryonic 

stages of human (week 20) and is maintained in the adult medulla (van Limpt et al., 

2003). In mouse, DLK1 expression is found in the adrenal chromaffin cells during 

embryonic development at E14.5 (Falix et al., 2013). Expression of Dlk1 mRNA has 

also been reported in chromaffin precursor cells (Huber, 2014). RNA-seq 

transcriptomes revealed that Dlk1 is the highest expressed gene in the differential 

transcriptome with expression levels up to 9,000 CPM in adrenal medullary 

chromaffin cells. Dlk1 has been reported to be involved in neuroendocrine 

differentiation in lung and in neuroendocrine tumor (Laborda et al., 1993). Chromaffin 

cell-originated neuroblastoma is also associated with high expression of Dlk1 (van 

Limpt et al., 2000).   

Dlk1 is a maternally imprinted gene meaning that only paternal Dlk1 is expressed. 

Genomic imprinting represents one of the major types of epigenetic gene regulation 

processes (Fedoriw et al., 2012). Most of the imprinted genes are grouped into different 

imprinted loci with each locus sharing an imprinting control region. Dlk1 belongs to 

the Dlk1-Dio3 loci (Ferrón et al., 2011). The Dlk1-Dio3 loci also contains a large 

number of non-coding RNAs including long non-coding RNA (lncRNA). Defects in 

the epigenetic control of the non-coding RNA from the Dlk1-Dio3 locus caused 

reduced neural differentiation potential in human embryonic stem cell lines and 

prenatal lethality in uniparental disomy mice (Lin et al., 2007; Mo et al., 2015). A 

double or triple dose of Dlk1 also causes postnatal lethality in mice due to major organ 

abnormalities (Teixeira da Rocha et al., 2009). The role of Dlk1 during chromaffin cell 

development may hence involve epigenetic control through the Dlk1-Dio3 imprinted 

locus.  
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FOXQ1 and FZD10 

Forkhead box Q1 (Foxq1) and Frizzled class receptor 10 (Fzd10) are both related 

to Wnt signalling in that the transcription factor FOXQ1 is a downstream target of the 

Wnt pathway while FZD10 is a Wnt protein receptor (Goering et al., 2008; Fan et al., 

2014). Wnt signalling is well known for its role in axis and patterning formation during 

embryonic development. Foxq1 is the second highest fold-difference genes among the 

10 candidates. It has been reported to be involved in hair follicle development and 

gastric acid secretion (Christensen and Anderle, 2015). It has also been shown to be 

correlated with the metastasis of various cancers, including breast cancer, colorectal 

cancer, gastric cancer, glioma and heptocarcinoma (Christensen and Anderle, 2015).  

In colorectal cancer, increased expression of FOXQ1 is believed to be due to 

hyperactive Wnt pathways (Christensen et al., 2013). The role of FOXQ1 in cancer 

promotion is related to the induction of an epithelial to mesenchymal transition (EMT) 

through TGF-β1 regulation (Zhang et al., 2011; Fan et al., 2014)). In glioma, FOXQ1 

also promotes tumor progression by regulating neurexin 3 (NRXN3) expression (Sun 

et al., 2013). 

Expression of Fzd10 has been shown to start in early gastrulation in mouse 

development (Kemp et al., 2007). FZD10 has been reported to be involved in the 

activation of both the canonical β-catenin-dependent Wnt signalling pathway and the 

non-canonical Rac1-JNK pathway (Fukukawa et al., 2009; Galli et al., 2014). In chick, 

FZD10 is required for spinal cord development by mediating WNT1/3A signalling 

(Galli et al., 2014). In humans, FZD10 is highly expressed in synovial sarcoma and is 

responsible for it progression (Fukukawa et al., 2009). The role of FOXQ1 and FZD10 

in SA development, however, is unknown.  

BMPR1B 

Bone morphogenetic protein receptor type 1b (Bmpr1b, also known as Alk6) is 

the only gene selected from the differential transcriptome that was higher in the 

neuroblasts than chromaffin cells. Bmpr1b encodes for a transmembrane kinase 

receptor interacting with ligands from the TGF- β superfamily like the growth and 

differentiation factor 5 (GDF5) and various BMPs (Graul-Neumann et al., 2014). 

Other BMP type 1 receptors include BMPR1A and BMPRII. BMP signalling is 

important for nervous system development, particularly during the dorsal neural tube 
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formation and SA progenitor cell specification (Stottmann and Klingensmith, 2011) 

and BMPR1A has been shown to be responsible for dendrite development (Majdazari 

et al., 2013). Signalling activated through BMPR1B could inhibit cell proliferation, 

migration and invasiveness (Dai et al., 2016). A low level of BMPR1B expression is 

related to metastasis of cancers including breast cancer, prostate cancers and ovarian 

cancer (Ide et al., 1997; Ma et al., 2010; Dai et al., 2016). Mutation of Bmpr1b in 

Booroola sheep is associated with smaller adrenal glands (Souza and Baird, 2004). A 

role for BMPR1B in adrenal development has been proposed (Johnsen and Beuschlein, 

2010), although it is expressed at very low levels at E12.5 in our study.  

3.4.3 Summary 

The transcriptome generated here provides a valuable reference for further study 

in SA development. The next step will be to confirm the protein expression of the 11 

genes selected and study their role in SA lineages segregation.   
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4.1 Introduction 

In chapter 3, I described the transcriptomic profiles of adrenal chromaffin 

precursor cells and sympathetic neuroblasts during a key stage of cell fate acquisition, 

using RNA-seq. Comparative transcriptomic analysis identified more than 4,000 genes 

that were significantly differentially expressed between the two lineages. Among 

these, 10 potential regulators genes including Elf3, Elf4, Nrk, Msx2, Dlx1, Dlx2, Dll4, 

Dlk1, Foxq1 and Fzd10 were selected based on their differential expression level and 

potential relevancy to development. Many of these genes encode for transcription 

regulators, another three (Dll4, Dlk1, Foxq1) are ligand-encoding genes, while Fzd10 

is a receptor involved in Wnt signalling. All of the genes are involved in different 

aspects of embryonic development. Apart from Dlk1, none of these genes has been 

previously implicated in SA development.   

In this chapter, the potential role of the 10 selected genes in SA lineages 

segregation will be further explored by temporal mRNA expression pattern analysis, 

immunostaining for protein expression and by target mutation in transgenic mice. The 

temporal mRNA expression patterns of the 10 genes plus Bmpr1b and Ppbp during 

SA development from E11.5 to E14.5 were examined. All of the genes were expressed 

transiently at E12.5 and E13.5, the key stage of cell segregation, suggesting a role in 

segregation. Because of the constrained time for my Ph.D. candidature, only selected 

genes are then analysed by immunohistochemistry and target mutation analysis. The 

protein expression of DLK1, FOXQ1 and NRK protein were examined by 

immunohistochemical staining at E12.5 and E13.5. The differential immunostaining 

patterns of DLK1 and FOXQ1 proteins in the adrenal medulla and sympathetic ganglia 

were highly consistent with the mRNA expression revealed by both RNA-seq and 

ddPCR. Only very weak, perhaps non-specific, NRK immunofluorescence was 

observed due to unsatisfactory cross-reactivity of the anti-human NRK antiserum used. 

In the limited time available, only one gene (Nrk) could be investigated in transgenic 

knockout mice. Nrk disruption in homozygous mutants led to a defect in adrenergic 

phenotype acquisition in adrenal chromaffin cells and a change in cell proliferation in 

both adrenal chromaffin cells and sympathetic neuroblasts.    
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4.2 Materials and Methods 

4.2.1 Animals 

All animal experiments were approved by the University of Melbourne Animal 

Experimentation Ethics committee and complied with National Health and Medical 

Research Council of Australia (NHMRC) guidelines. TH-Cre-EYFP mouse embryos 

at E11.5−E14.5 were used for mRNA expression pattern analysis (refer to Chapter 3, 

Section 3.2.1 for details of the generation and maintenance). Wild-type C57BL/6 mice 

were used for immunohistochemistry validation experiments. Fixed E18.75 embryos 

of homozygous female (Nrk-null), hemizygous male (Nrk-null), heterozygous female 

(Nrk-het) and wild-type male Nrk mutant mice (nomenclature: B6.129S4-Nrktm1Mkom) 

were kindly provided by Prof. Masayuki Komada (Tokyo Institute of Technology) and 

were generated by crossing Nrk-null males with Nrk-het females maintained on a 

C57BL/6 background (Denda et al., 2011).  

4.2.2 Genotyping 

Genotyping for Nrk mutant mouse embryos was performed by Prof. Masayuki 

Komada’s group at Tokyo Institute of Technology as described previously (Denda et 

al., 2011) using primers: Nrk-Fw 5’-CTC TCC CGA ACC ACA AAC CC-3’ and Nrk-

Rv 5’ CAG GTA CCC ATG CGC TAG AC-3’. The sex of each embryo was 

determined using SRY primers, similar to Chapter 3, sections 3.2.3−3.2.5.  

4.2.3 Dissection, Cell Dissociation and FACS Isolation 

For details of dissections, cell dissociation and FACS isolation procedure of SA 

cells, adrenal chromaffin cells and sympathetic neuroblasts from TH-Cre-EYFP 

mouse embryos, please refer to Chapter 3, Sections 3.2.3−3.2.5. 

4.2.4 RNA Extraction and Quantification 

Total RNA from SA cells in E11.5 embryos, and adrenal chromaffin cells and 

sympathetic neuroblasts from E14.5 embryos were extracted and quantified as 

described in Chapter 3, Section 3.2.6. For each biological replicate of E11.5, RNA 

pellets were pooled to make up ~20,000 cells from about 26−49 embryos. For E14.5, 
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RNA pellets were pooled with cells from 14−19 embryos. RNA quality was high with 

RIN value for all samples = 10. 

4.2.5 Complementary DNA Preparation and Droplet Digital PCR 

Synthesis of cDNA library and droplet digital PCR were performed as described 

in Chapter 3, Section 3.2.7. Possible normalization of gene expression was initially 

investigated using the potential housekeeping genes beta actin (Atcb) (Hendershot et 

al., 2008; Qin et al., 2013), hypoxanthine phosphoribosyl transferase 1 (Hprt) 

(Bangaru et al., 2012; Julian et al., 2014) and glyceraldehyde 3-phosphate 

dehydrogenase (Gapdh) (Grumolato et al., 2003; Bangaru et al., 2012; Julian et al., 

2014; Stubbusch et al., 2015). Among these candidates, Gapdh was the only gene 

expressed at similar levels between adrenal chromaffin cells and sympathetic 

neuroblasts and so only data for this gene is shown in the results. However, its 

expression across different ages varied, suggesting that it is developmentally 

regulated. As the ddPCR technique is generally regarded as providing absolute 

quantities of transcripts, and as there is varied expression of potential housekeeping 

genes across cell types or during embryonic development, gene expression is reported 

without normalization to a house keeping gene. 

4.2.6 Immunohistochemistry 

The body of each embryo was divided between the thorax and abdomen. For 

E12.5 and E13.5 wild-type C57BL/6 embryos, the abdomen was fixed overnight in 

Zamboni’s fixative (for composition, refer to Section 2.2.3). For the E18.75 Nrk 

mutant embryos, the abdomen was fixed overnight in 4% formaldehyde. Fixed 

embryos were then washed, and stored in 20% sucrose solution at 4ºC. After 

cryosectioning (Section 2.2.3), sections were processed for immunostaining (Table 

4.1).  

Sections from wild-type C57BL/6 embryos were exposed overnight to a 

combination of chicken anti-TH (1:100, Millipore), sheep anti-PNMT (1:500, Howe) 

and either rabbit anti-DLK1 (1:100, Abcam), rabbit anti-FOXQ1 (1:100, Aviva) or 

rabbit anti-NRK (1:20, Thermo Scientific). Sections for DLK1 staining were subjected 

to antigen retrieval as described in section 2.2.3 prior to primary antisera incubation. 
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Sections from E18.75 Nrk mutant mice were also subjected to antigen retrieval and 

then exposed to chicken anti-TH (1:100, Millipore), rabbit anti-Ki67 (1:200, Thermo 

Scientific) and sheep anti-PNMT (1:500, Howe). 

After washing in phosphate buffered saline (PBS, for composition, refer to 

Section 2.2.3) the bound primary antisera were visualized after two hours incubation 

with secondary antisera: donkey anti-chicken FITC (1:100, Jackson 

ImmunoResearch), donkey anti-rabbit DyLight 594 (1:500, Jackson 

ImmunoResearch) and donkey anti-sheep Alexa Fluor 647 (1:500, Invitrogen), and the 

nuclei were stained with bisbenzimide (1 µg/mL, Hoechst 33446). 

4.2.7 Data Analysis 

For validating the protein expressions of DLK1, FOXQ1 and NRK in wild-type 

mice and comparing TH, Ki67 and PNMT immunoreactivity in Nrk mutant mice, 

confocal images were taken on a Zeiss LSM 800 confocal microscope and processed 

by Zeiss Image Browser (v4.0.0241, Carl Zeiss Microimaging). Image analysis was 

performed as described in chapter 2, section 2.2.4. Graphs were prepared using Prism 

software (version 7.0a, GraphPad). Statistically analyses were performed with Prism 

7 software using two-way ANOVA for gene expression pattern analysis and chi-

squared test for Nrk loss-of-function analysis. 
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Table 4.1 List of antisera and fluorescence dyes used in Chapter 4.  

  

Antisera/Dye Host Dilution Supplier Cat/Lot number
Primary

CART Rabbit 1:200 Phoenix H-003-62/01251-6
DLK1 Rabbit 1:100 Abcam ab21682/GR269674-1
FOXQ1 Rabbit 1:100 Aviva ARP39755/QC10425-41816
Ki67 Rabbit 1:200 Themo Fisher -
NRK (human) Rabbit 1:20 Themo Fisher PA5-35133/RF2222954
PNMT Sheep 1:500 P. Howe -
TH Chicken 1:100 Millipore AB9702/2049252
Secondary

Chicken FITC Donkey 1:100 Jackson 703-095-155/88953
Rabbit DyLight 594 Donkey 1:500 Jackson 711-515-152/99212
Sheep Alexa Fluor 647 Donkey 1:500 Invitrogen A21448/404236
Non-antisera Dye

Bisbenzimide (Hoechst 33442) - 100ng/mL Sigma B2261
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4.3 Results 

4.3.1 Potential Regulators are Transiently and Differentially Expressed 
During the Key Stage for Sympathoadrenal Development 

Whole transcriptome analysis described in Chapter 3 identified 10 genes with 

potential roles in SA lineages segregation. The temporal expression patterns of the 

genes at E11.5−E14.5 were determined by ddPCR gene expression analysis (Figure 

4.1−4.6). During SA development, a single homogeneous population of TH-

expressing SA progenitor cells appears at E11.5 At E12.5, SA progenitor cells 

differentiate into chromaffin precursor cells and sympathetic neuroblasts. Anatomical 

separation of the two populations of cells is complete at E13.5. The two lineages then 

further differentiate and proliferate and by E14.5, they are recognizable as more mature 

adrenal chromaffin cells and sympathetic neurons respectively. Therefore, E11.5 to 

E14.5 are the key development stages for SA development.  

For the genes identified by RNA-seq as high in chromaffin cells, all exhibited a similar 

temporal expression pattern. All were expressed most strongly at E12.5 and E13.5 and 

then expression decreased at E14.5 (Figure 4.1−4.7). All except Fzd10 were expressed 

most abundantly at E12.5; Fzd10 was expressed at highest levels at E13.5 (Figure 4.6). 

In every case, gene expression levels in E11.5 SA progenitor cells were significantly 

higher than in sympathetic neuroblasts at E12.5. As E11.5 represents pooled SA cells, 

the data raises the possibility that there are presumptive adrenal chromaffin cells 

present at E11.5 that already have elevated expression of the genes. The expression of 

the genes generally remained low in sympathetic neuroblasts. Dlk1 was the only 

candidate expressed in significant levels in sympathetic neuroblasts, with expression 

levels of 50-70 copies/µL maintained throughout the period.  
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Figure 4.1 Temporal gene expression pattern of Elf3 and Elf4 for FACS-sorted SA 
lineages.  

The temporal expression patterns of genes, E74-like factor 3 (Elf3) and E74-like factor 4 (Elf4) encode 
for ETS transcription factors were examined by droplet digital PCR for the FACS-sorted SA progenitors 
(green), sympathetic neuroblasts/neurons (orange) and adrenal chromaffin precursors/cells (pink) at 
E11.5 to E14.5. On E11.5, only SA progenitors exist. From E12.5 on, these cells segregate into the 
chromaffin and neuronal cell fates that develop into the sympathetic neurons and adrenal chromaffin 
cells at E14.5. Absolute concentration of mRNA copies per µL were measured and reported as induvial 
measure (dot) and mean ± SEM (bar) of 3 biological replicates, each was pooled with 26-49 and 14-19 
embryos for E11.5 and others age respectively (same for other genes). Asterisks indicate pairs of means 
that were significantly different using two-way ANOVA (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 
0.0001). 
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Figure 4.2 Temporal gene expression pattern of Dlx1 and Dlx2 for FACS-sorted SA 
lineages.  

The temporal expression patterns of genes, distal-Less Homeobox 1 and 2 (Dlx1 and Dlx2) encode for 
Hox family transcription factors were examined by droplet digital PCR for the FACS-sorted SA 
progenitors (green), sympathetic neuroblasts/neurons (orange) and adrenal chromaffin precursors/cells 
(pink) at E11.5 to E14.5. Absolute concentration of mRNA copies per µL were measured and reported 
as induvial measure (dot) and mean ± SEM (bar) of 3 biological replicates. Asterisks indicate pairs of 
means that were significantly different using two-way ANOVA (*, p < 0.05; **, p < 0.01). 
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Figure 4.3 Temporal gene expression pattern of Nrk for FACS-sorted SA lineages.  

The temporal expression pattern of gene, Nik-related kinase (Nrk) encodes for transcription factor of 
GCK superfamily was examined by droplet digital PCR for the FACS-sorted SA progenitors (green), 
sympathetic neuroblasts/neurons (orange) and adrenal chromaffin precursors/cells (pink) at E11.5 to 
E14.5. Absolute concentration of mRNA copies per µL were measured and reported as induvial measure 
(dot) and mean ± SEM (bar) of 3 biological replicates. Asterisks indicate pairs of means that were 
significantly different using two-way ANOVA (*, p < 0.05). 

 
Figure 4.4 Temporal gene expression pattern of Msx2 for FACS-sorted SA lineages.  

The temporal expression pattern of gene, Msh Homeobox 2 (Msx2) encodes for homedomain 
transcription factor was examined by droplet digital PCR for the FACS-sorted SA progenitors (green), 
sympathetic neuroblasts/neurons (orange) and adrenal chromaffin precursors/cells (pink) at E11.5 to 
E14.5. Absolute concentration of mRNA copies per µL were measured and reported as induvial measure 
(dot) and mean ± SEM (bar) of 3 biological replicates. Asterisks indicate pairs of means that were 
significantly different using two-way ANOVA (*, p < 0.05; **, p < 0.01). 
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Figure 4.5 Temporal gene expression pattern of Dll4 and Dlk1 for FACS-sorted SA 
lineages.  

The temporal expression patterns of genes, delta-Like 4 (Dll4) and delta-Like 1 Homolog (Dlk1) encode 
for Notch ligands were examined by droplet digital PCR for the FACS-sorted SA progenitors (green), 
sympathetic neuroblasts/neurons (orange) and adrenal chromaffin precursors/cells (pink) at E11.5 to 
E14.5. Absolute concentration of mRNA copies per µL were measured and reported as induvial measure 
(dot) and mean ± SEM (bar) of 3 biological replicates. Asterisks indicate pairs of means that were 
significantly different using two-way ANOVA (*, p < 0.05; **, p < 0.01). 
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Figure 4.6 Temporal gene expression pattern of Foxq1 and Fzd10 for FACS-sorted SA 
lineages.  

The temporal expression patterns of genes, forkhead box Q1 (Foxq1) and frizzled class receptor 10 
(Fzd10) encode for Wnt receptor and ligand respectively were examined by droplet digital PCR for the 
FACS-sorted SA progenitors (green), sympathetic neuroblasts/neurons (orange) and adrenal chromaffin 
precursors/cells (pink) at E11.5 to E14.5. Absolute concentration of mRNA copies per µL were measured 
and reported as induvial measure (dot) and mean ± SEM (bar) of 3 biological replicates. Asterisks 
indicate pairs of means that were significantly different using two-way ANOVA (*, p < 0.05; **, p < 0.01; 
***, p < 0.001). 
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4.3.2 Bmpr1b are Expressed in Sympathetic Neuronal Lineages while 
Maintained in Low Expression Level Throughout Sympathoadrenal 

Development  

Bone morphogenetic protein receptor type 1b, Bmpr1b, was the only gene 

selected for further analysis that was expressed higher in the neuroblasts of the 

differential transcriptome. Consistent with the RNA-seq data, ddPCR revealed that 

Bmpr1b was expressed higher in sympathetic neuroblasts than in chromaffin 

precursors from E12.5 to E14.5 (Figure 4.7). At E14.5, adrenal chromaffin cells also 

start to express Bmpr1b. However, the expression levels of Bmpr1b were very low, 

even in neuroblasts, in that a maximum of only around 2-3 copies/µL were present.   

  
Figure 4.7 Temporal gene expression pattern of Bmpr1b for FACS-sorted SA lineages.  

The temporal expression pattern of gene, bone morphogenetic protein receptor 1b (Bmpr1b) encodes 
for transmembrane kinase receptor was examined by droplet digital PCR for the FACS-sorted SA 
progenitors (green), sympathetic neuroblasts/neurons (orange) and adrenal chromaffin precursors/cells 
(pink) at E11.5 to E14.5. Absolute concentration of mRNA copies per µL were measured and reported 
as induvial measure (dot) and mean ± SEM (bar) of 3 biological replicates. Statistical analysis using two-
way ANOVA showed no significantly different (p < 0.05). 

4.3.3 Ppbp Expression Started at the Sympathoadrenal Progenitor 
Stage 

The platelet-derived growth factor, chemokine (C-X-C motif) ligand 7 (CXCL7) 

encoding gene, Ppbp, is expressed by E11.5 SA progenitor cells (Figure 4.8). Ppbp 

expression was increased in chromaffin cell precursors from E12.5 to E14.5 and 

appeared in neuroblasts on E14.5. PPBP/CXCL7 is the ligand for CXCR1 and 2 and 
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CXCR2 is present in human sympathetic preganglionic neurons (Schwartzkopff et al., 

2002). PPBP/CXC7 potentially could play a role in guiding the innervation from 

sympathetic preganglionic neuron to chromaffin cells, as the innervation arrives from 

E12.5. 

 
Figure 4.8 Temporal gene expression pattern of Ppbp for FACS-sorted SA lineages.  

The temporal expression pattern of gene, pro-platelet basic protein (Ppbp) encodes for chemokine (C-
X-C motif) ligand 7 (CXCL7) was examined by droplet digital PCR for the FACS-sorted SA progenitors 
(green), sympathetic neuroblasts/neurons (orange) and adrenal chromaffin precursors/cells (pink) at 
E11.5 to E14.5. Absolute concentration of mRNA copies per µL were measured and reported as induvial 
measure (dot) and mean ± SEM (bar) of 3 biological replicates. Asterisks indicate pairs of means that 
were significantly different using two-way ANOVA (*, p < 0.05; **, p < 0.01). 

4.3.4 Use of Conventional House Keeping Genes is Problematic for 
Early SA Lineages 

My attempts to identify potential housekeeping genes for normalization of gene 

expression are summarized in section 4.2.5 above. Table 4.2 shows the expression 

level of the three candidate housekeeping genes in the RNA-seq data. Only Gapdh 

showed relative similar expression levels between cell types at E12.5. When the 

temporal expression patterns of Gapdh were analyzed by ddPCR, the data showed that 

the gene was developmentally regulated and that individual levels were very variable. 

Thus it appears that common housekeeping genes used for neuronal cells in the 

literature cannot be used for developing SA lineages. House keeper gene normalization 

is essential in analog traditional PCR studies because of its relative measurement 

nature of transcript abundance, and is critical for sample collected from heterogeneous 

extract. The modern ddPCR is a highly accurate and precise technique as it provides 
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absolute measurement of nucleic acid transcripts. One advantage for using ddPCR 

analysis is that house keeper gene normalization is not necessary according to 

manufacturer’s instruction (Wang et al., 2017). It has also been proven superior to 

qPCR in sensitivity for detecting low amounts of transcript (Hindson et al., 2013; 

Sillence et al., 2015). Use of ddPCR has been therefore recommended and accepted 

for validating RNA-seq result (Kim et al., 2015; Reuter et al., 2016; Wang et al., 2017). 

Furthermore, RNA samples in this study were extracted from a homogenous cell 

population isolated by FACS, input RNA quantity (4.2 ng) therefore can be accurately 

normalized between samples with the measured RNA concentrations. Hence, gene 

expression in this study is reported without normalization to a housekeeping gene. 

Table 4.2 List of widely-used housekeeping genes for neuronal or endocrine cells 

 
Three widely-used housekeeping genes in the mammalian neuronal cells or endocrine were selected 
and their expression profiles for the RNA-seq revealed transcriptomes were compared. Among these, 
only Gapdh expressed in similar levels between the adrenal chromaffin precursor cells and sympathetic 
neuroblasts.    

 
Figure 4.9 Temporal gene expression pattern of Gapdh for FACS-sorted SA lineages.  

The temporal expression pattern of widely-used house keeper gene, glyceraldehyde 3-phosphate 
dehydrogenase (Gapdh) was examined by droplet digital PCR for the FACS-sorted SA progenitors 
(green), sympathetic neuroblasts/neurons (orange) and adrenal chromaffin precursors/cells (pink) at 
E11.5 to E14.5. Absolute concentration of mRNA copies per µL were measured and reported as induvial 
measure (dot) and mean ± SEM (bar) of 3 biological replicates. Statistical analysis using two-way ANOVA 
showed no significantly different (p < 0.05). 

Gene symbol Gene name Fold Change Average CPM

Chromaffin cells Neuroblasts

Actb Beta-actin 2 1598.06 3108.56

Hprt Hypoxanthine phosphoribosyl transferase 1 3.3 48.14 151.68

Gapdh Glyceraldehyde 3-phosphate dehydrogenase 1.18 121.82 141.17
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4.3.5 DLK1 and FOXQ1 Proteins are Expressed in the Early Adrenal 
Chromaffin Cell 

In addition to the temporal gene expression patterns, the protein expression 

patterns of some of the potential regulators were also examined by 

immunohistochemistry. Due to the lack of availability of suitable antisera and the 

constrained time for a Ph.D. candidature, only DLK1, FOXQ1 and NRK among the 

10 potential regulators were analyzed using immunohistochemistry. These genes were 

also found to be expressed at higher levels compared to the other gene candidates so 

their protein levels are more likely to be easily immunostained. Therefore, I examined 

TH-immunoreactive cells in transverse sections of the adrenal region in E12.5 and 

E13.5 mouse embryos for immunoreactivity to DLK1, FOXQ1 and NRK respectively 

(Figure 4.10−4.11).      

DLK1 immunostaining was prominent in SA cells at both E12.5 and E13.5, and 

also in the surrounding tissues (Figure 4.10). In the E12.5 TH+ SA lineage cells, DLK1 

immunostaining occurred in the TH+HI subpopulation that represents the presumptive 

adrenal chromaffin precursor cells but was barely detectable in the TH+LO presumptive 

sympathetic neuroblasts (Figure 4.10 A−C). A handful of the neighboring cells lacking 

any TH immunoreactivity also exhibited weak DLK1 immunostaining. The cells 

appear to be either mesenchymal or adrenal cortical cells. At E13.5, DLK1 

immunostaining was predominantly in the TH+HI adrenal medullary chromaffin cells 

(Figure 4.10 D−F), while TH+LO sympathetic neuroblasts of the suprarenal ganglion, 

had barely detectable DLK1 immunoreactivity. DLK1 immunoreactivity also occurred 

widely in the surrounding tissues, particularly the skeletal muscles.          
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Figure 4.10 Differential DLK1 immunostaining of adrenal chromaffin precursor cells 
and sympathetic neuroblasts in E12.5 and E13.5 mouse embryos.  

Immunostaining of transverse sections through the adrenal of mouse embryos at E12.5–E13.5, showing 
TH (green) and DLK1 (red) immunoreactivity. A-C is from an E12.5 embryo with the dorsal aorta (a) 
located at the top right corner. Differential immunostaining of DLK1 with TH-expressing cells showed that 
DLK1 immunostained cells were predominantly the TH+Hi cells. D-F shows a section at E13.5, the 
prevertebral suprarenal ganglion is outlined in a solid line and the adrenal medulla in a dashed line. DLK1 
immunostaining occurs in the entire adrenal medulla but not in the neighbouring suprarenal ganglion. 

FOXQ1, showed a similar, but much weaker, pattern of immunoreactivity to 

DLK1 (Figure 4.11). The weaker immunoreactivity correlated with the expression of 

Foxq1 mRNA, which was about 15 times lower than Dlk1 mRNA. At E12.5, only a 

handful of cells as considered to be FOXQ1 immunoreactive (FOXQ1+). All of the 

FOXQ1+ cells were TH+HI presumptive adrenal chromaffin precursor cells (Figure 

4.11 B and C). In TH+LO presumptive sympathetic neuroblasts, no FOXQ1 

immunoreactivity was detected (Figure 4.11 B and C). At E13.5, the pattern of 

immunostaining of FOXQ1 was more notable in that FOXQ1 immunostaining co-

occurred with TH in the adrenal medulla but not in the sympathetic neuroblasts of the 

suprarenal ganglion. The TH+HI extra-adrenal chromaffin cells of the paraganglia 

located at the interface between the suprarenal ganglion and the adrenal medulla were 

also strongly FOXQ1 immunoreactive. This immunostatining pattern confirms that 
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Dlk1 and Foxq1 are both translated into proteins as early as E12.5 and further supports 

their potential role during SA lineages segregation. 

For NRK, only very weak and possibly non-specific immunofluorescence was 

observed at both E12.5 and E13.5 (data not shown). This was likely due to cross-

reactivity of the NRK antiserum used. Thus, in order confirm the protein expression 

of Nrk, a more sensitive and specific antiserum is required. 

 
Figure 4.11 Differential immunostaining of FOXQ1 in adrenal chromaffin precursor 
cells and sympathetic neuroblasts in E12.5 and E13.5 mouse embryos. 

Immunostaining of transverse sections through the adrenal region of mouse embryos at E12.5–E13.5, 
showing TH (green) and FOXQ1 (red) immunoreactivity. A-C is from an E12.5 embryo with the dorsal 
aorta (a) located at the top left corner. Differential immunostaining of FOXQ1 was observed in that some 
TH+HI cells were co-expressing with FOXQ1 (solid arrow heads) while TH+LO cells were FOXQ1 negative 
(open arrow heads). D-F show a section at E13.5, the prevertebral suprarenal ganglion is outlined in a 
solid line and the adrenal medulla in a dashed line. FOXQ1 immunoreactivity in the adrenal medulla was 
obvious whereas none was observed in the suprarenal ganglion. The TH+HI extra-adrenal chromaffin 
cells of the paraganglia located at the interface between the suprarenal ganglion and the adrenal medulla 
also showed high levels of FOXQ1 immunostaining. 
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4.3.6 Nrk-deficiency in Mice Impaired the Acquisition of an Adrenergic 
Phenotype by Adrenal Chromaffin Cells 

To confirm the functional relevance of potential regulators in SA development, 

the next step was to examine the effects of deletion of the genes in SA lineages 

development by using target mutated mouse models. Due to the limited availability of 

suitable transgenic animals, only Nrk mutant mice were examined among the 10 

candidates. E18.75 mice, when development of the adrenal medulla and sympathetic 

ganglia are mostly complete, were examined. E18.75 Nrk mutants were generated by 

crossing heterozygous Nrk mutant female mice to Nrk-null mutant male mice (Figure 

4.12). As a result, hemizygous male (Nrk+/Y) offspring are wild-type; heterozygous 

mutant females (Nrk+/−) contain approximately 50% of Nrk-null cells due to the 

random effect of X-inactivation in the wild-type Nrk allele-carried X chromosome; 

homozygous mutant females (Nrk−/−) and hemizygous mutant males (Nrk−/Y) are Nrk-

null. Four embryos of each genotypes across two litters were compared in this study. 

Figure 4.12 Generation of Nrk mutant mice. 

 
E18.75 Nrk mutant mice were generated by crossing heterozygous female mice with hemizygous male 
mutant mice. Three different genotypes were collected; hemizygous wild-type male (Nrk+/Y), 
heterozygous mutant females (Nrk+/−) and Nrk-null mutants consist of homozygouze mutant female 
(Nrk−/−) and hemizygous mutant male (Nrk−/Y). 
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In E18.75 Nrk mutant mice, the size, appearance and anatomical position of the 

adrenal glands were not noticeably different from wild-type mice. Transverse sections 

of the upper abdomen at the adrenal level were then analyzed by immunostaining for 

TH and PNMT to analyze the number of adrenal chromaffin cells and sympathetic 

neuroblasts (Figure 4.13) and the intensity of PNMT immunostaining. Nrk-null and 

Nrk-het mutant mice expressed TH in both sympathetic neurons of the suprarenal 

ganglion and adrenal medullary chromaffin cells as in wild-type mice. Subpopulations 

of the TH+ adrenal medullary chromaffin cells also co-expressed PNMT in both wild-

type and Nrk mutant mice.  

 
Figure 4.13 Nrk disruption in homozygous mutant exhibited a defect in adrenergic 
phenotype acquisition in the adrenal chromaffin cells. 

Immunostaining of transverse sections through the adrenal region of E18.75 mouse embryos in wild type 
and Nrk mutant mice, showing TH (green) and PNMT (magenta) immunoreactivity. A-C is from a wild 
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type E18.75 mouse. D-F show a section from an Nrk-het mutant mouse. G-I is from an Nrk-null mutant 
mouse. The prevertebral suprarenal ganglia and the adrenal glands are outlined in a solid line and a 
dashed line respectively, based on bisbenzimide (BB, cyan) staining (A, D and G). Although both wild-
type and Nrk-mutant displayed noradrenergic and adrenergic phenotypes in the adrenal medulla, loss of 
Nrk caused a reduction of the proportion of PNMT+ adrenergic chromaffin cells to TH+ noradrenergic 
chromaffin cells in adrenal medulla, as well as a decrease in the apparent intensity of PNMT-
immunoreactivity. 

The number of PNMT+ cells as a proportion of TH+ adrenal chromaffin cells 

was compared for each genotype (Figure 4.14). In wild-type mice, 72.2% of adrenal 

chromaffin cells were PNMT+ (adrenergic), while in Nrk-null mice, only 41.1% of 

adrenal chromaffin cells was PNMT+ (Figure 4.14). In Nrk-het mice, the proportion 

of adrenergic chromaffin cells was intermediate between the wild-type and Nrk-null 

with 65.4% of TH+ cells in the adrenal medulla being PNMT+. The differences in 

proportions of PNMT+ cells were significant (Chi-squared test, X2, 762, p = 0.05, df 

= 2, N = 10833, critical value = 5.99). The outcome of the Chi-squared test confirms 

that the proportions of PNMT+ chromaffin cells among the wild-type, Nrk-het and 

Nrk-null mice are not equal. In order to test where any significant differences lay, the 

2 × 3 contingency table was subdivided (Zar, 1999) into 3, 2 × 2 tables (wild-type 

versus Nrk-null, wild-type versus Nrk-het and Nrk-het versus Nrk-null). The outcome 

for wild-type versus Nrk het (Chi-squared test, X2, 2.54, α = 0.05, df = 1, N = 3876, 

critical value = 3.841) suggests the proportions are not significantly different. In 

contrast, Nrk-het versus Nrk-null were significantly different (Chi-squared test, X2, 

508.95, α = 0.05, df = 1, N = 6624, critical value = 3.841) with p << 0.001. The 

difference between wild-type and Nrk-null was also very significant (Chi-squared test, 

X2, 460.94, α = 0.05, df = 1, N = 6624, critical value = 3.841) with again p << 0.001. 

Post hoc subdivision of contingency tables and multiple statistical testing of a single 

data set is not ideal, but it can determine where significant differences lie in a 2 × 3 

contingency table and guide future hypotheses and testing with new data (Zar, 1999). 

These results demonstrate that disruption of Nrk caused developmental defects in 

the acquisition of an adrenergic phenotype in adrenal chromaffin cells. Female mutant 

mice heterozygous for Nrk on their X chromosomes would be expected to be 

intermediate in outcome. This is due to the random X-inactivation between the two 

chromosomes so that half of the chromaffin cells should express the wild-type allele 

while the other half lack Nrk. However, wild type and Nrk-het mice appeared not to 
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differ in their proportion of PNMT+ chromaffin cells. A possible explanation for this 

is discussed in section 4.4.6 below. 

 

Figure 4.14 Loss of Nrk reduces the proportion of adrenergic chromaffin cell in the 
adrenal glands. 

The number of TH+ noradrenergic adrenal chromaffin cells and their PNMT+ adrenergic subpopulation 
cells were counted in sections from wild-type, Nrk-het and Nrk-null (both Nrk−/− female and Nrk−/Y male) 
mutant mice. Four embryos for each genotype were analysed and Nrk−/− female and Nrk−/Y male were 
pooled as Nrk-null. The proportion of PNMT+ adrenergic chromaffin cells were calculated by number of 
PNMT+ (adrenergic) cells/number PNMT−, TH+ (noradrenergic) adrenal chromaffin cells and shown 
here as mean proportion ± SEM along with individual measures for each embryo. A chi-square test was 
performed and demonstrated disruption of Nrk caused developmental defects in adrenergic phenotype 
acquisition of adrenal chromaffin cells (Chi-squared test, X2, 762, p = 0.05, df = 2, N = 10833, critical 
value = 5.99) and subsequent partitioning of the 2 × 3 contingency table suggested that Nrk-null was 
significantly different from both wild-type and Nrk-het, p << 0.001 (*). 

4.3.7 Nrk-deficiency in Mice Altered Cell Proliferation in Both Adrenal 
Chromaffin Cells and Sympathetic Neuroblasts 

To examine whether the reduction of adrenergic chromaffin cells was associated 

with a defect in cell proliferation, the proportion of adrenergic (TH+/PNMT+) 

chromaffin cells, noradrenergic (TH+/PNMT−) chromaffin cells and sympathetic 
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neuroblasts that were cycling (Ki67 immunoreactive) was quantified. Analysis of the 

growth fraction (proportion of cycling to non-cycling cells) showed loss of Nrk caused 

significant changes in proliferative behaviour in all of the cell types (Figure 4.15; Chi-

squared test, adrenergic chromaffin cells X2, 20.6, p = 0.05, df = 2, N = 4680; 

noradrenergic chromaffin cells, X2, 58.96, p = 0.05, df = 2, N = 4212; sympathetic 

neuroblasts, X2, 17.27, p = 0.05, df = 2, N = 3103, in each case critical value = 5.99.) 

As in section 4.3.6, each 2 × 3 contingency table was broken down to 3, 2 × 2 tables 

and retested to determine which pairwise comparisons were significantly different. In 

all three cell types, Nrk-null were significantly different from wild-type and from Nrk-

heterozygous animals. Nrk-heterozygous animals were also significantly different 

from wild type animals for PNMT− chromaffin cells but not for PNMT+ chromaffin 

cells or from sympathetic neurons. The details of the statistical analysis are given in 

Table 4.3. 

For both adrenergic and noradrenergic chromaffin cells, loss of Nrk in null mutant 

mice led to a 40%−50% decrease in growth fraction so that only about 7.38% and 

11.33% of cells were dividing respectively compared to 11.71% and 23.41% 

respectively in the wild-type mice. As the proliferation of both adrenergic and 

noradrenergic chromaffin cells changed to a similar extent, the reduction in the 

proportion of chromaffin cells with an adrenergic phenotype is unlikely to be due 

solely, or even mainly, to defects in proliferation. In contrast, in sympathetic 

neuroblasts, loss of Nrk resulted in a significantly increased growth faction from 

21.67% to 32.52% cycling cells (Figure 4.15). As was the case for the proportion of 

PNMT+ cells (Figure 4.14), Nrk-het mutant mice showed effects on proliferation 

intermediate between wild-type mice and Nrk-null mutant mice in all cell types (Figure 

4.15). Of interest, whereas the proportion of proliferating cells decreased for both types 

of chromaffin cells, the proportion of proliferating cells increased for neuroblasts in 

Nrk mutant mice.  
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Figure 4.15 Effects of Nrk KO in cell proliferation.  
Growth fractions for adrenergic chromaffin cells, noradrenergic chromaffin cells and sympathetic neurons 
were examined using Ki67 immunostaining for cycling cells in and calculated as proportion of cycling 
cells to non-cycling cells. Four embryos of each genotypes across two litters were compared in this study. 
A chi-square test was performed comparing each genotype for each of three cell types and the relations 
between loss of Nrk and the alteration of growth fraction for all of the cell types are significant. For 
adrenergic chromaffin cells X2 (2, N = 4680) = 20.6, p < 0.05; for noradrenergic chromaffin cells, X2 (2, 
N = 4212) = 58.96, p < 0.05; for sympathetic neuroblasts, X2 (2, N = 3103) = 17.27, critical value = 5.99, 
p < 0.05. Subsequent sub-division of the 2 × 3 contingency table tested the significant differences with 
the results indicated (asterisk * indicates significant difference). 

Table 4.3 Pairwise Chi-squared analysis of proliferation in E18.75 PNMT− and PNMT+ 
chromaffin cells and in sympathetic neurons. 
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Cell Type Comparison Chi2 (X2) Significance N

Adrenergic  Chromaffin Cells
(PNMT+)

WT         vs   Nrk-null 19.88 Significant 3109
WT         vs   Nrk-het 3.06 Not Significant 2690
Nrk-het   vs   Nrk-null 8.09 Significant 3561

Noradrenergic Chromaffin Cells
(PNMT−)

WT         vs   Nrk-null 50.59 Significant 3489
WT         vs   Nrk-het 6.03 Significant 1186
Nrk-het   vs   Nrk-null 20.20 Significant 3753

Sympathetic Neurons
WT         vs   Nrk-null 13.15 Significant 2228
WT         vs   Nrk-het 1.03 Not Significant 2708
Nrk-het   vs   Nrk-null 9.71 Significant 1270
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Changes in proliferation rate due to loss of Nrk would be expected to change, 

over time, the numbers of cells. A crude estimate of the numbers of chromaffin cells 

and sympathetic neurons on E18.75 is the mean number of chromaffin cells per section 

from the proliferation study described above. There were more chromaffin cells per 

section in Nrk-null embryos than in wild-type embryos (Nrk-null, 386 cells per section 

vs wild-types, 226 cells per section) with heterozygotes again intermediate (328 cells 

per section). Mean cells per section is a very crude way of estimating changes in total 

cell number and would need to be confirmed with a proper stereological study to count 

chromaffin cell and sympathetic neuron number. 
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4.4 Discussion 

Whole transcriptome analysis of SA lineage cells in Chapter 3 revealed 10 

potential developmental regulator genes including Elf3, Elf4, Nrk, Msx2, Dlx1, Dlx2, 

Dll4, Dlk1, Foxq1 and Fzd10 for SA lineages segregation. The dynamic gene 

expression patterns in SA lineage cells reported in this Chapter are consistent with a 

potential role for all selected genes in SA development. Protein localization of DLK1 

and FOXQ1 using immunohistochemistry confirmed their presence in E12.5 adrenal 

chromaffin cells, but not sympathetic neuroblasts. While NRK protein could not be 

localized with immunohistochemistry, analysis of E18.75 mice lacking NRK showed 

a significant reduction in the proportion of adrenergic chromaffin cells in the adrenal 

glands, a decrease in the proportion of cycling chromaffin cells and an increase in the 

number of cycling neuroblasts.  

4.4.1 Cell Type-specific and Dynamic Temporal Expression of the 10 

Genes Displayed a Typical Expression Pattern for Developmental 
Control Genes  

Developmental control genes are usually characterized by a highly dynamic 

expression pattern during development, which distinguishes them from other types of 

genes. For example, transcription factors for developmental control are generally 

sharply enriched during early development and then down-regulated, whereas, 

expression of effector genes such as functional and structural genes are initiated at a 

later stage and then maintained (Zeitlinger and Stark, 2010). The 10 chromaffin cell-

specific potential regulator genes chosen for analysis are mainly transcription factors 

or components of signal transduction pathways. They displayed a typical dynamic 

temporal expression pattern of development control genes across the key SA 

developmental stages. All of the selected genes are sharply up-regulated in chromaffin 

cells during SA segregation at E12.5 and their expression is then down-regulated from 

E13.5 to low levels at E14.5. While the dynamic expression patterns of these genes 

during a key stage in SA development suggests their potential developmental function, 

perturbation of each target gene is needed to confirm this.  
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4.4.2 DLK1 and FOXQ1 Proteins as Potential Markers for Early 
Chromaffin Cells of the Sympathoadrenal Lineage   

Immunohistochemical analysis of DLK1 and FOXQ1 proteins showed a 

differential localization between the two lineages in that only chromaffin cells showed 

detected immunostaining. This confirms that both genes are translated into protein and 

further supports a potential role during SA lineages segregation. Apart from their 

potential role in SA development, the SA lineage cell-type specific localization 

exhibited by these proteins could also serve as additional markers to separate 

developing adrenal chromaffin precursor cells from sympathetic neuroblasts. For 

instance, while SCG10 and CART label the early sympathetic neuroblasts, DLK1 and 

FOXQ1 mark the early chromaffin cell precursors. The limitations of using these 

proteins as markers to isolate chromaffin cell precursors are the relatively weak 

immunolabelling of FOXQ1 and the expression of DLK1 in cells that are not of neural 

crest origin. FOXQ1 immunostaining is particularly weak at E12.5 and not yet 

extensive among chromaffin precursor cells. However, compared to DLK1, FOXQ1 

appears to be more restricted to chromaffin cells whereas DLK1 is expressed in a wider 

range of tissues. Moreover, it is notable that expression of Dlk1 mRNA is 

exceptionally high, and significant levels (around a 1,000 CPM) are also present in 

neuroblasts (see Chapter 3). Despite the high level of mRNA expression, DLK1 

protein was not detected by immunohistochemistry in neuroblasts. This raises the 

possibility that translation of Dlk1 mRNA is suppressed in neuroblasts. The use of both 

DLK1 and FOXQ1 protein (as early as E13.5) as potential markers for chromaffin 

cells within SA lineages should be explored further. 

4.4.3 The Potential Role of Notch Signalling in Sympathoadrenal 

Development 

Dll4 and Dlk1 were shown to be expressed at high levels in the chromaffin cell 

lineage. DLL4 is a canonical Notch ligand, while DLK1 (also known as 

preadipocyte factor-1, PREF1) belongs to the non-canonical Notch ligands. The role 

of DLK1 in Notch signalling during development is still poorly understood. Apart 

from a membrane bound form, DLK1 can also exist in a soluble form as a result of 

either enzyme cleavage or as a splice variant (Mei et al., 2002; Altenberger et al., 2006; 
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Falix et al., 2012). It is believed that soluble DLK1 acts as a negative regulator of 

Notch signalling by blocking the NOTCH1 receptor (Falix et al., 2012). The 

membrane-bound form of DLK1 is thought to act in opposition to the soluble form in 

adipogenesis (Appelbe et al., 2013). However, the exact role (stimulation or inhibition) 

of DLK1 in Notch signalling during adipogenesis is still unclear (Falix et al., 2012). 

In addition to the Notch pathway, DLK1 can reportedly also signal through Erk/MAPK 

and participate in FGF signalling (Kim et al., 2007; Miyaoka et al., 2010).  

Dlk1 is widely expressed in the placenta, liver, skeletal muscle and adrenal gland 

during embryonic development but in adults is restricted to a few tissues, including 

adrenal gland and pituitary (Jensen et al., 1993; Floridon et al., 2000; van Limpt et al., 

2003; Falix et al., 2012). Dlk1 has been implicated in the differentiation of 

neuroendocrine cells because it is widely expressed in endocrine cells, including the 

β-cells of pancreas, and it has been shown to inhibit the differentiation of cultured cells 

(Appelbe et al., 2013). Previous studies have identified Dlk1 mRNA in embryonic 

chromaffin cells and suggested a role early in SA lineages differentiation (van Limpt 

et al., 2003; Falix et al., 2012; Huber, 2014). Our results support these earlier studies, 

as they reveal that the expression of Dlk1 mRNA follows a transient expression 

pattern. 

Global loss of DLK1 results in neonatal lethality and growth retardation (Appelbe 

et al., 2013). While tissue-specific knockouts in Dlk1-expressing tissues including β-

cells of the pancreas, somatotrophs of the pituitary and endothelial cells show a range 

of developmental changes, none of them are significant (Appelbe et al., 2013). This 

raises the possibility that lack of Dlk1 in other tissues, like adrenal chromaffin cells or 

cortical cells, is responsible for the neonatal lethality and/or growth retardation 

(Appelbe et al., 2013).  

The Delta-Notch pathway is also activated in neuroblastoma (van Limpt et al., 

2005; Revet et al., 2008). In neuroblastoma, Dlk1 is expressed in some tumors at high 

levels. Its expression levels correlate positively with the levels of DBH, and it has been 

assumed that higher DLK1 levels are associated with a more differentiated tumor (van 

Limpt et al., 2005). 
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Delta-Notch signalling plays critical roles in cell-fate decisions during 

development and it has been proposed to be involved in chromaffin cell fate 

acquisition through lateral inhibition (van Limpt et al., 2005; Unsicker et al., 2013). In 

our data, apart from Dll4 and Dlk1, genes in the downstream Notch signalling cascade 

including, Hes1 and Herpud1 as well as gene Psen2 (the intracellular domain protease, 

γ-secretase) were also identified and found to be up-regulated by using the pathway 

overlay function in Ingenuity Pathway Analysis (IPA). This suggests that Notch 

signalling may play a role in the regulation of SA development, possibly through a 

dynamic action between DLK1 and DLL4 ligands competing for the Notch receptors. 

However, as the Notch receptors themselves are expressed at very low levels (Notch1, 

3.2/0.7 CPM in chromaffin cells/sympathetic neuroblasts, Notch2, 3.8/4.7, Notch3, 

2.3/0.7 and Notch4, 5.2/9.5), it is hard to make the case that Notch signalling is 

important at E12.5. 

If high expression of DLK1 is not playing a role in the differentiation of adrenal 

chromaffin cells or neuroblasts through lateral inhibition by Notch signalling, then it 

might be acting on some other cell type they contact, possibly sustentacular cells, 

adrenal cortex cells or the axons of preganglionic neurons. Alternatively, it could be 

released as a soluble ligand to affect some other cell type. 

 4.4.4 The Potential Role of Wnt Signalling in Sympathoadrenal 

Development 

In addition to Notch signalling, Wnt signalling is also crucial for embryonic 

development especially in axis and pattern formation. The gene ontological category 

“Dorsal/ventral axis specification” is the most highly enriched biological process in 

the chromaffin cell transcriptome (Table 3.7). In neural development, Wnt signalling 

is required for neural crest expansion and is responsible for the regulation of the 

dorsoventral patterning of the CNS (Ikeya et al., 1997). Canonical Wnt/β-catenin 

signalling through Wnt1 and Wnt3a is particularly important for neural stem cell 

proliferation and specification (Mulligan and Cheyette, 2012). Two Wnt signalling-

related genes, Foxq1 and Fzd10, were identified in our list of potentially regulatory 

candidate genes as highly expressed in adrenal chromaffin cells. The differential 

temporal mRNA expression patterns of Foxq1 and Fzd10 were also confirmed. Apart 
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from these two genes, several additional genes of Wnt signaling-related molecules, 

including Wnt5a, Wnt9a, Fzd1, Fzd2, Fzd5, Fzd7 and Fzd8, were also highly expressed 

in chromaffin cells. However, the IPA pathway overlay function failed to identify any 

downstream molecules in the canonical Wnt/β-catenin signalling or the non-canonical 

Wnt/Planar Cell Polarity (PCP) pathways, implying these signalling pathways are not 

activated during SA development. In contrast, the non-canonical Wnt/Ca2+ signalling 

pathway is more likely be activated because its downstream molecule Protein Kinase 

C (Prkca) and target nuclear transcription factors, NFκB (Nfkb1) and NFAT (Nfatc1), 

were highly expressed in chromaffin precursor cells. In neural development, the non-

canonical Wnt/Ca2+ signalling pathway has been associated with axon growth and 

guidance function but not with cell fate acquisition (Ciani and Salinas, 2005; Mulligan 

and Cheyette, 2012). Thus, it remains to be determined whether Wnt signalling is 

important for SA lineages segregation.  

4.4.5 Role of NRK in Adrenergic Chromaffin Cell Phenotypic Acquisition  

Our study showed that Nrk is transiently and highly expressed (903 CPM) in the 

developing mouse adrenal chromaffin cells at E12.5, but is expressed at only low 

levels (16.5 CPM) in sympathetic neuroblasts. The expression is transient, dropping 

markedly on E14.5. Nrk is an X chromosome-linked gene that encodes for a Ser/Thr 

kinase (Kanai-Azuma et al., 1999). The protein, NRK, also known as NESK belongs 

to the Group I germinal center kinase (GCK) subfamily (Nakano et al., 2000). Nrk 

mRNA is expressed by the myotome during embryogenesis as well as in the 

spongiotrophoblast layer of the placenta, but is not expressed in any adult tissues with 

exception of the mammary gland of pregnant female mice (Kanai-Azuma et al., 1999; 

Denda et al., 2011). 

Like other group I germinal center kinases, NRK appears to activate JNK (c-Jun 

N-terminal kinase) signalling in model in vitro systems (Nakano et al., 2000). In this 

process it sits downstream of TNF receptor associated factor 2 (TRAF2) and upstream 

of MEKK1 and MKK4 and mediates the effect of TNF alpha (Nakano et al., 2000). 

Our data show that Traf2, Mekk1 (as Map3k1) and Mkk4 (as Map2k4) are all expressed 

at moderate levels in both chromaffin cells and sympathetic neuroblasts. In another 

study, Nrk overexpression in cultured cells led to actin polymerization via inhibition 
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of cofilin and activation of the JNK pathway (Nakano et al., 2003). NRK has also been 

reported to be capable of proteolytic cleavage by caspases, as are other germinal center 

kinases (Kakinuma et al., 2005). Of the three fragments that result, the C-terminal 

fragment has even greater capacity to activate JNK than does the full length protein. 

Under these circumstances, the action of TNF alpha in activating apoptosis is increased 

(Kakinuma et al., 2005). 

The roles of NRK in vivo are poorly understood. A recent study generated a Nrk-

knock-out mouse and found that NRK is important for placental development and 

labor induction (Denda et al., 2011). Absence of NRK led to overgrowth of the 

spongiotrophoblast in the placenta. Despite the evidence cited above, deletion of Nrk 

did not lead to changes in JNK activation, cell death or actin polymerization in the 

placenta (Denda et al., 2011). It was suggested that the phenotype of 

spongiotrophoblast overgrowth was similar to that seen when another X-linked 

homeobox gene, Esx1, was knocked out, raising the possibility that NRK acts in the 

same pathway of Esx1 (Denda et al., 2011). However, Esx1 is not expressed in either 

chromaffin cells or sympathetic neuroblasts. 

In our study, we found Nrk-deficient mice displayed a significant reduction in the 

proportion of adrenergic chromaffin cells in neonates. Thus, one possible action of 

NRK is to promote the differentiation of adrenergic chromaffin cells. On the limited 

evidence available, the differentiation and phenotype of noradrenergic chromaffin 

cells seemed unaffected by loss of NRK, except there were both less PNMT+ and more 

PNMT− chromaffin cells per section in the Nrk-null animals, which is consistent with 

the idea that PNMT− (noradrenergic) chromaffin cells were failing to adopt a PNMT+ 

(adrenergic) phenotype in the absence of Nrk. A similar phenotype has been reported 

previously in gene knockout studies such as in Insm1, Isl1, Nr3c1 (GR gene), and 

Nr5a1 (SF1 gene) knockout mice in that mainly adrenergic chromaffin cells are 

affected (Wildner et al., 2008; Finotto et al., 1999; Gut et al., 2005; Hong et al., 2011; 

Huber et al., 2013). In these knockouts, the expession of PNMT in adrenal chromaffin 

cells is absent or significantly reduced, whereas the noradrenergic properties such as 

the expression of TH or PHOX2A/B showed little change. Therefore, NRK joins these 

factors in playing a role in the terminal differentiation of the adrenergic phenotype in 



Chapter 4 Analysis of Potential Regulators of SA cell Lineage Segregation 

 143 

the adrenal chromaffin cell. It is possible that NRK lies, among with the factors listed 

above, in a common pathway regulating adrenergic differentiation. 

Furthermore, disruption of Nrk also lead to a change in proliferation of SA lineage 

cells. Sympathetic neurons in E18.75 Nrk null mice increase proliferation. Conversely 

in the adrenal medulla, both adrenergic and noradrenergic chromaffin cells showed 

less cycling cells in E18.75 Nrk-null mutants than in wild-type mice. There is clearly 

a need to measure the effects of these changes in proliferation on the total number of 

chromaffin cells in Nrk knockout mice.  

One puzzle is how loss of NRK exerts an action on sympathetic neuroblast 

proliferation. Levels of mRNA for Nrk were much higher in chromaffin cells (903 

CPM) at E12.5 than in sympathetic neuroblasts (16 CPM) at the same age. 

Furthermore, Nrk was only elevated in chromaffin cells at E12.5 and E13.5 and was at 

low levels in neuroblasts from E11.5 to E14.5. While it is possible that the effect 

observed at E18.75 in chromaffin cells could then have been exerted by the absence of 

Nrk on E12.5 and E13.5, how could an absence of NRK affect sympathetic 

neuroblasts? It is possible that neuroblasts express higher levels of Nrk after E14.5. 

Alternatively, the effect may be mediated indirectly through adrenal chromaffin cells, 

which could interact with neuroblasts at E12.5, before the two cells physically 

separate. The absence of NRK in chromaffin cells would presumably prevent this 

interaction. Neuroblasts start withdrawing from the cell cycle after E12.5 (see Chapter 

2). It is possible that loss of NRK in chromaffin cells at E12.5 and E13.5 indirectly 

delays the withdrawal of neuroblasts from the cell cycle. Therefore, it would be 

informative to further investigate the effect of Nrk knockout on chromaffin cells and 

neuroblasts during earlier embryonic stages. 

Our proliferation phenotype in adrenal chromaffin cells is in contrast with the 

effect of loss of NRK on spongiotrophoblast cells and on mouse breast tubular cells, 

where hyperproliferation is found (Denda et al., 2011; Yanagawa et al., 2016). Nrk-

null pregnant mice showed a greatly increased tendency to develop non-invasive, 

tubular adenocarcinoma of the breast, suggesting that, here too, NRK was limiting 

proliferation, in this case in an environment of high estrogen and progesterone levels 

of pregnancy (Yanagawa et al., 2016). Finally, both the adrenal medulla and 
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sympathetic ganglia give rise to neuroblastoma and NRK affects proliferation in both 

cell types. It is therefore possible that the NRK may also play a role in the genesis of 

neuroblastoma.  

4.4.6 Potential Incomplete X-Chromosome Inactivation in 

Sympathoadrenal Lineages 

To maintain the same dose of X-linked genes between male and female, one of 

the X chromosomes in females is randomly silence by X-inactivation. Therefore, wild 

type hemizygous male and homozygous female express only a single allele of Nrk. In 

female heterozygous Nrk mutant mice, as inactivation randomly occurs between the 

wild-type and defective Nrk allele-carried X chromosomes, 50% of cells would 

express the wildtype allele and 50% the inactivated allele. This would give a phenotype 

intermediate between wild-type and Nrk-null mutant mice. It has been suggested that 

there is incomplete X-chromosome inactivation in the placenta (Denda et al., 2011). If 

this were to occur in somatic tissues, then females would have less than 50% of cells 

with Nrk knocked out, as some cells that would normally express the null allele would 

have the active allele also expressed due to “inactivation leakage”. This would bring 

the phenotype of female mice heterozygous for Nrk more into line with wild-type 

animals. This was observed for the proportion of PNMT+ cells but not for cell 

proliferation. It would be worthwhile if future studies specifically tested the 

completeness of X-inactivation of Nrk in females and its effect. 
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Chapter 5 

 Final Discussion and Conclusions
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5.1 Introduction 

In these studies, I have applied a systematic approach to tackle the question of 

how SA progenitor cells segregate into adrenal chromaffin cells and sympathetic 

neuron. The work-flow started with 1) characterization of markers that define SA 

lineage cells followed by 2) use of the markers to develop a cell-type specific, FACS-

based isolation strategy and 3) perform an RNA-seq-based comparative transcriptome 

analysis for the adrenal chromaffin precursor cells and sympathetic neuroblasts, and 

finally, 4) identification of candidate genes that may be involved in the separation of 

the two lineages. This study found that the newly developed adrenal chromaffin 

precursor cells and sympathetic neuroblasts can be discriminated by differences in the 

level of TH expression, as well as expression of CART, as early as E12.5. Based on 

the intensity of TH-driven EYFP expression and cellular complexity, live adrenal 

chromaffin precursor cells and sympathetic neuroblasts could be FACS-isolated from 

TH-Cre-EYFP transgenic mice. The relative expression of a range of cell-type specific 

markers, including Cartpt, confirmed the efficacy of FACS isolation. RNA-seq of 

FACS-isolated adrenal chromaffin precursor cells and sympathetic neuroblasts 

revealed their whole transcriptomic profiles. Comparative transcriptomic analysis 

suggested a range of pathways and genes that could play a role in segregation of 

adrenal chromaffin precursor cells from sympathetic neuroblasts. Among these 

potential regulators, disruption of Nrk impaired acquisition of an adrenergic phenotype 

by adrenal chromaffin cells and altered proliferative behaviours in SA linages. This 

study demonstrates a systemic strategy for discovering novel regulators in SA 

development. In the following sections, I will discuss the implication of each major 

finding, emphasise the insights provided into the development of SA cells, consider 

the limitations of the study and suggest the future directions.  
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5.2 Acquisition of Cell Fate Occurs Earlier than Previously 

Thought 

The time course of SA segregation is still unclear. Immunostaining data presented 

in Chapter 2 and FACS analysis in Chapter 3 confirm that SA cells are heterogeneous 

at E12.5 and the phenotypic differences observed are consistent with a splitting into 

distinct adrenal chromaffin and sympathetic neuroblast lines. This suggests that E12.5 

could be a key stage for SA segregation. However, it has also been suggested that 

segregation of the two cell fates is present in neural crest cells as they aggregate around 

the dorsal aorta, prior to E12.5 and migrate towards the adrenal anlagen, or even earlier 

(Ernsberger et al., 2005; Unsicker et al., 2013; Lumb and Schwarz, 2015). Indeed, the 

comparative transcriptomic analysis reported in Chapter 3, revealed that striking 

differences in the molecular profiles of adrenal chromaffin precursor cells and 

sympathetic neuroblasts already exist at E12.5. At least some of these differences 

could well be present at E11.5 or earlier. However, there has not yet been a method of 

separating the lineages before E12.5. Some of the genes in this study differentially 

expressed at E12.5 may also be differentially expressed earlier, allowing purification 

and testing of the potential chromaffin and neuroblast lineages in the appropriate 

transgenic animals. A more immediately available approach would be to exploit 

single-cell RNA-seq to perform transcriptomic profiling of individual cells from a 

potential heterogeneous population. Non-biased cluster analysis could identify cells 

with different transcriptome profiles (Liu and Trapnell, 2016) that could potentially be 

matched to the two lineages.  
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5.3 Modulation of Cell Fates from the FACS-isolated early SA 

Lineages Cells 

Isolation of the early chromaffin precursor cell and sympathetic neuroblasts has 

been technically challenging and has limited the study in early SA cell fate 

determination by molecular or in vitro approaches. The FACS-based isolation strategy 

described in Chapter 3 allows separation and purification of these cells that opens the 

possibility of routine cell culture and molecular analysis. Previous studies have 

attempted to manipulate binary cell fates by culturing the embryonic differentiated 

chromaffin cells and the progenitor cells of the adult adrenal medulla with additive 

factors (Anderson and Axel, 1986; Vukicevic et al., 2012a; Vukicevic et al., 2012b; 

Vukicevic et al., 2015). Several factors including NGF, glucocorticoid, retinoic and 

ascorbic acids have been shown to modulate cell fate in these progenitor cells in culture 

(Anderson and Axel, 1986; Vukicevic et al., 2012b). The availability of isolated early 

chromaffin precursor cells and sympathetic neuroblasts will allow further work on 

these factors and investigation of other candidate cell fate regulators and signalling 

mechanisms. Moreover, the ability to isolate SA cell lines will also facilitate the study 

of neuronal plasticity and neuroblastoma.  
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5.4 Potential Role of Epigenetic Regulation in SA 

development 

Epigenetic control is an inheritable program regulating gene expression by means 

of DNA-methylation, histone modification and microRNA influences, without 

changes in genomic sequence (Delcuve et al., 2009; Hussain, 2012). Epigenetic 

regulation is used in mammalian development, particularly in cell differentiation and 

cell fate decisions (Fedoriw et al., 2012). In neurodevelopment, epigenetic silencing 

of non-neuronal fate-determining genes by polycomb complexes (PRC2) has been 

found to regulate neuronal specification (Corley and Kroll, 2015; Cholewa-Waclaw et 

al., 2016).  

Genomic imprinting and X-chromosome inactivation represent the two major 

types of epigenetic processes (Fedoriw et al., 2012). From the differential 

transcriptome in our study, both genomic imprinted genes (e.g. Dlk1) and X 

chromosome-linked genes (e.g. Nrk) were found to be differentially expressed 

between the adrenal chromaffin precursor cells and sympathetic neuroblasts. This 

discovery raises the possibility of epigenetic regulation in SA lineage cell fate 

acquisition through these mechanisms. 

5.4.1 Genomic Imprinting 

Genomic imprinting is an epigenetic control process that specifically silences one 

of the parental inherited alleles in a gene, as a result causing gene expression in a 

parental origin-specific manner (Ferguson-Smith, 2011). Deregulation of genomic 

imprinting gives rise to developmental disorders such as Beckwith-Wiedemann 

syndrome as well as tumorigenesis (Jelinic and Shaw, 2007; Choufani et al., 2013; 

Schneider et al., 2016). About 150 imprinted somatic genes have been identified in the 

mouse (Fedoriw et al., 2012; Schneider et al., 2016). Most of these imprinted genes 

exist in chromosomal clusters called imprinted loci where the genes in each locus share 

an imprinting control region (ICR) within the differentially methylated region (DMR) 

(Schmidt et al., 2011; Fedoriw et al., 2012). A subset of imprinted genes has been 

shown to be regulated in a developmental stage- and tissue-specific manner, for 

example in the brain- and placenta (Gregg et al., 2010; Hudson et al., 2011). 
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Many of the genes regulated by imprinting are growth or metabolism related. The 

evolution and importance of this bias in parental-specific gene expression during 

mammalian development are explained by several theories, of which the parent 

conflict hypothesis is the most popular explanation (Moore, 1991). Males and females 

have differing requirements of the reproductive process. Females can have many 

offspring with different fathers and so have an interest in maintaining their 

reproductive capacity by controlling the size of their offspring and placenta. A viable 

male strategy is to maximize the size of the offspring without regard for the effect on 

the mother. Imprinting then represents a strategy for each gender to exert control over 

the allele from the other parent. 

5.4.2 Genomic Imprinting Regulates Cell Fate Decision  

The following represents some speculation on the potential importance of 

imprinting in the development of adrenal chromaffin cells. Note that this topic was not 

presented in the body of this thesis because the realization that imprinting may be 

important occurred late, and experiments to evaluate its importance would exceed my 

PhD candidature. A potential role for imprinted genes is briefly presented here because 

it is an exciting possibility, and to suggest further avenues of research.  

There are 151 imprinted genes listed at http://www.mousebook.org/mousebook-

catalogs/imprinting-resource. Of these, our RNA-seq survey detected 83, largely 

somatic genes with a few large non-coding RNA genes. The vast majority of missing 

genes were microRNA or small nucleolar RNA, both of which would not have been 

retained by our RNA purification and detection methods. Of the 83 detected genes, 50 

were up-regulated more than 2-fold in adrenal chromaffin cells. Only 9 genes were up-

regulated more than 2-fold in neuroblasts (Table 5.1). All genes detected in the Dlk1-

Dio3 loci were increased 2-fold in chromaffin cells and 9 out of 15 in the Igf2-H19 

loci. 

Imprinting at the Dlk1-Dio3 loci has already been shown to regulate neurogenesis 

in neural stem cells in postnatal mice (Ferrón et al., 2011). In this case, there is 

selective loss of imprinting of Dlk1. The Dlk1-Dio3 loci also contains a large number 

of non-coding RNAs including the long non-coding RNA (lncRNA), Meg3 
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(maternally expressed gene 3), and an extensive microRNA (miRNA) cluster (Wallace 

et al., 2009; Mo et al., 2015). Loss of Meg3 and its downstream microRNAs expression 

lead to reduced neural differentiation in human embryonic stem cells (Mo et al., 2015). 

Recently, microRNAs have been implicated in SA cell fate determination (Stubbusch 

et al., 2015). The RNAse, Dicer, processes miRNAs and its deletion leads to a 

reversion to a more neuronal phenotype (Stubbusch et al., 2015).  

While individual imprinted loci are implicated in the regulation of stem cells and 

in neural development, what is striking about our data is the disproportionate number 

of imprinted genes up-regulated in differentiating adrenal chromaffin cells. One 

possibility that has been suggested (Marnie Blewett of the Walter and Eliza Hall 

Institute of Medical Research, pers. comm.) is that there is a generalized loss of 

imprinting across a wide range of imprinted genes. Because so many imprinted genes 

are involved in growth and metabolism, this could potentially promote rapid growth 

of chromaffin cells. Note that there is no precedent for this.  

To examine whether a selective loss of imprinting regulates chromaffin cell 

development, the chromosomal origin of the differentially expressed imprinted genes 

during SA development needs to be assayed. This may be possible by determining the 

methylation status at the CpG (cytosine-phosphate-guanine) site by DNA sequencing 

along with gene set enrichment analysis (GSEA). 

5.4.3 X-Chromosome Inactivation 

X-chromosome inactivation is another epigenetic silencing process also resulting 

in monoallelic gene expression as a dosage compensation mechanism for the extra X 

chromosome in females (Jaenisch and Bird, 2003; Berletch et al., 2011). In contrast to 

genomic imprinting, X-chromosome inactivation affects the entire chromosome but is 

random as to which chromosome (maternal or paternal) is inactivated (Fedoriw et al., 

2012). Deregulation of X-chromosome inactivation could lead to severe neurologic 

symptoms including, Rett syndrome (Chahrour and Zoghbi, 2007; Wu et al., 2014).  
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5.4.4 X-Chromosome Inactivation and SA Lineages Cell Development 

Nrk and Elf4 are among the ten genes we identified as potential regulators of SA 

development and both are X-linked genes. In Chapter 4, we showed that Nrk plays a 

role in adrenal chromaffin cell differentiation and proliferation. In the breeding scheme 

used, heterozygous female Nrk mutants should have half of their cells with Nrk 

deleted, due to the random inactivation. Thus the effect of Nrk knockout should be 

exactly half in between wild-type and null mice. However, heterozygous female Nrk 

mutant mice with Nrk knockout in the paternal allele of X chromosome were closer in 

phenotype to that of wild-type hemizygous male than expected. One possibility is that 

there is a tissue-specific, incomplete X-inactivation in the SA lineages. This could lead 

to leaky Nrk expression from the inactivated maternal allele, compensating for the 

effect of the knockout. The other possibility could be there is preferential inactivation 

of the paternal X chromosome so that the normal maternal allele is preferentially 

expressed. Incomplete and preferential X chromosome inactivation have both been 

reported in the placenta (Denda et al., 2011). Genes escaping from X-chromosome 

inactivation are found in a variety of tissues (Berletch et al., 2011). Escaped genes may 

be especially important in brain development and lead to gender differences in the 

effect of the escaped gene (Berletch et al., 2011). If Nrk escapes from X-chromosome 

inactivation in SA lineages cells, there may be slight sex differences in SA lineages 

development or in the effect of any developmental disorder. It is notable that 

neuroblastoma is slightly more prevalent in males (Hale et al., 2009). This might be 

explained by the extra dose from the normal allele of an escaped X-linked gene in 

females partly compensating for the effect of some other defective allele. This remains 

to be investigated. The limitation in our current knockout study is only wild-type male 

mice could be generated in the breeding system used. To conclude whether Nrk 

expression is different between sexes, comparison with wild-type females is required. 

For further investigation of incomplete X-chromosome inactivation of Nrk in SA 

lineages cells, an allelic expression analysis is needed for escaped genes possibly by a 

hybrid mouse model with identifiable alleles based on single nucleotide 

polymorphisms (Berletch et al., 2015a, b).  

Preferential parental X chromosome inactivation has been found in the neural 

tube of embryonic mouse in that a segmented pattern of differential parental-specific 
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X chromosome inactivation is observed along the neural tube (Wu et al., 2014). This 

was studied by developing dual color reporter mouse system (Wu et al., 2014). In this 

system, maternally and paternally expressed genes display different colours that 

permits visualization of the spatial and cell-type specific patterns of X-chromosome 

inactivation with cellular resolution. It would be interesting to investigate whether Nrk 

is also preferential inactivated in parental-origin-specific X chromosome in SA 

lineages cells by this system.  
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Table 5.1 List of differentially expressed genomic imprinted genes.  

 
Differentially expressed genomic imprinted genes are ordered by their chromosomal location (Chr) 
separated into proximal (prox), central (cent) and distal (dist) regions. Genes are labelled with a coloured 
dot according to their relative expression between adrenal chromaffin cells and sympathetic neuroblasts, 
more than 2 fold higher in adrenal chromaffin cells (red ●), more than 2 fold higher in sympathetic 
neuroblasts (green ●) and fold change < 2 (grey ●). Genomic imprinting on allele from paternal (P) or 
maternal (M) chromosome are shown on last column. Note that only the 83 genes that were detected 
are shown here (out of a possible 151 imprinted genes). 

 

Chr Gene Gene Name Fold 
Change

Chromaffin cells 
CPM

Neuroblasts 
CPM

Expressed 
Allele

1
● Gpr1 G protein-coupled receptor 1 3.3 7.7 2.3 P

● Zdbf2 Zinc finger, DBF-type containing 2 8.2 571.3 66.9 P

prox 2
● Sfmbt2 Scm-like with four mbt domains 2 7.7 3.3 0.4 P

● Gatm Glycine amidinotransferase (L-arginine:glycine amidinotransferase) 4.5 7.3 31.4 M

2

● H13 Histocompatibility 13 1.6 368.3 225.0 M

● Mcts2 Malignant T cell amplified sequence 2 1.1 19.4 20.8 P

●Wt1 Wilms tumor 1 homolog 4.4 0.6 0.1 M

● Zfp64 Zinc finger protein 64 1.1 46.4 47.6 P

dist 2

● Nnat Neuronatin 1.9 5350.6 2790.8 P

● Nespas Neuroendocrine secretory protein antisense 1.7 9.7 5.5 P

● Blcap Bladder cancer associated protein homolog (human) 3.7 304.0 80.4 M

● Gnas Guanine nucleotide binding protein, alpha stimulating 5.2 2317.3 432.5 M

3 ● Jade1 Jade family PHD finger 1 1.5 46.7 69.0 P

5 ● Htra3 HtrA serine peptidase 3 8.4 1.8 0.2 M

6 ● Cntn3 Contactin 3 4.1 15.1 3.5 M

prox 6

● Calcr Calcitonin receptor 21.7 2.3 0.1 M

● Casd1 CAS1 domain containing 1 2.9 163.5 53.7 M

● Sgce Sarcoglycan, epsilon 4.4 133.4 29.6 P

● Peg10 Paternally expressed 10 27.5 267.3 9.3 P

● Ppp1r9a Protein phosphatase 1, regulatory (inhibitor) subunit 9A 2.6 35.5 13.0 M

● Pon3 Paraoxonase 3 45.0 25.0 0.5 M

● Pon2 Paraoxonase 2 21.3 15.7 0.7 M

● Asb4 Ankyrin repeat and SOCS box-containing 4 24.4 119.9 4.7 M

● Dlx5 Distal-less homeobox 5 21.3 3.2 0.1 M

● Mest Mesoderm specific transcript 1.2 262.7 217.5 P

● Copg2 Coatomer protein complex, subunit gamma 2 1.4 85.6 119.7 M

● Nap1l5 Nucleosome assembly protein 1-like 5 3.5 177.3 48.3 P

prox 7

● Zim1 Zinc finger, imprinted 1 12.8 2.2 0.2 M

● Peg3 Paternally expressed 3 3.0 461.2 151.1 P

● Usp29 Ubiquitin specific peptidase 29 2.4 3.6 8.3 P

7 ● Axl AXL receptor tyrosine kinase 3.6 6.4 1.7 M

cent 7

● Atp10a ATPase, class V, type 10A 2.2 1.4 3.1 M

● Ube3a Ubiquitin protein ligase E3A 1.6 96.2 59.0 M

● Snrpn Small nuclear ribonucleoprotein N 1.2 189.1 222.2 P

● Ndn Necdin 2.3 2621.8 1126.5 P

● Magel2 Melanoma antigen, family L, 2 5.4 206.8 37.3 P

● Mkrn3 Makorin, ring finger protein, 3 2.6 37.9 14.0 P

● Peg12 Paternally expressed 12 3.3 2.8 8.9 P

7 ● Ampd3 Adenosine monophosphate deaminase 3 6.4 400.5 60.2 M

continued on next page 
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continued from previous page 

Chr Gene Gene Name Fold 
Change

Chromaffin cells 
CPM

Neuroblasts 
CPM

Expressed
Allele

dist 7

● H19 H19, imprinted maternally expressed transcript 26.8 844.0 30.1 M

● Igf2os Insulin-like growth factor 2, opposite strand 22.5 2.2 0.1 P

● Igf2 Insulin-like growth factor 2 27.6 692.6 23.9 P

● Th Tyrosine hydroxylase 8.2 5709.5 675.9 M

● Ascl2 Achaete-scute complex homolog 2 (Drosophila) 18.4 1.5 0.1 M

● Tspan32 Tetraspanin 32 158.6 3.0 0.0 M

● Cd81 CD81 antigen 1.9 772.5 405.2 M

● Tssc4 Tumor-suppressing subchromosomal transferable fragment 4 1.5 119.9 171.2 M

● Kcnq1 Potassium voltage-gated channel, subfamily Q, member 1 8.9 0.4 0.0 M

● Kcnq1ot1 KCNQ1 overlapping transcript 1 2.0 20.9 10.1 P

● Cdkn1c Cyclin-dependent kinase inhibitor 1C (P57) 7.9 2863.2 348.3 M

● Slc22a18 Solute carrier family 22 (organic cation transporter), member 18 18.2 1.8 0.1 M

● Nap1l4 Nucleosome assembly protein 1-like 4 2.1 320.8 654.8 M

● Osbpl5 Oxysterol binding protein-like 5 2.0 16.0 31.4 M

● Dhcr7 7-dehydrocholesterol reductase 3.1 53.7 164.9 M

dist 9 ● Rasgrf1 RAS protein-specific guanine nucleotide-releasing factor 1 100.5 0.4 0.0 P

9 ● Mst1r Macrophage stimulating 1 receptor (c-met-related tyrosine kinase) 5.6 20.4 3.6 M

10

● Plagl1 Pleiomorphic adenoma gene-like 1 1.8 2.9 5.2 P

● Phactr2 Phosphatase and actin regulator 2 1.9 5.2 9.4 M

● Dcn Decorin 3.3 1.3 0.4 M

prox 11

● Ddc Dopa decarboxylase 2.2 797.5 356.0 P

● Grb10 Growth factor receptor bound protein 10 1.0 1580.8 1492.2 M

● Cobl Cordon-bleu WH2 repeat 3.7 0.7 2.6 M

● Zrsr1 Zinc finger (CCCH type), RNA binding motif and serine/arginine rich 
1 1.7 2.5 1.4 P

● Commd1 COMM domain containing 1 1.9 51.6 92.9 M

dist 12

● Begain Brain-enriched guanylate kinase-associated 2.9 48.9 16.0 P

● Dlk1 Delta-like 1 homolog (Drosophila) 7.9 9286.8 1143.9 P

● Meg3 Maternally expressed 3 6.5 833.0 119.8 M

● Rtl1 Retrotransposon-like 1 6.4 17.6 2.6 P

● Rian RNA imprinted and accumulated in nucleus 2.8 115.3 39.1 M

● Dio3 Deiodinase, iodothyronine type III 5.0 2.0 0.4 P

13 ● Pde4d Phosphodiesterase 4D, cAMP specific 1.7 6.1 3.4 P

15

● Kcnk9 Potassium channel, subfamily K, member 9 5.6 350.3 61.7

● Peg13 Paternally expressed 13 2.3 622.7 268.3 P

● Trappc9 Trafficking protein particle complex 9 2.3 148.1 63.3 M

● Slc38a4 Solute carrier family 38, member 4 1.3 641.1 477.8 P

prox 17

● Pde10a Phosphodiesterase 10A 7.2 21.2 2.7 M

● Airn Antisense Igf2r RNA 2.4 0.8 1.9 P

● Igf2r Insulin-like growth factor 2 receptor 1.2 72.6 86.1 M

17 ● Qpct Glutaminyl-peptide cyclotransferase (glutaminyl cyclase) 2.4 12.2 27.3 M

cent 18 ● Impact Impact, RWD domain protein 3.0 118.8 37.4 P

19 ● Tbc1d12 TBC1D12: TBC1 domain family, member 12 1.9 11.7 6.0 P

X
● Rhox5 Homeobox protein Rhox5 1.8 0.2 0.3 P

● Xlr3b X-linked lymphocyte-regulated 3B 1.8 1.0 0.5 M
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5.5 Neuroblastoma Arises from Developmental Defects in 

Sympathoadrenal lineages 

Neuroblastoma is a solid tumour derived from SA lineage cells that occurs in the 

sympathetic ganglia as well as the adrenal glands as a form of ganglioneuroma and 

pheochromocytoma respectively (Brodeur, 2003; Janoueix-Lerosey et al., 2010). Our 

study aimed to investigate the molecular mechanisms and regulators underlying SA 

lineages development from the differential transcriptome between adrenal chromaffin 

precursor cells and sympathetic neuroblasts. The findings could also give an insight 

into the genesis of neuroblastoma, which is likely due to disturbances in the 

mechanisms that control differentiation and proliferation in chromaffin cells and 

sympathetic neurons (Takahashi et al., 2013). For instance, PHOX2B is a key regulator 

of SA development and mutations in PHOX2B can lead to neuroblastoma (van Limpt 

et al., 2005).  

Based on our study, the paternal imprinted Dlk1 gene is one gene of interest for 

the origin of neuroblastoma. High expression of Dlk1 in neuroblastoma has been 

reported (van Limpt et al., 2003). Moreover, patients with Beckwith–Wiedemann 

syndrome, a genomic imprinting disorder, are at increased risk of neuroblastoma 

(Choufani et al., 2013). These observations make the role of Dlk1 and its imprinting 

regulation of great interest in tumorigenesis in SA lineages. 

Nrk, which is a regulator of adrenergic cell fate acquisition and SA lineages 

proliferation is another gene potentially involved in the genesis of neuroblastoma. 

Excessive proliferation of mammary epithelial cells that leads to breast tumour has 

been found in Nrk knockout mice (Yanagawa et al., 2016). Hyperproliferation was 

also observed in E18.75 sympathetic neurons in our Nrk knockout study, making Nrk 

of interest in neuroblastoma.  

Further correlation of our RNA-seq data to RNA-seq data from human 

neuroblastoma may reveal other potential genes involved in the genesis of 

neuroblastoma. Recent studies in neuroblastoma-associated genes suggested a list of 

candidate genes that are significantly associated with distinct neuroblastoma 

phenotypes in patients (Tolbert et al., 2017). In Table 5.2, each candidate gene is 
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shown with its expression level in the SA lineage transcriptomes, of which gene 

expression of neuroblastoma associated transcript 1 (Nbat1), interleukin 31 Receptor 

A (Il31ra), tumour protein p53 (Tp3) and neuroblastoma breakpoint family member 

17, pseudogene (Nbpf23) are not detected in the SA lineage transcriptomes. The rest 

of candidate genes except the sympathetic neuronal marker Nefl, show no significant 

fold difference nor striking high expression level. Therefore, this suggests that 

neuroblastomas associated with these candidate genes are not likely linked to the 

defect in SA lineages segregation. 

Table 5.2 List of suspected neuroblastoma-associated genes in literature. 

 
The neuroblastoma-associated candidate genes (Tolbert et al., 2017) are listed with their expression 
pattern in the mouse chromaffin precursor cell and sympathetic neuroblast transcriptomes during cell 
fate segregation at E12.5. Genes not detected in the transcriptomes are shown as “Not available”.  

In our study, we have concentrated on genes that are differentially expressed 

between adrenal chromaffin cells and sympathetic neuroblasts. While this may identify 

genes that may be involved in neuroblastoma in one or other of the lineages, it will 

miss potentially important genes for neuroblastoma that are expressed in similar levels 

in both cell types. When 50 highly expressed genes (>500 CPM) from the middle of 

the differential distribution (that is, they are expressed at similar levels in both cell 

types) are examined, a new list of 11 potentially interesting genes can be made. These 

genes are likely important in both SA cell lineages. The list (Table 5.3) includes a 

range of transcription factors and signalling-related proteins and also one micro RNA 

(despite the RNA-seq methodology not being optimised to capture mirRNAs). The 

transcriptome is thus exploitable in a number of ways. Among these 11 genes, the 

Gene symbol Gene name Fold Change Average CPM

Chromaffin cells Neuroblasts

Nbat1 Neuroblastoma Associated Transcript 1 Not available 
Bard1 BRCA1 Associated RING Domain 1 4.98 2.01 9.56
Lmo1 LIM Domain Only 1 1.50 212.10 309.13

Lin28B Lin-28 Homolog B 2.60 10.52 26.24

Hace1 HECT Domain and Ankyrin Repeat Containing E3 Ubiquitin 
Protein Ligase 1 0.83 32.28 34.54

Dusp12 Dual Specificity Phosphatase 12 1.15 14.36 15.77

Ddx4 DEAD-Box Helicase 4 1.16 0.51 0.41

Il31ra Interleukin 31 Receptor A Not available 
Hsd17b12 Hydroxysteroid 17-Beta Dehydrogenase 12 1.52 50.41 82.78
Nefl Neurofilament Light 3.98 583.29 2225.38
Tp53 Tumor Protein P53 Not available 
Nbpf23 Neuroblastoma Breakpoint Family Member 17, 

Pseudogene Not available 
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growth factor receptor bound protein 10 gene (GRB10) and nerve growth factor 

receptor associated protein 1 (ARHGDIA) have been found epigenetically suppressed 

in human cancers where promoter region hypermethylation frequently inactivates 

tumour suppressor gene (Margetts et al., 2008). Methylation silencing of GRB10 has 

been found to associate with neuroblastoma risk factor by genome-wide methylation 

screenings in neuroblastoma, hence a suggested biomarker for neuroblastoma 

prognosis (Decock et al., 2012). This implies the close relationship between epigenetic 

regulation and neuroblastoma tumourigenesis, especially during early SA lineages 

development. In addition, the neural precursor cell expressed, developmentally down-

regulated 4 (NEDD4) is an inhibitor for Myc oncoproteins by reducing its protein 

expression. In human brain neuroblastoma cell line, NEED4 is repressed by histone 

deacetylase, sirtuin-2 (SIRT2) which is upregulated by N-Myc (Liu et al., 2013). 

Table 5.3 List of potential factors in neuroblastoma genesis.  

 
Genes that are expressed in similar levels in both cell types. These genes are highly expressed genes 
(>500 CPM) at similar levels in both cell types including a range of transcription factors and signalling-
related proteins and also one micro RNA.  

  

Gene symbol Gene name Average CPM FDR

Chromaffin cells Neuroblasts

Nrep Neuronal regeneration related protein 870 657 3.93E-01

Mir6236 microRNA 6236 828 667 6.77E-01

Tub Tubby candidate gene 727 621 7.52E-01

Rnf145 Ring finger protein 145 600 522 7.14E-01

Jund Jun D proto-oncogene 641 566 8.28E-01

Ptov1 Prostate tumor over expressed gene 1 771 720 9.17E-01

Grb10 Growth factor receptor bound protein 10 1581 1492 9.45E-01

Tcf25 Transcription factor 25 (basic helix-loop-helix) 627 629 9.11E-01

Nedd4 Neural precursor cell expressed, developmentally down-regulated 4 897 939 9.83E-01

Ngfrap1 Nerve growth factor receptor (TNFRSF16) associated protein 1 6087 6527 7.87E-01

Arhgdia Rho GDP dissociation inhibitor (GDI) alpha 12777 14197 7.48E-01
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5.6 Open Issues Remain in Sympathoadrenal Development 

Although the development of SA cells has been extensively studied and its early 

development from migration of trunk neural crest cells to SA progenitor specification 

is well-described, the later developmental events including segregation of SA lineages, 

guidance into their target sites (i.e. adrenal anlagen and varies location of paraganglia 

and sympathetic ganglion) and impact of innervation on their development are still 

poorly understood (Anderson and Axel, 1986; Anderson, 1993a; Anderson, 1993b; 

Francis and Landis, 1999; Langley and Grant, 1999; Huber et al., 2002a; Ernsberger 

et al., 2005; Unsicker et al., 2005; Shtukmaster et al., 2013; Lumb and Schwarz, 2015). 

Our study here suggests a range of potential regulators for SA lineages segregation 

and proposes this segregation could earlier than E11.5. Apart from these, there are still 

open issues needing to be resolved.  

Firstly, little is known about the mechanism underlying SA lineages segregation 

especially the mode of the binary fate decision involved. There are several modes of 

binary cell fate decisions, including lateral inhibition, extrinsic signal induction and 

asymmetric cell division (Jukam and Desplan, 2010). It has been proposed that lateral 

inhibition through the Delta-Notch pathway could be involved in SA lineage cell fate 

decisions, however, this needs to be confirmed (van Limpt et al., 2005; Unsicker et al., 

2013). Secondly, a range of other signalling pathways have been proposed to be 

involved in SA lineages separation at various times, including signalling by BMPs and 

glucocorticoids (Finotto et al., 1999; van Limpt et al., 2005; Huber et al., 2008; 

Schober et al., 2013; Unsicker et al., 2013). However, none of these have been proved 

critical for generating adrenal chromaffin cells. Thirdly, the guidance cues for SA 

lineage cells populating their final destination or attracting preganglionic innervation 

are not clear. It is suggested that guidance cues from blood vessels may play a role in 

adrenal gland development (Lumb and Schwarz, 2015). The association between 

blood vessels and adrenal gland formation remains to be explored.  

A final outstanding issue is understanding how preganglionic innervation is 

achieved. The cholinergic preganglionic axons arrive around E12.5−E13.5. Nothing is 

known about the how they are guided to the adrenal medulla nor is anything known 
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about possible effects that they may have on the maturation of adrenal chromaffin 

cells.  

5.7 Future Directions 

In the last few sections, some possible future directions have been suggested, 

including single-cell RNA-seq analysis of younger SA lineage cells, in vitro studies of 

FACS-isolated SA cells, the potential role of epigenetic regulation in genomic 

imprinting and X-chromosome inactivation during SA development, and the use of the 

RNA-seq data to reveal potential regulators in the genesis of neuroblastoma. However, 

the first priority is further work to validate our potential regulators of SA 

differentiation. Validation of the protein expression pattern for each candidate genes 

is crucial for confirming the involvement of these regulators in SA development. Apart 

from Nrk, loss-of-function analysis for the remaining genes with knockout models is 

also necessary to confirm their active role in cell fate acquisition. For genes without a 

knockout model available, targeted genome editing by, CRISPR/CAS9 (Clustered 

Regularly Interspaced Short Palindromic Repeats and CRISPR-associated gene 9) 

would be useful for generating a quick and routine screening knockout model for 

validating the functions of these potential regulators in SA segregation. Altogether, 

these approaches should lead to a better understanding of the molecular mechanisms 

underlying the SA development and shed light of origin of neuroblastoma. 
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